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The nicotinic acetylcholine receptor (AChR) is the arche-
type molecule in the superfamily of Cys-looped ligand-
gated ion channels. Members of this superfamily me-
diate fast intercellular communication in response to
endogenous neurotransmitters. This review focuses on
structural and functional crosstalk between the AChR
and the lipids in its membrane microenvironment. In-
fluence on receptor properties is mainly exerted by the
AChR-vicinal (*shell’, ‘boundary’ or ‘annular’) lipids,
which occur in the liquid-ordered phase as opposed to
the more disordered and ‘fluid’ bulk membrane lipids.
Changes in Forster’s energy transfer (FRET) effi-
ciency induced by fatty acids, phospholipids and cho-
lesterol have led to the identification of discrete sites
for these lipids on the AChR protein. Electron-spin
resonance spectroscopy has established the stoichio-
metry and selectivity of the shell lipid for the AChR
and disclosed lipid sites in the AChR transmembrane
region. Combined single-channel and site-directed
mutagenesis data fostered the recognition of lipid-
sensitive residues in the transmembrane region, dissect-
ing their contribution to ligand binding and channel
gating, opening and closing. Experimental evidence
supports the notion that the interface between the pro-
tein moiety and the adjacent lipid shell is the locus of
a variety of pharmacologically relevant processes, in-
cluding the action of steroids and other lipids.
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Introduction

IN the central nervous system, neurotransmitter receptors
and their associated signalling components in the synapse
are crucial elements in the supracellular assemblies known
as neural circuits. In the peripheral nervous system, the
equivalent synaptic apparatus is made up of similar macro-
molecular building blocks in a complex identified as the
neuromuscular junction (NMJ). Both synapses are key to
the transmission of chemical signals involved in the
communication between neurons and nerve and verte-
brate skeletal muscle respectively. A fundamental com-
ponent of this synaptic machinery is the neurotransmitter
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receptor, acting as transducer of the chemical signal. The
ligand-gated ion channel (LGIC) superfamily comprises
several families of evolutionarily related neurotransmitter
receptor proteins coded by a few hundred genes so far
identified. Of these, the nicotinic acetylcholine receptor
(AChR) is one of the best-characterized. LGICs mediate
excitatory and inhibitory chemical transmission.

Several genes coding for AChR subunits have been char-
acterized in central and peripheral nervous systems. They
exhibit amino acid sequence homology and presumably
higher-order structural motifs' . Within the LGIC super-
family, the AChR and subtype 3 of the 5-hydroxytry-
ptamine (serotonin, 5-HT3) receptor comprise two fami-
lies of cation-selective channels, whereas glycine and
gamma aminobutyric acid type A (GABA,) receptors are
anion-selective channels. Members of this superfamily
are also known as Cys-loop receptors because in their
amino-terminal all their subunits contain extracellular
halves of a pair of disulphide-bonded cysteines separated
by only 13 residues. Glutamate and histidine receptors
are also Cys-looped receptors, but their structure does not
conform to the canonical LGIC superfamily. Until re-
cently, the Cys-loop family was thought to comprise only
ion channels produced by eukaryotic genes, but a pro-
karyotic proton-gated ion channel from the AChR family
has recently been discovered”.

The basic mechanism of signal transduction is common
to all members of the LGIC and results from relatively
fast and similarly simple steps: binding of the neuro-
transmitter followed by conformational transitions in the
receptor proteins that lead to changes in the ionic perme-
ability of the postsynaptic membrane. In the specific case
of the AChR, upon binding, acetylcholine initiates a con-
formational change in this protein that triggers the tran-
sient opening of its intrinsic cation-specific channel across
the postsynaptic membrane. At the molecular level, this is
accomplished by the concerted action of four different
but highly homologous AChR subunits in the stoichiome-
try aofed in adult skeletal muscle™®.

Each AChR subunit contains four hydrophobic seg-
ments, 20-30 amino acids in length, the M1-M4 mem-
brane-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
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effectively incorporate membrane-partitioning photoacti-
vatable 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 trans-
membrane (TM) domains, correspond to regions of the
protein fully embedded in the membrane. We have pro-
posed that in addition to these two main regions of the
AChR, a third important domain is defined at the exten-
sive interface between the protein and lipid moieties,
comprising both the lipid-exposed TM portions of the
AChR protein and the AChR-vicinal lipid”®. The latter
corresponds to the lipid belt (‘shell’, “annulus’, ‘bound-
ary’, “AChR-vicinal’) region, that is the lipid moiety in
the immediate perimeter of the AChR protein, earlier dis-
covered by Derek Marsh and myself using electron spin
resonance (ESR) techniques® and further characterized in
terms of lipid selectivity and stoichiometry'®™>. In this
review [ discuss various experimental approaches that
have led to a quite detailed description of the AChR lipid
microenvironment and of the cross-talk between the re-
ceptor protein and its surrounding lipids. The reader is re-
ferred to other reviews covering wider aspects of AChR-
lipid interactions® or more specific facets of this topic,
e.g. the effects of cholesterol (Chol) on receptor supra-
molecular structure, stability and dynamics at the cell sur-
face'®.

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

Model membranes are relatively well characterized in terms
of their physical properties. At high Chol concentrations,
phospholipid—Chol mixtures mimick 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 (/,)"7, with properties between the
gel and the fluid lipid phases. For low Chol concentra-
tions, solid-ordered (s,) or liquid-disordered (/4) phases
are observed, depending on whether the system is above
or below its gel-fluid transition temperature (7y,) respec-
tively. When the binary lipid system is at intermediate
Chol concentrations, there is phase coexistence of s, and
I, (below), or of /4 and /, (above), depending on the tem-
perature relative to Ty, In the particular case of the AChR,
carly studies from the group of McNamee'®'” showed that
the phase state of the membrane was important: the ca-
pacity 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™ >* 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 stem-
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ming from the protein-immobilized lipid. These direct in-
teractions between protein and lipid moieties were
observed with fatty acids, phospholipids and sterols in the
native membrane environment. Rousselet ez al.** found
immobilization with fatty acids but not with phospholipids.
Ellena et al." confirmed our findings using reconstituted
AChR. This series of studies from different laboratories
demonstrated that shell or annular protein-vicinal 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 understanding the role
of lipids in AChR ion permeability. The need to include
sterols and certain phospholipids to preserve this property
of the AChR in reconstituted systems was subsequently
demonstrated®”. The relative contributions of phospho-
lipid and sterol could be established in various studies in
vitro™" and the minimal number of lipid molecules
(~45) per AChR was ascertained in early ESR experi-
ments'>*. AChR-vicinal lipids appeared to be an inher-
ently relevant environmental feature of the AChR native
membrane, but the nature of the interaction between pro-
tein and lipid moieties was still obscure, as were the pos-
sible functional implications proposed in early work’.

In order to define the physical state of the AChR mem-
brane lipids, we subsequently resorted to fluorescence
methods using the so-called Generalized Polarization
(GP)*?* of the fluorescent probe Laurdan (6-dodecanoyl-2-
dimethylamino naphthalene). This approach was intro-
duced to learn about the dynamics of the AChR and some
physical properties of the protein-vicinal lipid®*>°. To-
wards this end we fostered two hitherto unexploited
properties of Laurdan: (i) its ability to act as a Forster-
type resonance energy transfer (FRET) acceptor of tryp-
tophan emission® and (ii) the resulting differences in
FRET efficiency upon displacement of Laurdan by ex-
ogenous lipids®™?®. Laurdan is a particularly advantageous
fluorescent probe; it localizes itself at the hydrophilic—
hydrophobic interface of the lipid bilayer, with its lauric
acid moiety at the phospholipid acyl chain region and its
naphthalene moiety at the level of the phospholipid gly-
cerol backbone. Its spectral properties are extremely sen-
sitive to the polarity and molecular dynamics of dipoles
in its environment. This is due to dipolar relaxation pro-
cesses that are reflected as relatively large spectral shifts.
Excitation of Laurdan under FRET conditions using the
Trp residues of the AChR-rich membrane as donors con-
stituted a new tool to learn 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 R, the For-
ster critical distance, to be 29 A*®. We modelled the AChR
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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®' this region of the protein was assumed to have
a radius of 32.5 A. The height of the plane of AChR tryp-
tophan residues was set with respect to the plane of ac-
ceptors by using the parameter /7, the distance between
donor—acceptor planes normal to the membrane surface,
which was allowed 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 occurs,
GP values are 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, in-
dicating the lower polarity of the lipid in the protein-vicinal
lipid microenvironment of the AChR. The main dipoles
sensed by Laurdan in the membrane are water molecules.
Thus, this series of studies showed that AChR-vicinal lipids
are more rigid and exhibit a lesser degree of water pene-
tration than bulk lipids, and that a single thermotropic
phase with the characteristics of the so-called liquid-
ordered phase defines the entire AChR-rich postsynaptic
membrane, at least in fish electrocytes™”.

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®* ", The agonist-recognition
domains of the AChR were also located in the extracellu-
lar portion of the macromolecule® (and see review in ref.
36) at a distance of about 25 A from the apex of the
AChR? and about 30 A from the membrane surface®'~**>.
Site-directed mutagenesis of the AChR combined with
patch-clamp electrophysiological and photoaffinity label-
ling experiments with noncompetitive 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®™. NMR studies of the
M2 segment of the & subunit” indicate that this domain is
inserted in the bilayer at an angle of 12° 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™. Cryoelectron microscopy
data confirm that M2 forms the innermost ring of mem-
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brane-spanning isolated from membrane
lipids™**.

During the nineties, 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 postulated to be arranged in the form of a
f-barrel outside the central rim of M2 channel-forming
rods”. This interpretation contrasted with photoaffinity
labelling studies, in which the observed periodicity of the
lipid-exposed residues in M4 and M3 was consistent with
an o-helical pattern’™ and with deuterium-exchange
Fourier transform infrared spectroscopy studies indicat-
ing a predominantly a-helical structure in the AChR TM
region®™. In addition, secondary structure analysis (CD
and Fourier transform infrared spectroscopy) of isolated
and lipid-reconstituted TM AChR peptides indicated an
a-helical structure for M2, M3, and M4 segmentsso. Fur-
thermore, a synthetic peptide corresponding to the aM3
segment of Torpedo AChR exhibited a totally o~helical
structure by 2-dimensional "H-NMR spectroscopy'; NMR
studies of a synthetic yM4 peptide are also compatible with
an a-helical secondary structure’>.

Considerable advance in defining the structure of the
AChR at atomic resolution resulted from crystallographic
studies of a water-soluble ACh-binding protein from a
snail™. The structure of this protein, highly homologous
to the water-soluble extracellular domain of the AChR
protein proper™, 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 opening. More recent work has resulted in the
crystallization 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*.

The cryo-electron microscopy data of Unwin and co-
workers™™ 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 membrane-embedded
domains of the AChR protein. I described the occurrence
of three concentric rings in the AChR region’: (a) an in-
ner ring exclusively formed by five M2 segments, corre-
sponding 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 (c) the outermost ring, consisting of five
M4 segments (Figures 1-3). The proton-gated ion channel
protein recently found in the cyanobacterium Gloeobac-
ter violaceus”, Glvi, shares only 20% amino acid identity
with one of its homologues in Homo sapiens, the o7 neuro-
nal 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 hydro-

segments,
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Figure 1.
resolution (from ref. 44). b, ELIC, a pentameric proton-gated channel from the bacterium
Erwinia chrysanthemi at 3.3 A resolution (from ref. 55).

phobic residues in M2, and the four TM segments. The
latter feature is reinforced by the recently available X-ray
structure of an ortholog of the Gloeobacter channel, the
pentameric protein ‘ELIC’ from Erwinia chrysanthemi at
3.3 A resolution, which exhibits only 16% sequence iden-
tity with the AChR and lacks the cytoplasmic region.
The crystal structure of ELIC clearly shows the three
concentric rings in the TM region which I described for
the AChR’, 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 peripheral, outer ring, only loosely interacts with
M1 and M3 of the same bundle and is not involved in
subunit-subunit interactions™ (Figure 1).
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a, Structure of Torpedo AChR derived from cryoelectron microscopy data at 4 A

Influence of the lipid environment on AChR
secondary structure

The lipid environment exerts a modulatory effect on AChR
secondary structure. Early studies reported that Chol in-
creased 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™. CD spectro-
scopy”’, Raman spectroscopy™ and 'H/H exchange
studies™ detected no large differences in structure or solvent
accessibility between resting and desensitized AChR.
One study reported no changes in secondary structure in the
presence of Chol®®. In contrast, evidence from cryoelectron
microscopy”’ indicated differences between resting and
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desensitized and resting and activated AChR respectively.
Furthermore, the accessibility of AChR fluorophores to
membrane probes between resting and desensitized forms
of the AChR is different®, as is the accessibility of residues
near the ligand-recognition site®® and the TM regions®.
Castresana er al.** reported that the helical content of the
AChR was not affected by the addition of agonist, whereas
the proportion of f-structure decreased to 24% concomi-
tantly with an increase in disordered structure. Prolonged
exposure to the agonist, leading to desensitization, resulted
in significant rearrangement of the AChR structure. Lack
of Chol in an asolectin reconstitution system produced an
increase in disordered structure in 7. marmorata AChR®.
Addition of exogenous Chol resulted in restoration of the
proportion of AChR ordered structure in asolectin lipo-
somes but not in liposomes prepared from egg PCs, lead-
ing these authors to suggest that a component other than
PC is needed for the restoration of AChR structure in the
presence of Chol. Fernandez-Ballester et al.®® also sug-
gested that the desensitization phenomenon does not de-
pend on the presence of Chol or other lipids. Methot et
al ®® found 39% a-helix, 35% [-sheet, 20% random coil
and 6% p-turn in 7. californica AChR reconstituted in
DOPC: DOPA: Chol (3:1:1) by FTIR, in other words
sufficient o-helical content to form four-helical TM seg-
ments and a substantial portion of the extracellular re-
gion. It is interesting to note that much earlier, Finer-
Moore and Stroud®” had predicted a high helical content

Figure 2.

Schematic representation of the molecular dynamics system
constructed on the basis of the cryoelectron microscopy structure of the
AChR at 4 A resolution*. The receptor protein is embedded in a DPPC
lipid bilayer (green) and water molecules (red). Only three subunits
(colour-coded in red, blue and yellow) are displayed for clarity. The
innermost ring of M2 helices is rendered with electrostatic potential
surface to highlight the pore shape (from ref. 137).
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(44%) and 27% f-sheet in a theoretical analysis using a
Fourier transformation of the AChR primary structure.
Methot et al.**®® found no significant agonist-induced
changes in the secondary structure of the AChR upon ex-
posure to the agonist Carb or to the local anesthetic tetra-
caine, regardless of the presence or absence of Chol in
the reconstitution system.

The canonical 4-helix TM models® ™, increasingly
validated by cryoelectron microscopy data™** and more
recently by X-ray diffraction studies™, placed between
17% and 20% of the AChR mass inside the membrane bi-
layer. Earlier studies’"* had suggested that each of the
membrane-spanning segments was independently stable
in the lipid bilayer. Corbin et al>” reported that in a
membrane environment the AChR TM segments have the
intrinsic propensity to adopt an a-helical secondary stru-
cture. 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 im-
plies placing an important proportion of f-sheet structure

Figure 3. The AChR and its lipid milieu. The bulk lipid region (de-
picted as green and yellow phospholipid molecules) constitutes the
membrane framework. Red spheres immediately adjacent to the AChR
molecules represent the polar head regions of the phospholipids in the
first-shell (‘belt layer’, ‘annular’) region. Unlike the vast majority of
individual proteins in cell-surface membranes (‘iceberg-like embedded
proteins in a sea of lipid”), the AChR molecules form tightly packed 2-
dimensional arrays in the postsynaptic membrane, in which lipid mole-
cules fill in the interstices. Only three to four phospholipid shells of
bulk lipid separate the protein-vicinal first shell from a homologous,
adjacent one surrounding a neighbour AChR protein. Both bulk and
shell lipids in the membrane are in the liquid-ordered (/,) phase, with
decreasing polarity towards the protein molecule. That is, the protein-
vicinal lipid-belt region is more ordered than the bulk, bilayer lipid,
and yet the two lipid regions form a continuum from the physico-
chemical point of view. The protein-vicinal first-shell lipid is relatively
immobilized with respect to motions both around and perpendicular to
the long molecular axes of the lipid molecules, respectively, with rota-
tional correlation times about 50-100 times longer than is typically
found with fluid bilayer lipid. Notice that even the first-shell lipid
is relatively distant from the ion pore in the receptor protein, as made
apparent in the sectioned AChR molecule on the right.
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in the extramembranous regions (extracellular and cyto-
plasmic-facing) of the AChR, a feature that appears to
find validation at least in the case of the AChBP, the
structural homologue of the AChR extracellular moiety™.
The AChBP has extensive f-sheet structure. Gorne-
Tschelnokow et al.” concluded from their FTIR data that
the TM region of the AChR contains 40% f-sheet plus
turn structure. Using the same technique, Baezinger and
Methot® produced experimental evidence supporting an
all-helical model of the AChR TM region. Additional
FTIR studies® indicate that 'H/*H exchange kinetics is
slower in the presence of DOPA or Chol, suggesting that
the lipid environment modulates the conformational dy-
namics of the membrane-embedded peptide hydrogens
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 stu-
dies (AChR intrinsic fluorescence) performed on native
membranes® and in reconstituted systems'®. The fluores-
cence emission of the AChR is typical of that of other in-
tegral membrane proteins. Fifty-one Trp and 80 Tyr
residues are present in 7. californica AChR'®, but the
spectrum appears to be dominated by the Trp emission®.
Fluorescence studies’® and sequence topology”” indicate
that only Trp™® in the psubunit is present in the mem-
brane-embedded region in Torpedo californica, with the
addition of one more Trp residue in the a-subunit in the
case of Torpedo marmorata. These intrinsic fluorophores
of the AChR are accessible to quenching by lipid ana-
logues from the bilayer region; the heterogeneous nature
of the fluorophore population is reflected in the occur-
rence of various quenching constants. From the study of
other systems such as the sarcoplasmic reticulum Ca*'-
ATPase’® paramagnetic quenching of membrane-bound
fluorophores is assumed to be predominantly static in na-
ture. This is due to the fact that the measured phospholipid
lateral diffusion in membranes, D, is about 10 ¥cm?s™,
1.e. relatively slow with respect to the time window of these
measurements and thus the distance between fluorophore
and quencher does not change appreciably during the life-
time of the former. In the case of the quenching of AChR
intrinsic fluorescence, the mechanism is more complex,
probably mixed in nature, because of the dynamic com-
ponents arising from rotational motions and peptide chain
wobbling. Paramagnetic quenching requires a minimum
distance between quencher and fluorophore of about 5 A.
The occurrence of effective paramagnetic quenching by
spin-labelled lipids thus constitutes strong evidence that
quenching occurs in the TM regions of the AChR, and
that the latter contain discrete sets of intrinsic fluoropho-
res accessible to the nitroxide probe. The Kqo’s and the
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apparent fraction of available fluorophores (f,) can be ob-
tained from the modified Stern—Volmer equation:

Fol(Fo—Fy = U(fKo[OD + 1/fi, ()
where £ 1s the initial AChR intrinsic fluorescence inten-
sity, and F is the fluorescence intensity of AChR in the
presence of a given concentration, [Q], of nitroxide-
labelled lipids. The value of 1/Kq, the spin-labelled lipid
concentration at which 50% of the initial intensity is
quenched assuming that all fluorophores are fully acces-
sible to quencher, provides a quantitative estimate of the
efficiency of the spin-labelled probes as quenchers of the
fluorescence of membrane-embedded Trp residues. In the
case of T. marmorata AChR in its native membrane this
follows the sequence'”:

CSL > ASL > 16-SASL > 12-SASL > 5-SASL.

The higher efficiency of the steroid analogue spin-
labelled cholestane (CSL) than spin-labelled androstane
(ASL) in quenching AChR intrinsic fluorescence can be
explained in terms of the different location, of the para-
magnetic nitroxide group relative to the membrane sur-
face. CSL is located close to the lipid/water interface,
which most probably enables this spin label to quench
Trp residues either in the extramembranous domain of the
ACHR, or in shallow regions of the TM region.

Stoichiometry and selectivity of the
protein-vicinal lipid

ESR is an excellent biophysical method for studying the
mobility, stoichiometry and selectivity of lipids at the in-
tramembranous surface of integral membrane proteins,
because its dynamic sensitivity is optimally matched to the
time-scale of lipid rotational motions in biological mem-
branes, in the order of nanoseconds. ESR spectra of spin-
labelled lipids sense molecular motions corresponding to
rotational frequencies of about 10°-10° s (ref. 77). Thus,
spectra of lipids motionally restricted by interactions with
the surface of, or bound to, integral membrane proteins are
suitably resolved from those corresponding to the fluid
bilayer regions of the membrane. We have reported that
lipid mobility at the lipid shell surrounding the AChR
protein (the AChR-vicinal lipid, see Figure 3) is reduced
relative to that of the bulk membrane lipid, giving rise to
a two-component ESR spectrum from which the number
and selectivity of the lipids at the lipid—protein interface
may be quantitated (see e.g. ref. 15). In this way we were
first able to demonstrate protein-induced restrictions on
the mobility of spin-labelled fatty acids and ASL® and of
spin-labelled phospholipids’> in AChR-rich membranes
from 7. marmorata. Subsequent work demonstrated the
preferential association of AChR with spin-labelled ste-
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roids, phosphatidic acid (PA), and fatty acids, rather than
with other kinds of lipid"**°. The possible functional im-
plications of this topographical relationship between lipid
and AChR protein became apparent in studies showing that
Chol and negatively charged phospholipids were required
to support the ion-gating activity of the AChR*>*7®
whereas fatty acids blocked the ion-flux response’®. The
latter was interpreted as the perturbation of the function-
ally significant interaction between AChR and Chol or
negatively charged phospholipids.

The FRET studies using the SM fluorescent derivative
also yielded information on the relative affinity of the SM
derivative for the AChR protein. Thus, Py-SM exhibited
a moderate-to-low selectivity for the protein-vicinal lipid
domain, with a calculated relative affinity Kr = 0.55 (ref.
80). This figure should be added to the list of known se-
lectivities of other lipids for the AChR calculated from
early ESR experiments: PS (0.7), PC (1.0), PE (1.1), PA
(2.7) and stearic acid (4.1) by Ellena et al.”°, and to those
determined by us more recently, also using ESR tech-
niques®, allowing a classification of lipids according to
their selectivity for the AChR protein. Mantipragada et
al ¥ provided the first detailed description of the dynamic
composition of ‘first-shell” lipids in the belt region sur-
rounding a receptor protein. AChR-vicinal lipids fall into
three categories: (a) a high specificity group, constituted
by fatty acids like stearic acid, cardiolipin and phosphati-
dylinositols®*?, androstanol'>®*, and phosphatidic acid'?;
(b) an intermediate group, made up of SM*; PS and PG®,
and (c) a moderate-to-low specificity group, where we find
PC, PE, and the gangliosides GDl1b, GM1, GM2 and
GM3*.

It is interesting to note that owing to the high-packing
density of AChR molecules in the postsynaptic mem-
brane, only three to four phospholipid layers of ‘bulk’
lipid separate the protein-vicinal first layer from the nearest-
neighbour first-layer lipid surrounding an adjacent AChR
protein®. In Torpedo receptor-rich native membranes pre-
pared from electrocytes, a/l lipids in the membrane are in
the liquid-ordered (/,) phase, with decreasing polarity to-
wards the AChR protein molecules®. This is because the
protein-vicinal lipid-belt region is more rigid and ordered
than the bulk bilayer lipid, as determined by Laurdan GP
measurements using FRET**. However, the receptor-
vicinal and the bulk lipid regions form a single, liquid-
ordered phase from the physico-chemical point of view.

The protein-vicinal lipid is relatively immobilized with
respect to motions both around and perpendicular to the
long molecular axes of the lipid molecules, i.e. with rota-
tional correlation times ~50-100 times longer than is
typically found with fluid bilayer lipid°. The protein-
vicinal lipid also exhibits a lower degree of penetration of
water molecules, thus rendering it less polar than the bulk
bilayer lipid*>". Another dynamic aspect that character-
izes the two lipid regions is the relatively high exchange
between the two moieties: although the AChR-vicinal
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lipid 1s expected to have a lateral diffusion coefficient
50-100 times slower than that of the fluid bilayer lipid,
ie. ~10°s™ (ref. 9), the lipid exchange process between
the AChR-vicinal lipid and the bulk lipid exhibits rates in
the order of 1-5 x 10® s™. Lipid species displaying sele-
ctivity for the AChR protein spend on average a longer
period in the immediate vicinity of the protein; they are
concentrated relative to those lipids exhibiting little or no
selectivity. In systems where the selectivity of the lipid for
the protein is changed by varying the pH or the ionic
strength, it has been shown that the on-rate remains con-
stant, whereas the off-rates reflect the specificity of a given
lipid, which is independent of the lipid/protein ratio®.

We have also found that some local anaesthetics, non-
competitive antagonists of the AChR, exert their action at
the AChR-lipid interface''*® The effect of local anae-
sthetics contrasts with those of general anaesthetics: both
reduce the motionally restricted boundary or shell-lipid,
but the latter also fluidize the bulk lipid, an effect that we
have not observed with local anaesthetics at the concen-
trations used®. It is also interesting to note that local an-
aesthetics compete more effectively with the phospholipid PI
than with the fatty acid analogue, although both lipids
display similar relative association constants for the AChR.
Unwin and colleagues suggested the possibility that alco-
hols and local anaesthetics bind to the AChR in water-
filled cavities in between the M2 channel-lining ring and
the middle M1-M3 TM ring®.

Changes in the physical state of the native AChR
membrane induced by exogenous lipids

When Laurdan GP was measured in 7orpedo native AChR
membrane (either by direct excitation or under FRET
conditions) in the presence of exogenous lipids, GP and
by inference the ‘fluidity” and order of the membrane were
found to diminish upon addition of oleic acid and DOPC,
and not to vary significantly upon addition of Chol hemi-
succinate, indicating an increase in the polarity of the
single, ordered-liquid lipid phase in the two former cases™.

Complementary information about the bulk lipid order
was obtained from measurements of fluorescence aniso-
tropy of DPH and two of its derivatives. The membrane
order diminished in the presence of oleic acid and DOPC.
The location of Laurdan was determined using the paral-
lax method of Chattopadhyay and London®. Their method
is based on the relative position of a fluorescence probe
embedded in the membrane and its quenching by probes
having nitroxide spin labels at different positions along
their acyl chains. The parallax determination is accom-
plished by pairwise comparison of quenching parameters
with different pairwise combinations of the PC analogues
with spin labels in carbons 7, 10 and 12.

When the temperature dependence of Laurdan fluore-
scence was studied in the native AChR-rich membrane,
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dipolar relaxation was found to gradually increase with
increasing temperature®’, probably reflecting an incre-
ment in water content and disorder in the shallow mem-
brane region sensed by the probe, both in AChR-vicinal
and bulk lipid regions. Similar conclusions were reached
from a study of fluorescence anisotropy of DPH and de-
rivatives, which sense the thermally-induced disorder in
other regions of the membrane®.

Energetics of channel gating in living cells
measured by Laurdan fluorescence

The characterization of Laurdan thermotropic behaviour
was subsequently extended to living mammalian cells ex-
pressing endogenous or heterologous AChR. Interestingly,
the differences in physical properties of cell membranes
measured by Laurdan GP in a variety of cells, reflecting
the molecular dynamics of water molecules, could be cor-
related with the energetic changes in the AChR ion chan-
nel occurring as a function of temperature, as measured in
single-channel recordings®. Laurdan expends energy in
solvent (water) reorientation, as evidenced in the red shift
of its emission spectrum. The decrease in Laurdan GP
upon increasing the temperature reflects an increase in
water diffusion into the membrane. Water penetration
into the membrane is facilitated by the increased thermal-
induced disorder in the bilayer lipid. The higher AChR
channel conductance upon increasing the temperature is a
manifestation of the augmented ion and water permeabil-
ity in the AChR channel or ‘pore’ region as we observed
in single-channel recordings with the patch-clamp tech-
nique. Our study® further indicated that AChR channel
kinetics depends not only on intrinsic properties of the
AChR protein but also on the physical state of the mem-
brane in which the receptor is embedded.

Topology and lipid selectivity of individual AChR
membrane-embedded domains

The topography of the pyrene-labelled Cys residues in
TM regions of the AChR with respect to the membrane
was experimentally determined by differential fluore-
scence quenching with spin-labelled derivatives of fatty
acids, PC, and the steroids cholestane and androstane®>.
TM peptides were obtained by controlled enzymatic di-
gestion from purified Torpedo californica AChR, derivat-
ized with N-(l-pyrenyDmaleimide (PM), purified, and
reconstituted into asolectin liposomes. For the intact
AChR, PM fluorescence mapped to proteolytic fragments
consistent with labelling of cysteine residues in oMl,
aM4, yM1 and yM4. Stern—Volmer plots of whole AChR
quenching by spin-labelled lipid analogues showed no
deviation from linearity. Stearic acid and androstane spin
label derivatives were the most effective quenchers of the
pyrene fluorescence of whole AChR and derived TM
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peptides. In the case of spin-labelled stearic acid deriva-
tives, the 5-SASL isomer quenched more effectively than
the 7-SASL and the 12-SASL analogues, indicating a
shallow location of the pyrene-labelled Cys residues®. In
fact, the quenching studies indicated that all labelled Cys
residues are located in shallow positions with respect to
the membrane bilayer in the AChR and derived TM pep-
tides. In the case of M4, and by inference in other M4
segments of the AChR, this is compatible with a linear -
helical structure (aCys™? and yCys®™' are located near
the N-terminus of the TM segment). In the case of aMI,
‘classical’ models locate & Cys™ and Cys>" at the center
of the hydrophobic segment in an extended o-helical
structure and therefore alternative structures/topologies
for the M1 domain must be considered. One possibility is
that the M1 segment contains non-helical structure,
and/or kinks. In a mixed a-helix/f-sheet model of the
AChR®’, @ M1 was constructed as a three-strand f-sheet
interrupted by short loops generated by searching in the
database of known structures for an appropriate backbone
conformation. The proline residues themselves could not
lie within a f-strand, so they were positioned in the
loops. The same model can be extended to y M1, having a
proline residue (Pro™®) immediately adjacent to Cys™°
and two other (Pro** and Pro**") at the end of the TM re-
gion. Thus, the conserved proline residues in the M1
segments of the AChR might introduce “curls’ or kinks in
a manner analogous to that reported for one of the TM
segments of a K channel®*®°. The occurrence of proline
residues — potential helix-disrupting residues — is a strik-
ing feature of M1 in the AChR and all members of the
rapid LGIC superfamily”. Another possibility is that a
portion of the N-terminus of the M1 TM a-helix extends
beyond the lipid bilayer, therefore placing Cys™*/Cys™
near the lipid/water interface. This interpretation appears
now more likely in view of electron microscopy data™**.
We studied the y M4 AChR domain incorporated in lipo-
somes made of 60% POPC-40% Chol by means of fluo-
rescence spectroscopy”. In a pure phospholipid (POPC)
system in the /4 phase, the lipid—peptide interactions pre-
dominated over interactions between helices, and y M4
occurred as an isolated peptide, matching the hydropho-
bic region of the bilayer. In contrast, in a mixed 60%
POPC-40% Chol system in the /, phase, peptide—peptide
interactions prevailed, and peptide aggregation occurred.
These Chol-dependent properties of a representative mem-
brane-embedded segment of the AChR may bear rele-
vance to the organization of the p~subunit o~helical bundle
motif and the AChR membrane-spanning region at large.
The tendency of the hydrophobic yM4 peptide to maxi-
mize peptide—peptide interactions in the presence but not
in the absence of Chol may be related to the ability of this
sterol to stabilize the oa-helix content of the native
AChR'®% . Diffusion coefficients of D =14 x 10 ¢cm® s
(for 7% peptide) and D =12 x 10 em? s (for 3% pep-
tide) were obtained for the yM4 peptide. These values
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have the same order of magnitude or are slightly higher
than those typically found for diffusion in an /4 phase
(D=11x10%cm? s, D=1-3x10%em’s™ for trans-
membrane proteins and D= 9-14 x 10%em*s™ for a fluo-
rescent lipid derivative™ and the fluorescent lipid analogue
NBD-phosphatidylethanolamine (D =8 x 10 cm? s7)*.
The lateral diffusion of the AChR reconstituted in pure
DMPC bilayers was studied with fluorescence recovery
after photobleaching techniques. D values in the range of
10 em® s were observed for both the AChR monomer
and dimer in the /, phase®™. Additional multiple-compo-
nent recoveries with D values of less than 5 x 10" em®s™
were found below the lipid phase transition. Thus the
translational diffusion of the yM4 peptide is not signifi-
cantly different from that of the 95 AChR monomer or
the 13S dimer in the low concentration limit; neither the
peptide nor the whole AChR encounter hindrance to
lateral diffusion on the part of the lipid bilayer itself,
whereas in native membranes, the densely packed AChR
molecules are almost totally immobile (see ref. 91 for re-
View).

Functional effects of the lipid environment on
the AChR

Several channels and receptors, the AChR protein included,
are embedded in the postsynaptic membrane. Given the ex-
tensive contacts between membrane lipids and the AChR,
the physicochemical properties of the constituent lipids
are likely to influence the physicochemical and functional
properties of the protein moiety, and likewise, the latter is
bound to modify the corresponding properties of the
membrane lipids. This prediction finds extensive experi-
mental validation, since various types of lipid have been
found to affect the function of channels and receptors, as
analysed in this section. One functionally relevant exam-
ple is the phospholipid regulation exerted on the ATP-
sensitive potassium channel (Karp channel), the channel
that (1) controls the movement of K ions in and out of the
pancreatic /3 cells, thus linking blood glucose concentra-
tion with insulin secretion, (ii) modulates the tone of
smooth muscle in blood vessels and (iii) regulates the
length of the action potential in cardiac muscle. Kurp
channel has been shown to be modulated by phosphatidyl-
inositol-4,5-bisphosphate (PIP,)""*%.

Exogenous, synthetic steroidal substances of therapeutic
use, as well as endogenous steroids have been shown to
bind to” and affect muscle and neuronal-type AChR 7.

Lipids and agonist-induced state transitions:
Chol and negatively charged phospholipids

When AChRs were reconstituted into lipid vesicles made up
of only PC they were found not to be functional** >,
The presence of Chol and anionic lipids such as PA or PS
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restored the capacity to undergo agonist-induced state
transitions''?. However, contradictory interpretations still
remain. Thus Rankin et al.'” concluded that AChR re-
constituted in PA/PC mixtures were unable to undergo
agonist-induced state transitions, whereas Baezinger et
al''? used AChR preparations reconstituted in Chol and
found that they are able to undergo agonist-induced struc-
tural transitions, though anionic lipids were needed for full
activity. Recent studies stress the importance of acidic
phospholipids like PA (e.g. POPC liposomes containing
POPA) in the reconstitution mixture to preserve nearly
complete functionality of the AChR. Addition of Chol
(POPC/POPA/Chol, 3:1:1) had a positive synergistic
effect'. These results further suggest that this lipid com-
position stabilizes the receptor in the resting state and
allows agonist-induced state transitions, as previously ob-
served with FTIR spectroscopy and radioactive ion-flux

: 115
experiments’ .

Lipid effects on AChR agonist-induced
conformational states

The requisite lipid composition for maintenance of agonist-
induced affinity transitions between conformational states
is not necessarily optimal for adequate receptor-controlled
ion translocation®>*. The latter property has been re-
ported to depend on the presence of neutral and anionic
phospholipids®!. In one of our studies, unsaturated PE in
combination with approximately 30% of a cholesteryl es-
ter proved the best lipid mixture for the reconstitution of
the AChR-mediated ion-permeation in artificial mem-
branes™. The less saturated the acyl chains of PE, the
higher the observed response.

Other lipids and hydrophobic molecules are also known
to modulate AChR activity®!'*"'7. Fatty acids and sterols
are of particular significance. Their selectivity for the
AChR microenvironment was demonstrated in early ex-
periments”'®. The major lipid components of biological
membranes in general are phosphoglycerides, Chol, and
sphingolipids. In the case of the AChR-rich membranes
prepared from the electric organ of Torpedinidae species,
the major phospholipid constituents are choline-(40%),
ethanolamine-(35%), and serine-(13%) glycerophospho-
lipids. The effect of phosphoglyceride composition on
AChR function has been the focus of several studies® >*.
Chol and steroids have also been shown to play a major
role in AChR function®''*"® Sphingomyelins (N-acyl-
sphingosine-1-phosphorylcholine or ceramide-1-phospho-
rylcholine, “SM”), the simplest class of the sphingolipids,
amount to about 10% of cellular lipids in mammalian cell
membranes. They are more abundant in the plasmalemma
than in intracellular membranes and like the other choline-
containing phospholipid, PC, are enriched in the outer,
exoplasmic leaflet of the bilayer''™'*. Sphingolipids are
important lipid constituents, essential for cell growth'?'.
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Aminophospholipids such as PS or PE, on the other hand,
are enriched in the inner, cytoplasmic leaflet of the mem-
brane'**. SM has also been implied to play a key role in
the so-called “SM cycle’, in which SM-derived ceramide
acts as a lipid second messenger'>. In the case of the
AChR-rich membrane from Torpedinidae, SM accounts
for about 5% of the total phospholipid content'**'* We
have established its topography in the Torpedo AChR-rich
membrane and its moderate-to-low affinity for the recep-
tor protein®. More recently, we found that inhibition of
sphingolipid biosynthesis resulted in the accumulation of
unassembled AChR oligomers in the endoplasmic reticu-
lum, leading us to suggest a ‘chaperone-like’ effect of
sphingolipids on the AChR biosynthetic pathway, affect-
ing both the efficiency of the assembly process and sub-
sequent receptor trafficking to the cell surface!*®.

A correlation between the structural characteristics of
some lipids and AChR conformation could be established
in fluorescence studies with the open channel blocker
crystal violet. This probe exhibits a higher affinity for the
desensitized state than for the resting state of the receptor.
Fatty acids decreased, albeit to different extents, the Kp
of CrV in the absence of agonist. However, only cis-fatty
acids, which increase membrane fluidity, caused an in-
crease in Kp in the presence of agonist. Steroids produced
a concentration-dependent diminution of the Kp of the
resting AChR state, which approached that of the K of
the desensitized state. However, the presence of steroids
did not alter the desensitized state of the AChR, a result
that concurs with the fact that the steroids tested did not
change the polarity of the membrane sensed by Laurdan
Gp'2

Lipid sites on the AChR molecule

The presence of binding sites for hydrophobic molecules
distinct from the annular ones, on the surface of the
(Ca**-Mg”")-ATPase, has been deduced from both FRET
between Trp residues and dansyl-undecanoic acid, and
quenching of the intrinsic protein fluorescence by bromi-
nated lipids'**!'®. The simple addition of Chol had no effect
on the intrinsic fluorescence of the ATPase reconstituted
in dioleoylphosphatidylcholine (DOPC) liposomes con-
taining brominated PC. However, reconstitution of the
ATPase with mixtures of DOPC and dibromo-Chol re-
sulted in fluorescence quenching. From these data a
model was proposed in which Chol is excluded from the
lipid—protein interface, i.e. from the annular binding sites,
but is still able to bind at a second set of sites from which
phospholipids are excluded, namely non-annular binding
sites. The same explanation was furnished in the case of
the AChR by McNamee’s group™ and non-annular bind-
ing sites for fatty acids, Chol and its analogue cholesteryl
hemisuccinate were postulated to occur on the surface of
the receptor, but distant from the protein—lipid interface
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or ‘annular’ lipids. In an early modelling study, we
‘docked” Chol molecules on the lipid-facing surface of
the AChR TM region in crevices between M1, M3 and
M4 from adjacent subunits'*. Such crevices were appar-
ent even in low-resolution electron microscope images of
the AChR protein®. Five such sites were located in each
leaflet of the membrane, making a total of ten steroid
sites, in general agreement with the discrete number of
sites postulated by McNamee’s group'®. A second out-
come of this early model was that only a few lipid mole-
cules could gain simultaneous access to more than two
TM segments. This concept was further elaborated in a
subsequent model based on Unwin’s suggestion® of simi-
larities between the tertiary structure of the BS5 pentamer
of E. coli enterotoxin and the AChR. In their description
of the Chol sites on the AChR protein, Jones and
McNamee' postulated that these sites were at interstitial
regions of the AChR. Miller and coworkers™' further
elaborated on the topology of the Chol sites, which they
located at a distance of about 0.6 nm from the first shell
or annular lipids.

Early work on AChR-rich membranes demonstrated the
natural abundance of Chol'**'*? and the protein-induced
restriction in mobility of spin-labelled androstanol®. The
latter biophysical work suggested the occurrence of sites
for steroid-like molecules in the AChR microenviron-
ment. The search for such sites involved the use of other
spin-labelled sterols and photoaffinity labelling tech-
niques'>® which demonstrated the close proximity of a
Chol analogue and the AChR. The radioactive photoaffi-
nity label [*H]cholesteryl diazoacetate, a carbene-
generating probe, was incorporated into all AChR sub-
units. Spin-labelled cholestane was also shown to be in-
corporated into AChR-rich regions of the membrane'’.
Gonzalez-Ros and coworkers'** showed that a photoacti-
vatable analogue of Chol can be displaced from the
AChR by unlabelled Chol and that the labelling is sensi-
tive to the desensitization phenomenon.

Jones and McNamee'® used brominated sterol to define
annular (about 45 per AChR monomer) and non-annular
(about 5-10 per AChR) sites, the latter with ~ 20-fold
higher affinity for Chol. Ellena et al."® showed that an-
other sterol, androstanol, exhibited a higher selectivity
relative to PC, occupying about 38 sites on the AChR.
Subsequent ESR work showed preference of the AChR
for a PS analogue (~ 60% perturbation by the membrane
protein) over other lipids (~30%)'% After proteolytic
removal of the extramembrane portions of the membrane-
bound receptor, binding sites for the spin-labelled andro-
stane and stearic acid disappeared, but not for phospho-
lipids and sphingomyelin analogues. The occurrence of
androstane sites in extracellular AChR domains has been
challenged by subsequent work'®'. Photoaffinity labelling
studies with azido-Chol also do not support the occur-
rence of extracellular sites for the sterol'> as found with
the GABA 4 receptor.
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Fernandez-Ballester et al.%° studied the effect of Chol
on the secondary structure and cation permeability of re-
constituted 7Torpedo AChR. They found that the presence
of phospholipids was necessary in the reconstitution mix-
ture to support the modulatory effect exerted by Chol on
AChR ion permeability in vitro. Blanton et al.'*® used the
steroid promegestone to photolabel 7. californica AChR.
The probe was incorporated into each of the AChR sub-
units in approximately equal amounts both in the pre-
sence and in the absence of Carb. While no evidence of
[*H]promegestone incorporation was detected in the inner
ring M2 segment, residues reacting with the steroid in the
outer ring M4 domains were identified and found to be
identical to those previously shown with other ligands re-
ported to be in contact with the lipid bilayer. The steroid
promegestone was further found to be a noncompetitive
antagonist of the AChR, allosterically affecting the rece-
ptor by interacting with residues situated at the lipid—
protein interface’*. Corbin et al.'* used the photoacti-
vatable Chol analogue 3 a-(4-azido-3-['*Iiodosalicylic)-
cholest-5-ene (azido-Chol) to label the TM regions of
T. californica AChR. In o M4, residues Cys412, Val'l3,
Phe™* and Met""® were labelled. This stretch corresponds
to outer ring residues embedded in the cytoplasmic-facing
hemilayer of the membrane.

Another strategy for determining the occurrence of
lipid sites in the AChR exploited the decrease in FRET
efficiency (F) between the intrinsic fluorescence of
AChR-rich membranes and Laurdan, induced by different
lipids. E between AChR (donor) and Laurdan (acceptor)
was calculated using the equations below. F is given by

E =RSIRS +1°),

where 7 1s the intermolecular distance and R, 1s a constant
parameter for each donor—acceptor pair, defined as the
distance at which F is 50%. £ can also be calculated as:

E=1-(flgp)~ 1 - (I,

where ¢ and ¢p are the fluorescence quantum yields of
donor in the presence and absence of the acceptor, res-
pectively, and [ and I are the corresponding emission
intensities. FRET efficiency was found to decrease upon
addition of exogenous lipids, which displace Laurdan
molecules from the AChR-microenvironment. The maxi-
mal decrease in E resulting from the addition of a fatty
acid (18:1) amounted to about 60%, whereas Chol or
phospholipid reduced E by 35% and 25% respectively.
The sum of the decreases caused by DOPC and colesteryl
hemisuccinate equalled that obtained in the presence of
18 : 1 alone. From this series of experiments we reached
the conclusions that (i) there are independent sites for
phospholipid and sterol, both accessible to fatty acid, in
the vicinity of the AChR™, in agreement with previous
ESR work'*" and (ii) fatty acids of different chain length
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and saturation share a common site(s) but produce differ-
ent effects on the physical properties of AChR-associated
lipid belt region and bulk lipids, respectively™.
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