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Fluorescence Studies of the Acetylcholine Receptor:
Structure and Dynamics in Membranes and Cells

Francisco J. Barrantes!

The nicotinic acetylcholine receptor (AChR) is the archetype member of the superfamily of ligand-
gated ion channels that mediate fast intercellular communication in response to endogenous neuro-
transmitters. Here | review a series of biophysical studies on the AChR protein, with particular
focus on the interactions of the macromolecule with its lipid microenvironment. Fluorescence
recovery after photobleaching and phosphorescence anisotropy studies of the membrane-embedded
AChR have contributed to our understanding of the translational and rotational dynamics of this
protein in synthetic lipid bilayers and in the native membrane. Electron spin resonance studies led
to the discovery of a lipid fraction in direct contact with the AChR with rotational dynamics 50-
fold slower than that of the bulk lipids. This lipid belt region around the AChR molecule has since
been intensively studied with the aim to define its possible role in the modulation of receptor
function. The polarity and molecular dynamics of solvent dipoles—mainly water—in the vicinity
of the lipidsin the AChR membrane have been studied exploiting the amphiphilic fluorescent probe
Laurdan’s exquisite sensitivity to the phase state of the membrane, and Forster-type resonance
energy transfer (FRET) was introduced to characterize the receptor-associated lipid microenviron-
ment. FRET was used to discriminate between the bulk lipid and the lipid belt region in the vicinity
of the protein. Further refinement of this topographical information was provided by the parallax
method using phospholipid spin labels. The AChR—vicina lipid is in a liquid-ordered phase and
exhibits a higher degree of order than the bulk bilayer lipid. Changes in FRET efficiency induced
by fatty acids, phospholipid, and cholesterol also led to the identification of discrete sites for these
lipids on the AChR protein. | also illustrate the extension of Laurdan fluorescence studies to intact
living cells heterologously expressing AChR in a brief section devoted to recent studies using two-
photon fluorescence microscopy. The spatial resolution afforded by the two-photon optical sectioning
of the cell in combination with the advantageous spectroscopic properties of Laurdan are exploited
to obtain information on the physical state of the lipid environment of the membrane. Finally, the
application of site-specific labeling and steady-state fluorescence spectroscopy to probe the location
of AChR membrane-embedded domains is illustrated. The topography of the pyrene-labeled Cys
residues in transmembrane domains aM1, aM4, yM1, and yM4 with respect to the membrane was
determined by differential fluorescence quenching with lipid-resident spin-labeled probes. Cys
residues were found to lie in a shallow position. For M4 segments, this is compatible with a linear
«-helical structure, but not so for M1, for which “classical” models locate Cys residues at the center
of the hydrophobic stretch. The transmembrane topography of M1 can be rationalized on the basis
of the presence of a substantial amount of nonhelical structure and/or of kinks attributable to the
occurrence of the evolutionarily conserved proline residues. The latter is a striking feature of M1
in the AChR and al members of the rapid ligand-gated ion channel superfamily.

KEY WORDS: Cell surface receptors; cholinergic receptor; lipid—protein interactions; Laurdan; annular lipids.

Lingituto de Investigaciones Bioquimicas de Bahia Blanca and BZW8000 Bahia Blanca, Argentina. Fax: (054) 291 4861200. E-
UNESCO Chair of Biophysics and Molecular Neurobiology, mail: rtfjbl@criba.edu.ar

273

1053-0509/01/1200-0273/0 © 2002 Plenum Publishing Corporation



274

INTRODUCTION

Membrane proteins constitute roughly one-third of
all geneproducts. Yet only very few high-resolution struc-
tures of membrane proteins have been obtained to date,
mainly because of the difficulty of obtaining well-ordered
three-dimensional crystals. In the absence of detailed
information from X-ray or electron crystallographic data,
drawing structural—functional correlations of many
important membrane proteins has relied on the powerful
combination of site-directed mutagenesis and patch-
clamp electrophysiology, and various spectroscopic tech-
niques applied to membrane fragments and purified,
reconstituted proteins.

Among such important integral membrane proteins
is the nicotinic acetylcholine receptor (AChR), one of
the best-characterized members of the ligand-gated ion
channel superfamily [1], a set of proteins coded by more
than ahundred genes so far identified. They exhibit amino
acid sequence homology and presumably higher-order
structural motifs, though the latter await high-resolution
studies for their determination. Within the superfamily,
the AChR and the serotonin receptor comprise two fami-
lies of cation-selective channels, whereas glycine and
GABA, receptors are anion-selective channels. Signal
transduction is relatively fast and results from similar
mechanistic steps: binding of the neurotransmitter fol-
lowed by conformational transitions in the receptor pro-
teins that lead to changes in the ionic permeability of the
postsynaptic membrane.

In the specific case of the AChR, upon binding,
acetylcholine initiates a conformational change in this
protein that triggers the transient opening of its intrinsic
cation-specific channel across the postsynaptic mem-
brane. At the molecular level, this is accomplished by
the concerted action of an array of four different but
highly homologous AChR subunits in the stoichiometry
a,Byd [2—4]. Each AChR subunit contains four putative
hydrophobic segments, 20—30 amino acids in length,
referred to as M1-M4 and proposed to be membrane-
spanning segments. The M2 segment of each subunit is
thought to contribute structurally to form the ion chan-
nel proper.

On the basis of its hydrophobicity and apparent low
degree of sequence conservation, the M4 segment was
proposed to be exposed to the bilayer lipid [5,6]. M1
and M3 must have some contact with lipid, since they
effectively incorporate membrane-partitioning photoacti-
vatable probes [7-9]. Although the exact topology of
these AChR regions relative to the membrane has not yet
been determined unambiguously, it is usually accepted
that the four hydrophobic segments M1-M4 form the
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transmembrane (TM) region of the AChR [8,10]. Further-
more, thereistill contradictory evidence on their second-
ary structure. The origina postulation of a four-helix
bundle with an all-helical secondary structure [11] has
been challenged by theresults of cryoelectron microscopy
of frozen AChR tubules [12,13] and computer-aided
molecular modeling indicating that the dimensions of the
AChR TM region are not compatible with a pentameric
four-helix bundle [14]. Site-directed mutagenesis data
combined with patch-clamp electrophysiology, and
results from photoaffinity labeling with noncompetitive
channel blockers, support the notion that the M2 domain
linesthe walls of theion channel proper and areindicative
of a-helical periodicity in the residues exposed to the
lumen of the channel [15]. Recent NMR spectroscopy
studies of the 3M 2 segment [16] indicate that this domain
isinserted in the bilayer at an angle of 12° relative to the
membrane normal, with no kinks, and in a totaly «-
helical configuration. A synthetic peptide corresponding
to the Torpedo aM2 segment in chloroform:methanol
containing LiClO, also adopts atotally a-helical configu-
ration [17].

The cryoelectron microscopy studies are further
interpreted to indicate that the other putative TM domains
(M1, M3, and M4) are relatively featureless, with alarge
portion of the polypeptide chain in an extended (or unre-
solved) B-sheet configuration, arranged in the form of a
large B-barrel outside the central rim of M2 channel-
forming rods [13]. This interpretation is in contrast to
the studies using photoactivatable hydrophobic probes,
in which the observed periodicity of the lipid-exposed
residues in M4 and M3 is consistent with an a-helical
pattern [8,9,18] and with deuterium-exchange Fourier
transform infrared spectroscopy studies which indicate a
predominantly a-helical structureinthe AChR TM region
[19]. In addition, secondary structure analyses (CD and
Fourier transform infrared spectroscopy) of isolated and
lipid-reconstituted TM AChR peptidesindicate an «-heli-
cal structurefor M2, M3, and M4 segments[20]. Further-
more, two-dimensional (2D) *H-NMR spectroscopy of a
synthetic peptide corresponding to the «M3 segment of
Torpedo AChR showed atotally a-helical structure [21],
and a recent NMR study of a synthetic yM4 peptide is
also compatible with an «-helical secondary structure
[22]. In summary, the secondary structure of the AChR
TM region is still a matter of debate.

Prior to innervation, the AChR is uniformly distrib-
uted on the cell surface. In the course of synaptogenesis,
the AChR becomes clustered first in the form of “hot
spots,” and finally, upon establishment of the neuromus-
cular junction, receptor molecules adopt the high-density
packing characteristic of theadult synapse. It isnot known
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whether the different organizational modes of the AChR
protein are accompanied by large-scale modifications of
their lipid environment. We do know, however, that the
closely associated lipid belt region surrounding the AChR
protein in the electromotor synapse of electrocytes is
qualitatively different in termsof molecular mobility [23],
and the lipid composition of the synaptic region differs
from that of therest of the membranein muscle cells[24].

This review deals with biophysical studies focused
on some structural and dynamic properties of the AChR
molecule, aimed at understanding the relationship be-
tween the AChR protein and its membrane environment
and, in particular, learning about the topography and
dynamics of the AChR and its membrane-associated
lipids.

THE CONCEPT OF AChR-ASSOCIATED LIPID

Marsh and Barrantes [23] and Marsh et al. [25]
obtained one of the first pieces of evidence on the direct
interaction between lipid and AChR in its native mem-
brane environment using electron spin resonance (ESR)
techniques. This series of studies demonstrated that the
protein-associated or “annular” lipids were relatively
immobile with respect to the rest of the membrane lipids.
Other laboratories [26,27] confirmed these findings and
further defined the nature of the protein—lipid interactions
using reconstituted systems.

The possible functional implications of the above
findings were immediately apparent in early studies[29],
demonstrating the need to include cholesterol and certain
phospholipids during the receptor purification procedure
to preserve the AChR functionality in reconstituted sys-
tems. The dissection between phospholipid and sterol
reguirements was subsequently studied in detail [29-31]
and the minimal number of lipids (about 45 molecules)
per AChR established in ESR experiments [27,32].
Through this series of experiments it became progres-
sively clear that the AChR—vicina (annular) lipids were
important for the correct functioning of the receptor, but
the precise mechanisms by which these annular lipids
affected the AChR were not known.

Both sterols and acidic phospholipids were shown
to be critical for the proper functioning of the AChR
[30,31,33], though others [34] support the view that cho-
lesterol, but not negatively charged phospholipids, is
required for AChR activity. In addition, ESR experiments
have shown that distinct lipid classes display different
affinities for the lipid microenvironment of the AChR
[27,35].
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DYNAMICS OF AChR AND LIPIDSIN THE
MEMBRANE

The highly specialized function of the AChR calls
for an organization of the postsynaptic membrane—the
natural locus of the AChR—optimally suited to the
requirementsof signal transduction within the brief opera-
tional time scale of the nicotinic synapse. The postsynap-
tic membrane is, in fact, a closely packed assembly of
AChR molecules reaching densities of 10,000—30,000
units wm~2. The clustering of AChRs into discrete supra-
molecular domains and the maintenance of the large syn-
aptic assembly are two phenomena whose intimate
mechanisms have remained elusive for decades. Recent
evidence using knockout animals lacking motor nerves
or some clustering-inducing factors suggest that AChR
are preclustered to the endpl ate region even in the absence
of these two factors. Protein—protein or AChR-lipid
interactions are likely to play arole in these preinnerva-
tion stages of differentiation of the nicotinic synapse.

One consequence of the organization of AChR into
tightly packed clustered assemblies at the synapse is that
molecular mations differ from those of nonsynaptic
regions of the cell. To what extent are translational and
rotational motions hindered at the synapse? Measure-
ments of the dynamics of the AChR protein in synthetic
lipid bilayers and in cell membranes are summarized
below.

2D Trandational Dynamics of the AChR

Thereis broad agreement that lipid motion in mono-
layers and bilayers follows in general terms the predic-
tions of the so-caled free-area theories, neglecting
interactions of the diffusing phospholipid headgroup with
the aqueous medium and the fatty acyl chains with the
opposing lipid monolayer. Essentially, a lipid molecule
undergoes a diffusive step when a free volume (a sort of
a “hole”) exists adjacent to it, and solvent fluctuations
“close” the free volume around the diffusing lipid by
jumping into that volume. The free-area theories are used
to explain the lateral diffusion coefficient of fluorescent
lipid analogues in lipid bilayers. The fluorescent lipid
analogue NBD—phosphatidylethanolamine, for instance,
exhibits values of Dy, the lateral diffusion coefficient, of
8 X 108 cm? s1 [30].

When large integral membrane proteins like the
AChR—whose dimensions generously exceed those of
the surrounding lipids—are reconstituted into artificial
bilayers at relatively low protein:lipid ratios, the lateral
diffusion of the protein can be approximated by the
Saffman and Delbruck [36] formalism. This is based on
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the Stokes—Einstein treatment of motion in a solvent
medium, in which lateral motion can be envisaged as
originating in random collisions of the macromolecule
with the solvent molecules and is opposed by frictional
forces between the two. The diffusion coefficient, Dy, is
given by KT/f, where k is the Boltzmann constant and f
is the frictiona coefficient. In the case of a spherical
molecule of radius r diffusing in a medium of viscosity
M, Dy = KT/6mmr (the Stokes—Einstein equation). Saffman
and Delbruck applied this formalism to the case of a
cylinder of radius r oriented perpendicular to and diffus-
ing in a thin viscous sheet of viscosity m and thickness
h (equal to the height of the embedded cylinder), a treat-
ment that ismore relevant to that of a protein transversing
a membrane. The diffusion coefficient becomes

D, = (KT/4wn,h) In(mmh/im,r — 0.577)

where m,, isthe viscosity of the viscous sheet (“the mem-
brang’) and m,, (=10 X x~2 P) is the viscosity of the
aqueous medium in which the sheet is immersed. The
sheet is treated as a continuum of solvent molecules. The
formalism predicts a weak dependence of D on protein
radius, a prediction that appears to be followed roughly
by the few integral membrane proteins studied to date,
including the AChR [30]. It should be noted that the
theory finds validity only in the case of very diluted
proteins (such as with proteins reconstituted in lipid
bilayers).

Various fluorescence recovery after photobleaching
(FRAP) studies of adult and embryonic muscle cells have
provided useful information on the dynamics of the
mobile AChR particlesin the membrane and on the frac-
tion of immobile receptors. Most studies concur in that
the AChR in the adult synapse and in the patches in
developing muscle is tranglationally immobile, whereas
the nonsynaptic areas have AChRswith ahigher diffusion
coefficient, about 5 X 10~ * cm? s7 [37—41]. We studied
thelateral diffusion of detergent-solubilized AChR recon-
stituted in pure dimyristoyl—phosphatidylcholine bilayers
and found values of D, in the range of 108 cm? s™* for
both the AChR monomer and dimer in the liquid—
crystalline phase and within the 14-37°C range [30].
Additional multiple-component recoveries with D, values
of less than 5 X 107** cm? s™* were found below the
lipid phase transition. Thusin the low concentration limit
neither the 9S AChR monomer nor the 13S dimer devoid
of rapsyn and other peripheral nonreceptor proteins
encounters hindrance to lateral diffusion on the part of
the lipid bilayer itself, whereas in native membranes,
the densely packed AChR molecules are almost totally
anchored and both translational and rotational diffusion
are inhibited.
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Inthe plasmalemmaof devel oping rat myotubes, two
populations of AChR molecules are observed: adiffusely
distributed population having D; = 5 X 107 cm? s7*
and alocalized, patched population with D, ~ 10712 cm?
s 1 [37]. When blebs are produced in myoblast sarco-
lemma, D; is even faster (3 X 107° cm? s [38]). Lack
of hindrance to diffusion was also reported for AChR in
the plasma membrane of Xenopus embryonic myoblasts,
where Poo [39] estimated D; to be 2.6 X 107° cm? s™2%,
D in reconstituted membranes is at least 50-fold higher
than the highest values found in native membranes. That
is, the AChR undergoes essentialy free lateral diffusion
in asynthetic lipid bilayer, whereas in native membranes
or in living cells it exhibits various degrees of hindrance
of motion. Reconstituted membranes differ from natural
membranes in their lipid composition, concentration of
protein, and absence of periphera proteins. The former
factor was not found to influence the lateral diffusion of
the AChR at very high lipid: protein ratios. It is likely
that the extensive protein—protein interactions occurring
both between AChR molecules, on the one hand, and
between AChR molecul es and other nonreceptor proteins,
on the other, are mainly responsiblefor therelativeimmo-
bilization of AChR in native membranes, particularly in
the synaptic region.

Rotational Dynamics of the AChR

Rotational motion of the AChR protein has been
studied by means of ESR and phosphorescence ani sotropy
techniques. A spectrum of relaxation times is observed
with both methods; the rotational correlation time of the
monomeric AChR is about 10-25 p.s[42], in full agree-
ment with the expected value. Slower relaxation times
are probably related to the existence of higher oligomeric
AChR species. Early ESR studies [23,25,27,43] showed
the rotational immobility of the AChR protein in native
AChR-rich membranes purified from fish electric organ.
Subsequent reports showed the appearance of rotational
motion upon extraction of rapsyn and other nonreceptor
peripheral proteins[26]. Extraction of rapsyn gaveriseto
alterationsin AChR packing habits, as judged by electron
microscopy [44]. This was interpreted as an increased
freedom of motion of the receptor molecules, and it was
further proposed that rapsyn plays a role in processes
such as synapse formation during ontogenesis, receptor
clustering, and stabilization of the adult synapse. Lo et
al. [45] found enhanced rational freedom of the AChR
in membranes depleted of rapsyn by studying the phos-
phorescence anisotropy of AChR labeled with an erythro-
sine derivative of a-bungarotoxin. They also reported the
restoration of AChR rotational immobility upon reassoci-
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ation with the extract containing rapsyn and other periph-
eral proteins, as confirmed by Rousselet et al. [46]. Using
the same technique, and eosin derivatives of the a-toxin,
we observed afinite rotational correlation time of 12—26
s associated with the AChR in membranes depleted
by rapsyn and other peripheral proteins [42]. The same
rotational correlation time was found in dithiothreitol-
reduced membranes, though not in native or N-ethylma-
leimide-alkylated membranes. The experimentally ob-
served relaxation time agreed with that expected for the
9S AChR monomer of about 250,000 Da. Since the trans-
lational motion of the AChR in reconstituted pure lipid
bilayers can be practically considered a free, unrestricted
lateral diffusion (see above), D, can be related to the
rotational relaxation time by D, ~ 4r?/¢.

PHYSICAL STATE OF THE AChR—-LIPID
INTERFACE

Laurdan Fluorescence Spectroscopy Studies

Several fluorescent probes with valuable spectro-
scopic properties to study membranes are available to
date. Figure 1A shows molecular models of representa-
tives probes currently used in the study of AChR-lipid
interactions in our laboratory. One particularly advanta-
geous ligand is the fluorescent probe Laurdan (6-dodeca-
noyl-2-dimethylamino naphthalene). We have character-
ized the thermotropic behavior of the so-called general-
ized polarization (GP [47,48]) of Laurdan in AChR-rich
membranes from Torpedo marmorata [49,50]. In this
series of papers, a still unexploited property of Laurdan,
namely, itsability to act asaFRET acceptor of tryptophan
emission, wasintroduced to measure some physical prop-
erties of the protein—vicinal lipid. FRET between an
AChR-rich membrane protein and Laurdan was observed
upon excitation at 290 nm (Fig. 1B).

The physical origin of Laurdan spectral properties
resides in its extreme sensitivity to the polarity and to
the molecular dynamics of dipolesin its environment due
to the effect of dipolar relaxation processes reflected as
relatively large spectral shifts [47]. Laurdan molecules
surrounded by gel-phase lipids, which provide an envi-
ronment with alow polarity and high order or “rigidity,”
undergo a lower relaxation process than those localized
in an environment of high polarity and “fluidity,” such as
aliquid—crystalline phase. Since the main solvent dipoles
surrounding Laurdan in the membrane are water mole-
cules, when no relaxation occurs, high GP values result,
indicative of a low water content in the hydrophilic/
hydrophobic interface region of the membrane.
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Fig. 1. (A) Examplesof fluorescent probes currently used in membrane
studies in general and in investigations of AChR-lipid interactions in
particular. Molecular models were drawn using the software WebLab
Viewer from Molecular Simulations, Inc. (B) Occurrence of Forster’'s
resonant energy transfer (FRET) between a T. marmorata AChR-rich
membrane and the fluorescent probe Laurdan. Emission spectra were
recorded under FRET conditions as a function of the acceptor surface
density. A constant molar ratio of AChR protein (donor) in the mem-
brane was maintained, and the Laurdan (acceptor) concentration was
varied between 0.1 and 1 puM.

Thetemperature dependence of Laurdan GP hasa so
contributed to the description and quantification of the
phase states of membrane systems. By studying the
behavior of Laurdan fluorescence under different ex-
citation/emission wavelengths, it has been possible to
characterize qualitatively the phase state of native and
artificid membrane systems [48]. Studies of Laurdan GP
as a function of temperature (Fig. 28) and wavelength
(Fig. 2b) show that the AChR-lipid interface region, i.e.,
the AChR—vicinal lipid, differs structurally and dynami-
cally from the bulk bilayer lipid in terms of polarity and
molecular motion. Thus, AChR-vicinal lipid exhibits a
higher rigidity compared to that in the rest of the mem-
brane bilayer, although a single thermotropic phase with
the characteristics of the so-called liquid-ordered phase
ispresent in the AChR postsynaptic membrane[49]. This
isnot surprising, given thecomplex lipid composition and
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Fig. 2. Laurdan GP (a) as a function of temperature, using direct excitation of the probe at 360 nm (®) or
energy transfer (©) from the intrinsic protein fluorescence in native T. marmorata AChR-rich membranes
(290-nm excitation), and in liposomes prepared from total lipid extracts of these membranes (C], 290 nm; 4,
360 nm), and (b) as a function of excitation (320 to 410 nm) and emission (420 to 500 nm) wavelengths at
20°C, from Torpedo membranes and liposomes prepared from lipids extracted therefrom (@, ). Original

experimental data from Antollini et al. [49].

the high protein:lipid ratio of the native AChR membrane
from the electrocyte.

We subsequently extended this type of biophysical
studiesto living mammalian cells expressing endogenous
or heterologous AChR. Interestingly, the differences in
physical properties of cell membranes measured by Laur-
dan GP in a variety of cells, reflecting the molecular
dynamics of water molecules, could be correlated with
the energetic changes in the AChR ion channel occurring
as a function of temperature (Fig. 3), as measured in
single-channel recordings [51]. This can be accounted
for by the fact that both phenomena report ultimately
on the diffusional motion of water molecules. Laurdan
expends energy in solvent (water) reorientation, as evi-
denced in the red shift of its emission spectrum. The
decrease in Laurdan GP upon increasing the temperature
in turn reflects the increase in water diffusion into the
membrane. Water diffusion is facilitated by the increased
thermal-induced disorder in the bilayer. The higher AChR
channel conductance upon increasing the temperature is
a manifestation of the augmented ion and water perme-
ability in the AChR channel or “pore” region as we
observed in single-channel recordings with the patch-
clamp technique. Thestudy by Zanello et al.[51] indicates
that AChR channel kinetics depend not only on intrinsic
properties of the AChR protein but also on the physical
state of the membrane in which the receptor is embedded.

The AChR-lipid microenvironment would thus provide
asubtle, “fine-tuning” additional control of channel func-
tion.
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Fig. 3. Relationship between AChR single-channel conductance (&) or
channel closing rate, « (b), and Laurdan GP found in three types of
cells expressing AChR: CHO-AR-42 (O), BC3H-1 (@), and CHO-K1/
A5 (A). Embryonic-type AChR, endogenously expressed in BC3H-1
cells, exhibited alower Laurdan GP and alower sensitivity to tempera-
ture than AChR (both embryonic and adult type) heterologously
expressed in Chinese hamster ovary (CHO) cells, indicating that the
energetics of channel closure and the physical properties sensed by
Laurdan are determined by the host membrane and are not inherent
properties of the AChR protein. From Ref. 51.
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M odulation of the Fluidity of the AChR—Lipid
Microenvironment

Fong and McNamee [52] showed that reconstituted
AChR is sensitive—within a narrow range of values—to
the bulk fluidity of the membrane as measured by ion flux
experiments. When the fluidity of the host lipid vesicle
was varied, as measured by steady-state fluorescence
anisotropy of the probe diphenylhexatriene (DPH), ion
permestion through the reconstituted AChR was found to
occur in either low- or high-fluidity environments [53].

When Laurdan GP was measured in the Torpedo
native AChR membrane by direct excitation or under
FRET conditions in the presence of exogenous lipids, GP
and, hence, the “fluidity” and order of the membrane were
found to diminish upon the addition of oleic acid and
DOPC and not to vary significantly upon the addition of
cholesterol hemisuccinate, indicating an increase in the
polarity of the single, ordered-liquid lipid phase in the
former two cases [50].

Complementary information on the bulk lipid order
was obtained from measurements of fluorescence anisot-
ropy of DPH and two of its derivatives. The membrane
order diminished in the presence of oleic acid and DOPC.
Thelocation of Laurdan was determined using the parallax
method of Chattopadhyay and London [54]. 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 paralax determination is accom-
plished by pairwise comparison of quenching parameters
with different pairwise combinations of the PC analogues
7-SLPC, 10-SLPC, and 12-SLPC. Using this approach,
Laurdan was found to lie ~10 A from the center of the
bilayer, i.e, a a depth of ~5 A from the lipid—water
interface [50]. In previous work from our laboratory a
minimum donor—acceptor distanceof 14 + 1 A was calcu-
lated for the Laurdan—AChR pair in the T. marmorata
native membrane [49], in agreement with the overall
dimensions of the AChR and its transmembrane region in
particular (see Ref. 1).

Morerecently, we studied the effect of freefatty acids
on the T. marmorata native membrane and found that
saturated free fatty acids increase GP, whereas cis-unsatu-
rated fatty acids decrease GP. We were further able to
classify these effects from “ordering” to “disordering” in
the following series: 20:0 > 18:0 > cisl81 = 182 =
20:4 = 22:6 > 18:3. Double-bond isomerism could aso
be distinguished: oleic acid (cis18:1) induced a net disor-
dering effect, whereas daidic acid (trans 18:1) produced
no changes in GP (Antollini and Barrantes, unpublished).
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LIPID SITES AT THE LIPID-AChR
INTERFACE

Various lipids such asfatty acids [55-57], phospho-
lipids containing short-chain fatty acids[58], cholesterol,
and steroids [59-61] have been shown to exert effects
on AChR function. Both oleic acid and dioleylphosphati-
dylcholine (DOPC) increasethe polarity of bulk and lipid-
belt regions in the native AChR membrane, whereas cho-
lesterol hemisuccinate does not induce any statistically
significant change in GP. Fluorescence quenching with
brominated lipids of AChR intrinsic fluorescence in
reconstituted bilayers was used to identify two distinct
lipid sites at the lipid—AChR interface: annular sites for
phospholipids and nonannular sites for cholesterol, both
accessible to free fatty acids [62]. Similar results were
obtained by using quenching of pyrene-labeled AChR
with brominated lipids [63].

A new strategy for determining the topographical
distribution of lipids surrounding the AChR protein was
introduced by Antollini and Barrantes [50]. The approach
consists of measuring the decrease in the energy transfer
efficiency (E) between the intrinsic fluorescence of
AChR-rich membranes and Laurdan, induced by different
lipids. E between AChR (donor) and Laurdan (acceptor)
was calculated using Egs. (1) and (2) below. According
to Forster’s theory [64], E is given by

E = RY(R° + 1°) )

wherer istheintermolecular distance and R, is aconstant
parameter for each donor—acceptor pair, defined as the
distance at which E is 50%. E can aso be calculated as

E=1- (¢/¢p) ~1— (I/lp) @)

where ¢ and ¢p are the fluorescence quantum yields
of donor in the presence and absence of the acceptor,
respectively, and | and I are the corresponding emission
intensities in any given measurement. The displacement
of Laurdan molecules from the AChR microenvironment
by exogenously added lipids should diminish the effi-
ciency of the FRET process. This model is based on the
assumptions that (i) only Laurdan molecules in close
contact with the AChR are excited under FRET conditions
and (ii) the added lipids partition in the microenvironment
of the protein. Key to these interpretationswasthe finding
that Laurdan did not exhibit selectivity for the AChR
microenvironment [49]. The maxima decrease in E
resulting from the addition of afatty acid (18:1) amounted
to about 60% (Fig. 4a). The addition of either CHS or
DOPC produced a diminution in E of 35 or 25%, respec-
tively (Fig. 4a). The sum of the decreases caused by
DOPC and CHS equaled that obtained in the presence
of 18:1 alone. This suggested the occurrence of different
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Fig. 4. (a) Displacement of Laurdan by exogenous lipids as measured by changesin FRET efficiency between
protein fluorescence and Laurdan emission. The graph shows the normalized FRET efficiency, E, between
AChR in native T. marmorata membrane and Laurdan upon increasing concentrations of DOPC (m), CHS (0),
and oleic acid (®). The curve fitting the ¢ symbols corresponds to the calculated sum of E of DOPC and
CHS. All experiments were performed at 20°C. Origina experimental data from Ref. 50. (b) Scheme depicting
the probable mechanism whereby Laurdan molecules are displaced from the AChR—lipid microenvironment
by exogenous lipids. The AChR TM domain is the central shaded circle, the small black circles are Laurdan
molecules, and two layers of endogenous lipids are shown as small light-gray circles. Eq and E., ;, correspond
to the efficiency of the energy transfer process (shown by thin black arrows) between the intrinsic membrane
fluorescence and Laurdan in the absence and presence of exogenous lipids (shown as open circles), respectively.

sites for DOPC and CHS, both accessible to fatty acid.
To corroborate this hypothesis, we saturated one class of
sites with either CHS or DOPC and then added a second
lipid. In all cases the total effect amounted to ~60%.
When oleic acid was added first, an initia reduction of
~60% was obtained, and similar levels of E wereattained
with subsequent additions of CHS and DOPC. From this
seriesof experimentswe reached the conclusion that there
are independent sites for phospholipid and sterol, both
accessible to fatty acid, in the vicinity of the AChR [50].
Access to these sites, and displacement of Laurdan mole-

cules located in the AChR-vicina lipid belt regions, is
shown diagrammatically in Fig. 4b.

The fact that exogenous lipids perturb the physical
state of the lipid microenvironment and, more impor-
tantly, that different lipids interact with distinct sites at
the lipid—protein interface suggests that (1) there is a
direct contact between specific lipids and the AChR, and
(2) this contact may be necessary, and probably important,
for proper AChR function. Among the key questions
remaining to be answered are why cholesterol is needed
at the AChR-lipid interface and how fatty acids inhibit
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AChR-mediated ionic flux by interacting with “choles-
terol sites.” Another conclusion from this series of studies
isthat Laurdan GPand FRET techniques constitute excel-
lent biophysical tools for mapping the topographical dis-
tribution of lipophilic compounds such as endogenous
lipids and xenobictics and provide a good approach to
learn about the mechanisms by which these compounds
act on the AChR-lipid interface, as used recently by
Massol et al. [65].

LAURDAN GP MEASUREMENT IN LIVING
MAMMALIAN CELLS USING TWO-
PHOTON EXCITATION

Prior to formation of the synapse, the AChR is uni-
formly distributed on the cell surface. During synaptogen-
esis, and beforethearrival of the afferent nerve, the AChR
at the neuromuscular junction of the muscle cells and
electromotor synapses of electrocytes becomes clustered
first in the form of “hot spots.” This is the “aneura”
stage, which depends on activation of a protein kinase
termed MuSK. The second phase depends on agrin, a
molecule that stabilizes existing clusters and promotes
the formation of new ones, while chemical signals origi-
nating in the nerve disperse other AChR clusters. Findly,
upon establishment of the neuromuscular junction, stable
clusters adopt the high-density packing characteristic of
the adult synapse.

The advent of new fluorescence microscopies has
opened new possibilities for characterizing biophysical
properties of membranesin situ. We have been exploring
the possibilities of some of these techniquesusing afibro-
blast cell line that heterologously expresses adult muscle
AChR, thus providing a cellular model of the aneural
AChR stages, in an attempt to investigate the possibility
that lipid—protein domains contribute to the formation
and/or stabilization of AChR clusters. A requisite to such
studies is the good spatial resolution of the cell compart-
ments.

When two (or more) infrared photons simultane-
oudly excite a fluorophore rather than a single visible
photon, the lower energy per photon of the longer wave-
length, as well as the spatial restriction of fluorophore
excitation to the focal plane, considerably increases the
spatial resolution and reduces the photodamage to the
specimen. We used two-photon excitation in an attempt
to image Laurdan GP in living cells transfected with
AChR. The clona cell line CHO-K1/A5 was produced
in our laboratory by heterologous transfection with the
adult muscle AChR subunits [66]. Cells were labeled
with Laurdan asin Ref. 67 and examined using excitation
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at 795 nm from a mode-locked Ti:sapphire laser [68].
GP images were subsequently calculated from the two-
photon raw images. The spatial confinement of the excita-
tion resulting from the use of two photons yielded confo-
cal optica sectioning of the Laurdan fluorescence
emission, thus providing excellent resol ution of the GP to
athin slice of the cell, asshownin Fig. 5. The topological
information yielded by the far-field fluorescence micros-
copy using multiphoton excitation [67,68] provides anew
dimension to understanding the heterogeneous or
“patchy” distribution of Laurdan GP and, hence, of the
physical state of the lipid milieu of a mammalian cell
membrane in which the AChR is embedded.

FLUORESCENCE STUDIES OF THE
TOPOGRAPHY OF AChR MEMBRANE-
EMBEDDED DOMAINS

The analysis of the topography of AChR membrane-
embedded domains has now reached the level of individ-
ual peptide segments, as recently investigated using fluo-
rescence quenching techniques with lipid-resident
nitroxide spin-labels [69]. Intact Torpedo californica
AChR protein and transmembrane (TM) peptides pre-
pared by controlled enzymatic digestion were derivatized
with N-(1-pyrenyl)maleimide (PM), purified, and recon-
stituted into asolectin liposomes. Fluorescence mapped
to proteolytic fragments consistent with PM labeling of
cysteine residues in aM1, aM4, yM1, and yM4, as can
be observed in a molecular model of the membrane-
embedded mass of the receptor (Fig. 6). The labeled
cysteine residues are in all cases exposed to the sur-
rounding lipid and located at the “cytoplasmic” end of
the AChR TM region, in fact very close to the bilayer—
water interface.

The detailed topography of the pyrene labeled Cys
residues with respect to the membrane and the apparent
affinity for representative lipids were experimentally
determined by steady-state differential fluorescence
guenching with spin-labeled derivatives of fatty acids,
phosphatidylcholine, and the steroids cholestane and
androstane. The use of nitroxide spin-label quenching is
awell-established method to delineate therel ative transhi-
layer location of the quenched fluorophores, in this case
the pyrene-labeled Cys residues, in the membrane. The
lipid spin-labels are all lipid-resident molecules embed-
ded at defined depths in the bilayer. Stern—\Volmer plots
of whole AChR quenching by spin-labeled lipid ana-
logues did not deviate from linearity, and the data were
therefore not fitted to a model assuming a fraction of
nonaccessible fluorophores [70]. The Stern—Volmer con-
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Fig. 5. Two-photon fluorescence microscopy images of Laurdan GP in living mammalian cells. CHO-K1 cells, expressing mouse AChR [66], were
stained with 1 wM Laurdan in DMSO in Ham's F-12 medium for 20 min at room temperature and washed for 10 min. Micrographs (512 X 512
pixels) were digitally recorded in a Leica NT workstation using a Leica 100x 1.4-N.A. oil immersion planapochromatic objective. A 2.0-W average
laser power from a Ti:sapphire laser tuned at a wavelength of 795 nm was used. The pulse length of the Gaussian pulse was about 140 fs. Two
optical blue and red bandpass filters with a 46-nm bandwidth centered at 446 and 490 nm, respectively, were used to collect raw images like those
shown in aand b. Laurdan GP was subsequently calculated offline and images like that shown in ¢ were produced.

Fig. 6. Molecular model of the AChR transmembrane domain outlining the location of the pyrene-labeled
cysteine residues. The model was drawn using the atomic coordinates of Refs. 14 and 71, and the rendering
software GRASP. Except for Cys*®, which lies in the middie of the «M4 segment, all Cys residues are located
in ashallow and superficial location in the TM AChR domain. Thisimplies that (i) cysteine residues are closer
to the cytoplasmic-facing region of the TM domain, and (ii) they are readily exposed to the surrounding lipid.
Individual peptides aM1, aM4, yM1, and yM4 were studied in detail (Table | and Ref. 69).
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Tablel. Stern—Volmer Constants (Ks,) for the Quenching of Pyrene-Labeled Transmembrane Fragments and Whole AChR by Spin-Labeled Positional
Isomers of Fatty Acids, Phosphatidylcholine, and the Steroids Cholestane and Androstane (from Ref. 69)

Ke (M7 Whole AChR a-M1 v-M1 a-M4 v-M4

5-SASL 9.87 = 1.09 6.59 + 0.48 7.75 + 0.25 11.44 + 1.29 1279 = 1.45
7-SASL 1.82 = 0.07 1.46 + 0.09 2.07 = 0.14 1.38 + 0.08 1.83 + 0.07
12-SASL 1.88 = 0.04 1.14 * 033 2.09 = 0.12 1.45 + 0.02 246 = 0.25
12-PCSL 0.78 + 0.05 — — — —

csL 0.21 = 0.07 — — — 0.39 = 0.06
ASL 3.16 = 1.00 2.75 = 041 343 + 0.38 255 + 0.27 359 = 0.58

stants Kg, are listed in Table |. PM-labeled AChR TM
peptides reconstituted into asolectin vesicles were also
studied by steady-state fluorescence spectroscopy. 5-
SASL and ASL were the most effective quenchers of the
pyrenyl fluorescence of whole AChR and derived TM
peptides reconstituted into asolectin vesicles (Fig. 7). In
the case of spin-labeled stearic acid derivatives, the 5-
SASL isomer quenched more effectively than the 7-SASL
andthe 12-SASL analogues(Tablel), indicating asuperfi-
cial location of the cysteine-bound pyrenes.

Different spin-label lipid analogues exhibit different
selectivity for the whole AChR protein and its transmem-
brane domains. In all cases the quenching studies were
compatible with the occurrence of pyrene-labeled Cys
residuesin ashallow position inthe membrane, i.e., closer
to the phospholipid polar-head region than to the hydro-
carbon core. In the case of yM4, and, by inference, in
other M4 segments of the AChR, this is compatible with
alinear a-helical structure (Fig. 6). In the case of aM1,

“classical” models locate Cys’® at the center of the
bilayer in an extended «-helical structure. This is not
compatible with the shallow location of pyrene-labeled
Cys?® emerging from the experimental results [69]. The
transmembrane topography of M1 can be explained on the
basis of the presence of a substantial amount of nonhelical
structure and/or of kinks along M1 (Fig. 6). In a mixed
a-helix/B-sheet model of the AChR [71], «M1 was con-
structed as a three-strand B-sheet interrupted by short
loops generated by searching the database of known struc-
turesfor an appropriate backbone conformation. The pro-
line residues themselves cannot be found within a B-
strand, so they were positioned in the loops. The same
model can be extended to yM1, having a proline residue
(Pro®®) immediately adjacent to Cys?® and two others
(Pro®?? and Pro®*) at the end of the TM region. Thus,
the conserved proline residues in the M1 segments of
the AChR might introduce “curls’ or kinks in a manner
analogous to that recently reported for one of the trans-

intensity (a.u.)

wavelength (nm)

360 400 440 480 520 0 100 200 300

spin labeled lipid (mM)

Fig. 7. (a) Fluorescence spectra of pyrene-labeled AChR before (solid line) and after quenching with nitroxide
spin-labeled stearic acid analogues (5-SASL, close-dotted line; 7-SASL, spaced-dotted line; 12-SASL, dashed
line). (b) Fy and F correspond to the fluorescence emission of the PM-labeled AChR in the absence and
presence of the spin-labeled lipids 5-SASL (A), 7-SASL (A), 12-SASL (O), ASL (H), CSL (@), and 12-
PC-SL (#), respectively (excitation, 345 nm; emission, 382 nm). From Barrantes et al. [69].
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membrane segments of a K* channel [72]. In the case
of the yM1 fragment there appears to be no detailed
information on its topography in the membrane as yet,
but the occurrence of helix-interrupting proline residues
isastriking feature of M1 in the AChR and all members
of the rapid ligand-gated ion channel superfamily.

PERSPECTIVES

Only avery limited number of high-resolution struc-
tures of membrane proteins have been obtained to date
using classical X-ray crystallography methods, mainly
because of the difficulty of obtaining large well-ordered
three-dimensional crystals. Two-dimensional arrays ade-
quate for electron diffraction techniques have also
become available for a few membrane proteins. In the
case of the AChR, large tubular structures with helical
symmetry can be grown by aging membrane preparations
[12,13], but progress has been slow and the resolution
so far achieved for the transmembrane region of the pro-
tein is much lower than that for the water-exposed part
of the molecule (see Ref. 1). In the course of the prepara-
tion of this paper the crystal structure of a water-soluble
acetylcholine-binding protein from a snail appeared [73].
This remarkable achievement followed the observation
that cells of a molluscan cholinergic synapse respond to
the natural agonist ACh by releasing a soluble AChR-
like protein into the synaptic cleft [74]. This protein cap-
tures ACh and thus suppresses synaptic transmission.
The release of this decoy glial receptor protein into the
synaptic cleft provides anovel mechanism by which glial
cells can modulate the efficacy of the complex neuronal
chemical communication.

The novel structure determined by crystallographic
methods [73] is of great importance to understanding the
ligand-recognition (binding) extracellular domain of the
highly homologous AChR protein, yet it provides no
information whatsoever on the TM domain of the AChR.
Structural and dynamic information on the TM region is
aneedy areaand key to understanding membrane proteins
such asligand-gated ion channels, since many physiol ogi-
cal and pharmacologically relevant processes affecting
these proteins are mediated by, or occur in, the membrane
bilayer. It will therefore be necessary to improve currently
available structural methods to acquire information in the
physiological time window in which synaptic transmis-
sion occurs, as is currently the case for some voltage-
gated ion channels that can be heterologously expressed
in high numbers in oocytes (see, e.g., Ref. 75). Better
expression systems will be needed to achieve this goal

Barrantes

in the case of low-expression ligand-gated channels such
as the AChR.

Fluorescenceislikely to continue playing an invalu-
ablerolein these new avenues of research. The availabil-
ity of new fluorescent probes, and their excitation with
near-UV and, in particular, with infrared light, using
multiphoton excitation, will result in higher signal-to-
noise ratios because of the better separation of excitation
and emission. Fluctuation analysisin the form of autocor-
relation functions of fluorescence signals—fluorescence
correlation microscopy—is aready extending the tempo-
ral resolution of the classical microscope into that of a
rapid kinetics instrument. The possibility of restricting
the measurements to femtoliter volumes, even within het-
erogeneous samples such as cells, adds unique capabili-
ties to the new microscopies. We are witnessing a fast-
paced development of fields converging onto the resolu-
tion of macromolecular structure and dynamics in situ,
in nothing less than the living cell: a mind-expanding
moment in time. . . .
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