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ABSTRACT: Purified nicotinic acetylcholine receptor (AChR) protein was reconstituted into synthetic lipid
membranes having known effects on receptor function in the presence and absence of cholesterol (Chol).
The phase behavior of a lipid system (DPPC/DOPC) possessing a known lipid phase profile and favoring
nonfunctional, desensitized AChR was compared with that of a lipid system (POPA/POPC) containing
the anionic phospholipid phosphatidic acid (PA), which stabilizes the functional resting form of the AChR.
Fluorescence quenching of diphenylhexatriene (DPH) extrinsic fluorescence and AChR intrinsic
fluorescence by a nitroxide spin-labeled phospholipid showed that the AChR diminishes the degree of
DPH quenching and promotes DPPC lateral segregation into an ordered lipid domain, an effect that was
potentiated by Chol. Fluorescence anisotropy of the probe DPH increased in the presence of AChR or
Chol and also made apparent shifts to higher values in the transition temperature of the lipid system in
the presence of Chol and/or AChR. The values were highest when both Chol and AChR were present,
further reinforcing the view that their effect on lipid segregation is additive. These results can be accounted
for by the increase in the size of quencher-free, ordered lipid domains induced by AChR and/or Chol.
Pyrene phosphatidylcholine (PyPC) excimer (E) formation was strongly reduced owing to the restricted
diffusion of the probe induced by the AChR protein. The analysis of Fo¨rster energy transfer (FRET) from
the protein to DPH further indicates that AChR partitions preferentially into these ordered lipid
microdomains, enriched in saturated lipid (DPPC or POPA), which segregate from liquid phase-enriched
DOPC or POPC domains. Taken together, the results suggest that the AChR organizes its immediate
microenvironment in the form of microdomains with higher lateral packing density and rigidity. The
relative size of such microdomains depends not only on the phospholipid polar headgroup and fatty acyl
chain saturation but also on AChR protein-lipid interactions. Additional evidence suggests a possible
competition between Chol and POPA for the same binding sites on the AChR protein.

The diversity of lipids in biological membranes, with
differences in hydrocarbon chain, polar headgroups, and
backbone structure, and the accurate regulation of their
content and composition by cells point to the key role of
lipids in cellular physiology in general and membrane
structure and function in particular. The functionality of
membrane proteins, related to their conformation in the
membrane, is also dependent on membrane lipid composi-
tion.

The nicotinic acetylcholine receptor (AChR),1 the arche-
type molecule in the superfamily of ligand-gated ion chan-
nels, is an oligomeric multispanning transmembrane protein.

Despite the extensive information gained on the functional
and to some extent structural dependence of the AChR on
its surrounding lipids (see reviews in refs1 and2), several
aspects of the modulation exerted by different lipid classes
on the AChR still remain unclear. Various mechanisms have
been implicated in the modulation of AChR function by
lipids: (i) direct effects, exerted through binding to specific
sites on transmembrane portions of the protein (3-6), in
some cases entailing allosteric modulation of such sites; (ii)
modification of bilayer physical properties, such as fluidity,
membrane curvature, and/or lateral pressure (5, 7-9); and
(iii) promotion of lateral segregation of specific lipids and
formation of lipid domains having optimal packing density
(10, 11).

In recent years, the “raft” hypothesis has proposed that
Chol and (glyco)sphingolipid-enriched microdomains act as
platforms for the sorting of membrane components such as
glycosylphosphatidylinositol-anchored proteins (GPI-APs),
which appear to partition preferentially into ordered lipid
domains (12-14). The aggregation and cluster size of a GPI-
AP have been reported to be affected by lipid domains and
Chol levels (15). In the particular case of the AChR, early
work suggested that in rat myotubes the AChR occurred in
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lipid domains having a composition distinct from the rest of
the muscle membrane (16). The AChR protein is surrounded
by boundary (“annular”, “shell”) lipid (17, 18) that is
immobilized relative to the bulk bilayer lipid in native
membranes derived from theTorpedopostsynapse. This lipid
microenvironment has a lesser degree of water penetration
than the bulk lipid bilayer and has the characteristics of the
liquid-order (lo) lipid state (19), similar to those purported
to occur in raft lipid domains. Poveda and co-workers (11)
recently reported that the AChR affects phospholipid orga-
nization in reconstituted Chol-containing liposomes by
directing lateral phase separation of certain phospholipids
such as phosphatidic acid (PA), but not of others (PG, PC,
PE), causing the formation of lipid domains segregated from
the bulk lipid matrix. Incorporation of AChR into pure
phosphatidylcholine (PC) liposomes stabilizes the AChR in
a nonresponsive, desensitized state, whereas reconstitution
into PA- or Chol-containing liposomes favors a functional,
resting state of the AChR (10). There is an increase in both
the lateral packing density and phase transition temperature
of reconstituted bilayers composed of POPC/DOPA or
POPC/POPA but not of those composed of POPC only (10).

The high Chol content of native AChR-rich membranes
(see review in ref20) and the lo lipid phase-promoting ability
of Chol further suggest that AChR functionality may be at
least in part associated with the formation and/or the extent
of such ordered lipid phase. That the maintenance of an
ordered lipid phase in the AChR microenvironment is
important for receptor function is further corroborated by
the detrimental effect on AChR single-channel activity by
steroids (21-25), the majority of which impair lipid domain
formation and reduce the extent of the lo phase (26).

In the present work we reconstituted purified AChR
protein into synthetic membranes with various lipid com-
positions in the presence and absence of Chol. Fluorescence
studies, including fluorescence quenching of DPH extrinsic
fluorescence and AChR intrinsic fluorescence by a nitroxide
spin-labeled phospholipid, anisotropy of the probe DPH,
excimer (E) formation of a fluorescent PC (pyrene-
phosphatidylcholine, PyPC), and Fo¨rster energy transfer
(FRET) from the protein to either DPH or PyPC, were carried
out to investigate the distribution in, and the effect of AChR
protein on, the lipid organization in the reconstituted
membranes. The phase behavior of a lipid system (DPPC/
DOPC) possessing a known phase profile (see, e.g., review
in ref 27) and functional effects on the AChR protein (5)
were compared with that of a lipid system (POPA/POPC)
containing PA, an anionic phospholipid with the ability to
modulate the functional state of the AChR by stabilizing it
predominantly in a resting-like state (3, 5, 10, 28, 29). Our
results show that incorporation of the AChR increases the
proportion and rigidity of the ordered lipid phase. The relative
fraction of the ordered phase is also found to depend on the
polar headgroup and saturation of the fatty acid acyl chains
of the host lipid in which the AChR is reconstituted.

EXPERIMENTAL PROCEDURES

Materials

Electric fish (Torpedo californica) were obtained from
Aquatic Research Consultants (San Pedro, CA) and stored
at -70 °C until further use. DPPC, DOPC, DPH, Chol, and

cholic acid were purchased from Sigma Chemical Co. (St.
Louis, MO). POPA, POPC, and nitroxide spin-labeled PCs
(7- and 10-SLPC) were obtained from Avanti Polar Lipids
(Alabaster, AL). PyPC were obtained from Molecular Probes
Inc. (Eugene, OR). Midrange protein molecular weight
markers were purchased from Promega (Madison, WI). All
other reagents were of analytical quality. Lipid stock
solutions were prepared in chloroform/methanol (2:1 v/v)
at a final concentration ranging between 0.5 and 1 mg/mL
and 0.01 mg/mL for DPH. All solutions were stored at-20
°C before use.

Methods

Purification of the AChR Protein. All steps were carried
out at 4 °C. Crude membranes from electric tissue ofT.
californica were prepared as described previously (30). The
receptor was purified from crude membranes by affinity
chromatography using Affi-Gel 10 resin (Bio-Rad Labora-
tories, Hercules, CA) previously activated as described
elsewhere (31) with slight modifications. Briefly, the affinity
column was prepared by coupling cystamine to the matrix,
reduction of disulfide bonds with dithiothreitol, and a final
activation with bromoacetylcholine bromide. Derivatization
of the gel was followed qualitatively in each step by assaying
for sulfhydryl groups with DTNB. The activated gel was
stored at 4°C and used within 1 month.

Crude membranes with a protein concentration of 6-7
mg/mL were obtained from 90 g of electric tissue, made to
a protein concentration of 2 mg/mL in buffer A [10 mM
phosphate, 100 mM NaCl, 0.1 mM EDTA, 0.2% sodium
azide (w/v), pH 7.4]. The membranes were solubilized by
adding cholic acid to give a final concentration of 1% (w/v)
with gentle stirring for 20 min. The detergent extract was
centrifuged in a Ti 70 type rotor at 34000 rpm for 45 min.
After 10 mL of the activated affinity column was washed
with 4-5 volumes of water followed by 2 volumes of buffer
A with 1% cholate, the supernatant was applied to the
column. To exchange native lipids with the desired exog-
enous lipids (reconstitution), the column was preequilibrated
with the following sequence of DPPC or POPA/POPC (1:3
mol/mol) solutions in buffer A containing 1% cholate: 4
volumes of 0.1 mg/mL, 2.5 volumes of 2 mg/mL, and 3
volumes of 0.1 mg/mL. The AChR was eluted by applying
3 volumes of buffer A containing 1% cholate, 10 mM
carbamoylcholine, and 0.1 mg/mL DPPC or POPA/POPC
(1:3 mol/mol). The protein concentration was monitored by
A280, and fractions with values higher than 0.1 were pooled.
To eliminate cholate and carbamoylcholine and in order to
form vesicles, the mixture was dialyzed usingMw 12000
cutoff cellulose membranes at 4°C against 200 volumes of
buffer A, with gentle stirring for 40 h and buffer replacement
every 8 h.

Characterization of Purified AChR. The protein concentra-
tion was assayed according to ref32. Lipids were extracted
as described in ref33 and assayed for inorganic phosphorus
content (34). Total lipid concentration was 0.12 mg/mL
(0.163 mM). To verify the purity of the AChR, SDS gel
electrophoresis was performed under denaturing conditions
(35) using 0.75 mm thick gels and 10% total acrylamide
concentration. Electrophoresis was carried out in a Mini
Protean II cell (Bio-Rad) for 3 h at 15 mA,supplied by a
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Power Pack 3000 (Bio-Rad). AChR subunits were visualized
using a silver staining kit (Amersham, Uppsala, Sweden) and
were identified by comparison with midrange protein mo-
lecular weight markers.

Liposome Preparation and Rereconstitution of Purified
AChR. Multilamellar vesicles (MLV) were prepared by
mixing the appropriate amount of stock solution of each
component to obtain the desired composition in each lipid
system (DPPC/DOPC or POPA/POPC) (Table 1). Lipid:
protein ratios were calculated and adjusted in order to achieve
the desired lipid and protein concentrations upon incorpora-
tion of AChR into the liposomes. The mixtures were dried
under nitrogen at room temperature while rotating the round-
bottomed tubes to form the lipid film. Samples were then
dehydrated under nitrogen for 1 h toeliminate the remaining
solvent. Buffer A was added to the thin lipid film and heated
to 48-50 °C (i.e., at a temperature higher than the highest
Tm of the constitutive lipids). At this stage, the total lipid
concentration of the suspension was 0.5 mg/mL. The samples
were then vigorously vortexed in two steps of 1 min each,
also at 48-50 °C, and incubated for 30 min in a low-power
bath sonicator in order to obtain a more uniform size
distribution of the resulting MLVs. Before fluorescence
measurements, samples were diluted with buffer A to the
desired final lipid concentration (Table 1).

The purification procedure yielded membranes with a lipid
to protein ratio of 160:1 (mol/mol). Purified AChR protein
(0.25 mg/mL) was added to aliquots of liposomes, giving

rereconstituted membranes with a lipid to protein ratio of
500:1 (mol/mol) and with the composition given in Table 1.
Detergent solubilization was carried out at 4°C by addition
of cholic acid (25% w/v) to obtain a final detergent
concentration of 1% (w/v) followed by two vortexing steps
of 1 min each. The preparation of AChR-containing vesicles
was accomplished by dialysis at 4°C, as described above.
Liposomes otherwise identical to the AChR-containing ones
(lower panel in Table 1), but lacking the protein, and other
pure lipid liposomes composed only of 40µM DPPC, DOPC,
POPA, or POPC were prepared using the same procedure.
When assayed by [125I]-R-bungarotoxin binding the specific
activity of the reconstituted membranes fell within the
expected values (see, e.g., refs5 and11).

Fluorescence Measurements.Fluorescence emission spec-
tra and fluorescence anisotropy measurements were recorded
with an SLM 4800 ISC spectrofluorometer (SLM Instru-
ments, Urbana, IL) using a vertically polarized light beam
from a Hannovia 200 W mercury/xenon arc fitted with a
Glan-Thompson polarizer (4 nm excitation and emission
slits). Optimal excitation/emission wavelengths for DPH,
PyPC, and AChR were 358/424, 340/374-474, and 290/
330 nm, respectively. Measurements were carried out in 5
× 5 mm quartz cuvettes at increasing temperatures (0-58
°C). A 418 nm cutoff filter (KV418; Schott, Mainz,
Germany) was used for the measurement of DPH anisotropy.
Fluorescence data were obtained from duplicate or triplicate
independent experiments 10-15 min after the desired
working temperature was reached. The heating rate was 0.5°/
min; temperature was regulated by a thermostated circulating
water/methanol bath (Haake, Darmstadt, Germany) and
monitored inside the cuvette with a thermocouple. Back-
ground fluorescence was measured from samples containing
liposomes of each lipid system (DPPC/DOPC or POPA/
POPC, 50:50 mol/mol, 40µM) without quencher, fluores-
cence probe, or AChR. The fluorescence intensity of these
background samples amounted to less than 5-10% of that
of the fluorophore-containing counterpart for the protein and
the two fluorophores (DPH and PyPC), respectively. In
FRET experiments samples were excited at 290 nm, and
fluorescence of AChR (F330nm), DPH (F424nm), or PyPC
(F373nmandF474nm) was recorded from the emission spectra.
The fluorescence intensity of DPH excited at the excitation
wavelength of the AChR protein (290 nm) amounted to less
than 3.5% of the fluorescence emission at 358 nm. In all
cases, background fluorescence was subtracted from each
corresponding counterpart before quenching values, FRET,
or fluorescence ratios were calculated.

RESULTS

Bilayer Organization in a DPPC/DOPC/AChR System

Quenching of DPH.In a previous work (26) we modified
and extended the procedure of London and co-workers (36,
37) to investigate the effect of steroids on lipid domain
formation or disruption in model membranes. This method
is based on the comparison between the degree of quenching
induced by a nitroxide spin-labeled phospholipid (SLPC) on
the fluorescence of the extrinsic probe DPH reconstituted
into membranes composed of phospholipids with different
Tm (e.g., DPPC/DOPC or POPA/POPC). When membranes
are made up of an unsaturated lipid (e.g., DOPC or POPC)

Table 1: Composition and Final Lipid Concentrations in the
Liposomes Used in Fluorescence Experimentsa

molar ratio

DPPC/DOPC POPA/POPC

F0 F F0 F F0 F F0 F

without DPH 1 1 1 1 1 1 1 1
AChR DPPC 41 41 41 41

POPA 73 73 73 73
DOPC 59 59
POPC 27 27
7-SLPC 59 59 27 27
Chol 20 20 27 27

final lipid
concn (µM)

27 27 35 35 29 29 37 37

with DPH 1 1 1 1 1 1 1 1
AChR DPPC 60 60 60 60

POPA 60 60 60 60
DOPC 40 40
POPC 40 20 40 20
7-SLPC 40 40 20 20
Chol 20 20 20 20

final lipid
concn (µM)

40 40 48 48 40 40 48 48

a F0 andF correspond to the fluorescence intensity in the absence
and presence of nitroxide spin-labeled quencher, 7-SLPC, respectively.
Quenching was accomplished by replacing all or one-half of the
phospholipid with the lowestTm (DOPC or POPC) by an equal amount
of 7-SLPC. Background fluorescence was measured in liposome
samples (DPPC/DOPC or POPA/POPC at 50:50 molar ratio) with a
final lipid concentration of 40µM. Compositions shown in the lower
panel were achieved by incorporation of AChR into the liposomes listed
in the upper panel, resulting in a final lipid to protein molar ratio of
500:1. Similar compositions and final lipid concentrations (but lacking
quencher) were used in the sets of experiments with PyPC as
fluorescence lipid (see figure legends for detailed composition of
liposomes).
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and a fluorescent quencher phospholipid (e.g., 7-SLPC)
having a phase behavior similar to that of an unsaturated
lipid (the Tm of both lipids is below 0°C), all components
mix and distribute randomly in the bilayer at temperatures
above theirTm. Since no segregation occurs between the two
lipids, the majority of the fluorophore molecules are expected
to have a quencher molecule in their vicinity, and the
fluorescence of the system as a whole is highly quenched.
When the unsaturated lipid is replaced by a saturated lipid
(e.g., DPPC or POPA) and all other components remain the
same, the DPPC (or POPA) molecules can eventually
segregate from the quencher molecules at temperatures below
their Tm. It is important to point out that DPH displays no
preference for either phase (38) and hence distributes equally
between the two. The fraction of DPH remaining in the
DPPC-enriched domain exhibits a lower probability of
interaction with quencher molecules, and as a result, the
degree of quenching is low. As the temperature increases,
the segregated lipid domain melts and mixes with the
quencher, which interacts and quenches those DPH molecules
that were sheltered in the DPPC domain at lower tempera-
tures. A necessary requisite for DPH to operate as a faithful
probe in this system is that its quantum yield does not depend
on the phase transition of the saturated lipids. We experi-
mentally determined that the fluorescence intensity of DPH
in neat DPPC or POPA liposomes did not significantly
change in the 0-58 °C temperature range, indicating that
phase transition of the saturated lipid does not affect the
quantum yield of DPH (data not shown), in agreement with
the data of Lentz’s group (38) on DPPC/DMPC liposomes.

Figure 1 shows the temperature dependence of DPH
quenching in DPPC/DOPC (A) and POPA/POPC (B) lipo-
somes with different lipid compositions and concentrations

(Table 1) in the presence or absence of the AChR and Chol.
Quenching is expressed as the ratio between fluorescence
intensity in quencher-containing samples (F) and those
devoid of quencher (F0), having the corresponding unsatur-
ated lipid (DOPC or POPC) instead. To illustrate the
evolution of fluorescence intensity of DPH as a function of
temperature inF and F0 liposomes, two selected samples
are shown in inset A (Figure 1). Fluorescence intensity in
quencher-free samples decreased smoothly as temperature
increased. On the contrary, a remarkable drop was observed
in quencher-containing samples, due to the enhanced prob-
ability of contact between 7-SLPC and DPH during melting
and reorganization of lipids. In quencher-free samples a
similar reorganization of lipid occurred, but DOPC was not
able to quench DPH. Thus, we interpret the smooth decrease
in fluorescence intensity as due to the single effect of
temperature on the quantum yield of DPH. The lower curve
in Figure 1A corresponds to the quenching of liposomes
composed of DPPC/DOPC at a 41:59 molar ratio with an
overall lipid concentration of 27µM. Addition of purified
AChR to this mixture caused a decrease in fluorescence
quenching (higherF/F0 values), indicating that the AChR
protein promotes the formation and/or increases the size of
the DPPC domains in which DPH is sheltered from the
quencher. Incorporation of the receptor (and presumably its
boundary lipids) to control liposomes yields membranes with
an increased overall lipid concentration (i.e., from 27 to 40
µM) and a change in the DPPC/DOPC (or 7-SLPC) molar
ratio (i.e., from 41:59 to 60:40), caused by the endogenous
lipid content (average 0.12 mg/mL or 0.163 mM) of the
purified receptor membranes. To determine whether the
reduced quenching observed after AChR incorporation was
due to this enhanced lipid to quencher molar ratio or to the

FIGURE 1: Quenching of DPH (F/F0) by 7-SLPC, expressed as the ratio between fluorescence intensity in quencher-containing samples (F)
and those devoid of quencher (F0), having the corresponding unsaturated lipid (DOPC or POPC) instead. (A) DPPC/DOPC and (B) POPA/
POPC liposomes. The final lipid concentration (µM) and the molar ratio between the two constitutive lipids (in parentheses) are given to
the right of the symbols. The molar ratio of Chol in the Chol-containing liposomes is represented by the third figure in parentheses. The
lipid to protein molar ratio of AChR-containing liposomes was 500:1. Error bars represent the SD of three independent experiments. Inset
A: Fluorescence intensity of DPH (F424nm) as a function of temperature of two selected liposomes:F sample (DPPC/DOPC/Chol, 41:59:
20 mol/mol/mol, 35µM) and F0 sample (DPPC/7-SLPC/Chol, 41:59:20 mol/mol/mol, 35µM). Inset B: DPH fluorescence anisotropy in
liposomes of the indicated composition (final lipid concentration, 40µM). Data sets were collected from two independent experiments at
different temperatures (x-values), except for the DOPC and DOPC/Chol liposomes (n ) 1).
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increased lipid concentration, similar liposomes having the
same overall lipid concentration (40µM) and lipid to
quencher molar ratio (60:40), but lacking the AChR, were
assayed next. As expected, the corresponding quenching
curve was intermediate between that of the sample with lower
lipid concentration and higher lipid to quencher ratio but
lacking receptor and that of the same lipid composition and
concentration but with AChR (Figure 1A). Taken together,
these findings indicate that the AChR itself causes a reduction
in quenching and that this effect is not due to a mere
“dilution” of the quencher with the saturated lipid (DPPC)
during the reconstitution procedure or to the increased
phospholipid concentration.

Upon addition of Chol (a known lipid domain promoter)
to the system, the degree of quenching was lower at any
phospholipid concentration, regardless of the presence or
absence of the AChR protein (Figure 1A). Again, to
determine whether the effect was mediated by the receptor
protein or by the increased phospholipid concentration and/
or higher phospholipid/quencher molar ratio as a result of
AChR protein incorporation, a sample with the same lipid/
quencher molar ratio (60:40) and final lipid concentration
(48 µM) as that of the AChR-containing liposomes was also
assayed. As in the Chol-free samples described above, these
samples displayed a degree of quenching intermediate
between that of the lower lipid concentration (35µM, with
lower lipid to quencher molar ratio) and that of the same
lipid composition but with the receptor. These findings
indicate that the AChR promotes lateral segregation of DPPC
from 7-SLPC, diminishing the degree of DPH quenching.
The reduced quenching in all Chol-containing samples, and
especially in those having AChR (even at high temperatures),
indicates that the lipid domain-promoting effect of the AChR
is potentiated by Chol and vice versa.

In addition to differences in the height of the quenching
curves, a drastic increase in quenching was observed near
the phase transition temperature of systems whose magnitude
and position depended only slightly on liposome composi-
tion. A shift of the transition zone to higher temperatures
was clearly observed in liposomes containingbothChol and

AChR, suggesting a significant increase in the stability of
DPPC domains when both Chol and AChR are present. As
expected, most samples displayed similar quenching values
beyond 40°C, most likely owing to the melting and ideal
mixing of components (i.e., quencher and fluorescence
probe). The only exception was the sample containing both
Chol and AChR, where DPPC domains did not melt fully
up to 58°C.

Anisotropy of DPH.Steady-state DPH anisotropy (or
polarization) has been extensively used since early days (38)
to determine the phase transition of phospholipids because
of the drastic changes in fluorescence anisotropy occurring
at, or close to, the transition temperature (Tm). In an ordered
lipid environment DPH molecules have a restricted rotational
reorientation yielding high values of fluorescence anisotropy
which abruptly decrease when the lipid matrix melts. This
totally independent method, which relies on different as-
sumptions, yielded results in full agreement with those of
the quenching assays with regard to the lipid domain-
promoting ability of the AChR and Chol on DPPC/DOPC
systems (Figure 2A). Liposomes with the lowest (or highest)
values of DPH quenching displayed the lowest (or highest)
values of anisotropy of DPH, respectively; intermediate
anisotropy curves were in the same order as their quenching
counterparts (compare Figures 1A and 2A). A Boltzman-
type equation was adjusted to the experimental anisotropy
data and inflection points, furnishing theTm of the different
mixtures (26) (Table 2). As expected, a shift ofTm to higher
temperatures was observed with increasing DPPC/DOPC
molar ratio. For samples with equivalent lipid composition,
Tm was higher in samples having Chol or AChR and highest
when both Chol and AChR were present, reinforcing the
notion that their effect on lipid segregation, as observed in
the DPH quenching experiments, is additive. These results
agree with our hypothesis that when AChR and Chol are
present, a larger fraction of DPH is surrounded by an ordered
phase owing to the increase in the area occupied by the DPPC
domains.

PyPC Excimer to Monomer Fluorescence Ratio (E/M).We
also investigated lipid organization and fluidity in reconsti-

FIGURE 2: Temperature dependence of DPH fluorescence anisotropy in DPPC/DOPC (A) and POPA/POPC (B) liposomes, respectively.
Error bars represent the SD of three independent experiments.
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tuted membranes by using a pyrene-labeled PC, a lipid probe
having the fluorophore attached at the end of the 10-carbon
acyl chain. This fluorescent pyrene-labeled lipid partitions
favorably into lipid-fluid phases (39-41) and tends to form
probe-enriched domains (“patches”) laterally segregated from
lipids in the gel state (41, 42). Furthermore, PyPC displays
a phase behavior similar to that of an unsaturated lipid with
a low solubility in gel state bilayers, which is usually
attributed to the poor fit of the pyrene moiety into the tightly
packed lipids in the gel state (39). A very useful trait of
pyrene probes, PyPC included, is that they form excimers
when a molecule in the excited state collides with a molecule
in the ground state. This phenomenon depends on both
concentration and lateral diffusion of the probe in the lipid
matrix (39, 41, 43, 44). Consequently, experimental mea-
surement ofE/M can be effectively used to sense changes
in the physical state and fluidity of the bilayer.E/M may
increase by a local (or “apparent”) augmented concentration
of the probe owing to lateral segregation from the gel state
into probe-enriched domains (clusters) and/or by an enhanced
diffusion rate (fluidity).

We measured the effect of AChR on the lateral organiza-
tion of DPPC/DOPC bilayers by comparing theE/M of
AChR-free and AChR-containing samples, respectively.
Figure 3A shows theE/M vs temperature plot for DPPC,
DOPC, and DPPC/DOPC mixtures, with and without AChR.
When pure DPPC bilayers were initially cooled, the high
apparent concentration of the probe owing to its clustering
from the gel state yields higherE/M values than those in
the liquid state neat DOPC. In the latter case, the probe is
distributed homogeneously and has a low apparent concen-
tration, which should match its actual concentration. Upon
heating DPPC bilayers, the increased diffusion rate gave rise
to an increase inE/M until the phase transition was reached,
at which point E/M decreased abruptly owing to the
disappearance of PyPC clusters. At this region, the decrease
in the apparent concentration of the probe as a result of its
partitioning and solubilization into the emerging liquid phase
predominates over the increased diffusion rate by heating.
Once the phase transition is complete, any further increment
in temperature resulted in a steady increase inE/M. E/M
increased smoothly in DOPC, since no phase transition
occurs for this lipid in the entire temperature range. An
intermediate behavior was observed for the assayed mixtures
of DPPC/DOPC, although the decrease inE/M recorded for
pure DPPC at the phase transition was abrupt; in samples
containing only 20% DOPC it was remarkably smooth, and
at 40% DOPC it almost disappeared. This strong influence

of small amounts of DOPC onE/M is explained by the
partition of the majority of PyPC molecules into the liquid
DOPC phase. Once the liquid state was reached (i.e., beyond
≈40 °C), E/M values were similar for all mixtures since the
probe is most likely homogeneously distributed.

Incorporation of AChR into DPPC/DOPC caused no
substantial changes inE/M compared to similar AChR-free
mixtures (Figure 3A). On the basis of this result it can be
hypothesized that expansion of the DPPC domain upon
addition of AChR (which should increaseE/M) could be
masked by the restricted diffusion rate caused by the protein
(which should reduceE/M) in the now more rigid environ-
ment. To dissect between these two possibilities,E/M was
also measured in pure DPPC AChR-containing bilayers,
where the whole system is in the gel state at temperatures
below ∼40 °C. No phase segregation or increment in the
extent of the domain is possible under such conditions, and
E/M can only be affected by changes in bilayer rigidity.E/M
was found to be strongly reduced upon incorporation of
AChR into these samples (Figure 3A) in this temperature
regime, which can only be explained in terms of restricted
diffusion caused by a more rigid DPPC matrix. From this
evidence, the lack of changes inE/M values upon incorpora-
tion of AChR into DPPC/DOPC can be safely attributed to
expansion of the DPPC domain. SinceE/M is diffusion- and
concentration-dependent, it reports both decreases in the
diffusion rate of the probe owing to the rigidifying effect of
AChR on DPPC domains and simultaneous increments in
the apparent concentration of the probe owing to the
expansion of the domains. Beyond the phase transition,E/M
values were slightly lower in the AChR-containing lipo-
somes, suggesting that the lipid matrix as well as the AChR-
surrounding shell lipid is more rigid even in the liquid state.

Bilayer Organization in the POPA/POPC/AChR System

DPH Quenching.The temperature dependence of DPH
quenching in POPA/POPC (Figure 1B) was quite different
from that in DPPC/DOPC. Only a slight reduction in the
degree of quenching was observed at low temperatures (i.e.,
<15 °C) whereas quenching remained relatively constant
from 15 to 58°C. Thus, changes in the lipid organization
(i.e., melting and mixing of lipids) between 0 and 15°C
were smaller than in DPPC/DOPC system, and no distin-
guishable lipid reorganization occurred beyond this narrow
temperature range. We attribute the different quenching
behavior of the two lipid systems to the smaller difference
in Tm between POPA and POPC than between DPPC and
DOPC. In binary mixtures, the higher the difference between
Tm, the higher the lateral segregation (45). To explore this
in greater detail, we calculated theTm of each lipid by
measuring the anisotropy of DPH in pure DPPC, DOPC,
POPA, and POPC liposomes (inset in Figure 1). We
determined aTm of 18.2 and 40.4°C for POPA and DPPC,
respectively, in accordance with literature values (46).
However, the very lowTm values for POPC and DOPC (-4
and-19 °C, respectively;46) did not permit us to experi-
mentally determine the corresponding values of these latter
in an aqueous system. Accordingly, the difference inTm

between POPA and POPC is approximately 22°C, whereas
that between DPPC and DOPC is approximately 60°C. Our
current interpretation on the lack of additional quenching of
DPH in the POPA/POPC system upon heating is that the

Table 2: Transition Temperatures (Tm) of the DPPC/DOPC System
Calculated from DPH Fluorescence Anisotropy in the Presence and
Absence of Chol and AChRa

molar ratio AChR
final lipid

concn (µM) Tm (°C)

DPPC/DOPC
41:59 27 22.1
60:40 40 29.6
60:40 + 40 31.2

DPPC/DOPC/Chol
41:59:20 35 26.6
60:40:20 48 32.6
60:40:20 + 48 34.4

a The lipid to protein molar ratio was 500:1.
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mixture is almost totally fluid beyond∼15 °C. The slight
reduction in quenching recorded at the lowest temperatures
assayed (<10-15 °C) in samples lacking Chol should thus
correspond to the end of the phase transition zone. The
portion of the quenching curves of POPA/POPC mixtures
between 0 and 15°C is therefore analogous to that found
for DPPC/DOPC mixtures between 30 and 40°C (compare
panels A and B of Figure 1). The reduced quenching at low
temperatures was only detected in the Chol-free samples
because of the well-known ability of Chol to expand the
phase transition (flattening the phase transition curves near
Tm) and to rigidize the fluid state lipids (see DOPC/Chol
70:30 sample, inset in Figure 1).

Apart from the modest effect exerted by temperature on
the quenching of DPH in all POPA/POPC mixtures, and
unlike the findings for DPPC/DOPC liposomes, Chol did
not have a statistically significant effect on DPH quenching
in the POPA/POPC system, with or without AChR. However,
there was a significant reduction in quenching in AChR-
containing samples relative to similar samples lacking the
receptor protein (Figure 1B). When AChR was added to a
(73:27) POPA/POPC mixture, the resulting reconstituted
liposomes (60:40) exhibited a significant reduction in DPH
quenching, suggesting the promotion of quencher-depleted
POPA microdomains. Liposomes with the same lipid com-
position but devoid of AChR displayed a higher degree of
quenching, indicating that the observed effect is caused by
the protein itself and not merely by the enhanced lipid to
quencher ratio reached upon reconstitution.

Anisotropy of DPH.Addition of Chol caused an increase
in DPH anisotropy above 10°C, in both the absence and
presence of AChR protein (Figure 2B). Incorporation of
AChR into POPA/POPC membranes also caused an increase
in DPH anisotropy. AChR-containing samples displayed
lower absolute values of anisotropy than similar Chol-
containing samples, indicating that the rigidizing effect
induced by Chol is stronger than that exerted by the AChR
protein. When AChR and Chol were present simultaneously,
no additional increment in anisotropy was observed (Figure

2B). This is in agreement with the lack of changes in DPH
quenching upon Chol incorporation. We interpret the dif-
ference between the DPPC- and the POPA-containing
systems in terms of a competition between Chol and POPA
for the same lipid shell sites around the AChR protein, as
discussed below.

PyPC E/M. The effect of AChR protein on POPA/POPC
was also investigated by measuring PyPC excimer formation.
Although the temperature dependence of theE/M (Figure
3B) was qualitatively similar to that of the DPPC/DOPC
system (Figure 3A), significant differences were observed
in absolute terms.E/M was higher in neat POPA than in
neat POPC throughout the whole temperature range, the
difference being larger at temperatures of gel-liquid phase
coexistence (i.e.,<15-20 °C), as expected. This indicates
that PyPC does not partition favorably in POPA, forming
large “insoluble” patches at low temperatures that are
maintained even at high temperatures, unlike the case of
DPPC in the DPPC/DOPC system. TheE/M in the POPA/
POPC mixtures assayed was intermediate between those in
POPA or POPC separately. Furthermore, the highE/M values
observed in pure POPA at low temperatures were already
observed to strongly diminish at 20-40% POPC. The high
insolubility of PyPC in gel state POPA (which implies a large
fraction of PyPC partitioned into liquid state POPC) explains
why a small fraction of POPC has such a strong influence
on E/M. The lack of overlap ofE/M curves at temperatures
>20 °C (i.e., when the lipid matrix is fully melted) suggests
that even in the liquid phase PyPC must form clusters upon
increasing the POPA:POPC ratio. The higher insolubility of
PyPC in POPA relative to that in the assayed PCs is
attributed to the influence of different polar headgroups on
the interactions between the probe and phospholipids (41).

AChR incorporation attenuated the drop inE/M observed
in POPA/POPC (60:40 molar ratio) at low temperatures
(Figure 3B). This can be accounted for by a tighter packing
of POPA molecules in the presence of AChR protein, which
restricts probe diffusion. A drop inE/M could also be
accounted for by a receptor-induced decrease in the size of

FIGURE 3: Temperature dependence of PyPCE/M in (A) DPPC/DOPC and (B) POPA/POPC, with or without AChR.E/M is expressed as
F424nm/F374nm. The total lipid concentration and lipid to protein molar ratio in AChR-containing liposomes were 40µM and 500:1, respectively.
The PyPC concentration was 1 mol %. Error bars represent the SD of three independent experiments.
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the POPA domains, but this is unlikely to be the case in
view of the results of DPH experiments, suggesting that the
rigidizing effect of the AChR on vicinal PyPC is overriding.
Taken together, DPH quenching and PyPCE/M experiments
concur in pointing to the smaller size of POPA domains as
compared to DPPC domains and to the rigidizing influence
of the AChR on such domains.

Organization of the AChR Boundary Lipid

Quenching of AChR Intrinsic Fluorescence. Whereas
quenching of DPH explores the overall organization of the
bilayer, quenching of AChR fluorescence reports on the
organization of the boundary (shell) lipid and the proximity
of the quencher to the AChR protein. The degree of AChR
quenching by 7-SLPC in either DPPC/DOPC or POPA/
POPC mixtures did not vary in the 0-58 °C temperature
range (Figure 4) even upon addition of Chol, suggesting the
existence of a relatively stable shell of lipids shielding the
AChR from quenching.

Förster Energy Transfer (FRET) from AChR to DPH.The
good spectral overlap between the AChR intrinsic fluores-
cence emission (F330) and DPH absorption (F424) enabled us
to employ FRET conditions (Figure 5) by exciting samples
at the protein main absorption band (290 nm).

FRET, expressed as the ratio between extrinsic (DPH)
fluorescence and intrinsic (AChR) emissions (F424/F330),
increased slightly with increases in temperature and upon
addition of Chol, especially in the POPA/POPC system.
Higher temperatures can lead to higher FRET efficiency due
to closer proximity of donor and acceptor fluorophores or
to an increased quantum yield caused by redistribution of
lipids. Since DPH partitions equally between liquid and solid
lipid phases (38), the number of DPH molecules surrounding
an AChR molecule can be expected to remain relatively
constant; it is thus unlikely that a redistribution of fluoro-
phores accounts for the observed increment in FRET upon
heating the samples or upon addition of Chol. Assuming an
even partition of DPH, variations in its quantum yield due
to redistribution (and thus mixing) of lipids upon heating
could account for the changes in FRET. We measured DPH
fluorescence intensity in liposomes composed of pure DPPC,

DOPC, POPA, or POPC. Figure 5 inset shows the relative
quantum yield of DPH expressed as the ratio of fluorescence
of the probe in DOPC and DPPC liposomes and in POPC
and POPA liposomes, respectively. In either lipid system
DPH fluorescence was higher in bilayers composed of the
lipid with the lowestTm (DOPC and POPC, respectively),
particularly at lower temperatures.

To explain the higher FRET in the presence of Chol, we
compared the quantum yield of DPH in Chol-containing and
Chol-free mixtures composed of DPPC/DOPC and POPA/
POPC, respectively. DPH fluorescence intensity was higher
in the presence of Chol, especially for POPA/POPC mem-
branes (Figure 5, inset). Chol also increased DPH fluores-
cence in the presence of quencher (7-SLPC) (Figure 5, inset),
but the increment was more noticeable in DPPC/7-SLPC
mixtures than in POPA/7-SLPC mixtures. An increase in
DPH quantum yield cannot account entirely for the Chol-
dependent increment in DPH fluorescence. Instead, we
propose that Chol induces the segregation of DPPC in the
DPPC/DOPC system but not of POPA in the POPA/POPC
system. The increased DPH fluorescence in the DPPC/7-
SLPC system can thus be most likely attributed to the
presence of DPPC domains in which DPH is sheltered from
the quencher. It is worth noting that an additional cause of
increasing FRET (F424/F330) could be a lower quantum yield
of AChR as temperature increases, relative to the quantum
yield of DPH under the same conditions. Our experiments
show that the quantum yield of both AChR and DPH
diminished at the same rate with increasing temperature (data
not shown). The fluorescence ratio (F424/F330) used to
estimate FRET was then independent of changes in their
quantum yield caused by heating. If this were not the case,
F424/F330 could be misjudging FRET.

The results of this series of experiments also suggest that
the AChR is enclosed in lipid microdomains enriched in
either DPPC or POPA; the two microdomains differ in size
and segregate within a liquid phase enriched in either DOPC
or POPC. As the temperature increases, the AChR-containing
microdomains melt and those DPH molecules located in the
DPPC- or POPA-enriched microdomain (having a relatively
low quantum yield) become surrounded by an increasing
proportion of DOPC or POPC molecules, respectively (in
which milieu DPH displays a higher quantum yield). Thus,
the enhanced quantum yield of a fraction of DPH molecules
in the AChR microenvironment suffices to account for the
slight increase in FRET with increasing temperature. These
molecules are assumed to be within, or close to, the Fo¨rster
distance, and they represent the fraction of fluorophores that
can be excited by FRET upon exciting AChR Trp residues.

Energy Transfer from AChR to PyPC. We exploited the
preference of PyPC for the liquid phase (39-41) to further
investigate lipid organization within FRET distances from
the AChR protein. Figure 6 shows the temperature depen-
dence of FRET for both lipid systems, expressed as the ratio
between the fluorescence of PyPC (M+ E) and the
fluorescence of AChR upon 290 nm excitation. FRET in pure
DPPC/AChR remained approximately constant up to 25-
30 °C (Figure 6A). Upon increasing the temperature the
system began to melt and FRET decreased. This effect could
be due to the temperature-dependent increase in the number
of PyPC molecules removed from the vicinity of the AChR
protein and their partition into the emerging pure DPPC-

FIGURE 4: Quenching of the intrinsic fluorescence of AChR in
DPPC/DOPC and POPA/POPC reconstituted liposomes, with or
without Chol. Final lipid concentration (inµM) and molar ratio of
components are indicated to the right of the symbols, respectively.
The lipid to protein molar ratio was 500:1. Error bars represent the
SD of three independent experiments.
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enriched liquid phase, distant from donor AChR fluorophores
(47). FRET was lower in the binary DPPC/DOPC/AChR
mixture than in the single lipid (DPPC) system at any given
temperature (Figure 6A), an observation that can be ac-
counted for by the larger number of PyPC molecules
partitioned into the DOPC-enriched liquid domain, separated
from donor AChR molecules. As the temperature increased,
FRET diminished, because of the partition of PyPC into the
increasing liquid phase produced by the melting and mixing
of DPPC with DOPC. As in pure “binary” DPPC/AChR
liposomes, once the system is in the liquid state, further
heating does not reduce FRET to the same extent, because
the increased diffusion rate facilitates successful collisions
between PyPC and AChR protein.

A similar temperature dependence of FRET was observed
for POPA/POPC/AChR, although the drop at the phase

transition temperatures was more abrupt (Figure 6B). This
drastic diminution in FRET can be explained by the high
insolubility of PyPC in POPA; an increasing number of PyPC
molecules are excluded from the AChR surrounding POPA
as they partition into the liquid phase POPC-enriched domain,
which increases as a function of temperature (Figure 6B).
As in DPPC/DOPC/AChR, the trend reverted once the
system was totally melted, possibly due to the augmented
diffusion rate in the liquid phase. In fact, FRET displayed a
clear tendency to increase with increasing temperature when
this system was in the liquid state.

DISCUSSION

In the present work we investigated the effect of AChR
on lateral lipid segregation in reconstituted bilayers having
lipids with different degrees of saturation and polar head-

FIGURE 5: Temperature dependence of FRET from AChR to DPH, expressed as the ratio between the fluorescence intensity of DPH at 424
nm and the fluorescence intensity of AChR at 330 nm. Excitation wavelength) 290 nm. Total lipid concentration and molar ratio are
indicated by the first figure on the left and that in parentheses, respectively. DPH concentration was 1 mol %. Error bars correspond to the
SD of three independent experiments. Insets: Comparative quantum yield of DPH expressed as the fluorescence intensity ratio in different
liposomes: (∆) fluorescence in DOPC liposomes versus fluorescence in DPPC liposomes (A) and fluorescence in POPC versus fluorescence
in POPA liposomes (B); (O) fluorescence in Chol-containing versus fluorescence in Chol-free liposomes of DPPC/DOPC (41:59 mol/mol)
(A) and POPA/POPC (73:27 mol/mol) (B); (]) fluorescence in Chol-containing versus fluorescence in Chol-free liposomes of DPPC/7-
SLPC (41:59 mol/mol) (A) and POPA/POPC (73:27 mol/mol) (B). See Table 1 for detailed liposome composition. Error bars represent the
SD of three independent experiments.

FIGURE 6: Energy transfer from AChR to PyPC as a function of temperature. FRET is expressed as the ratio between the fluorescence
intensity of PyPC (F374 + F474) and the fluorescence intensity of AChR (F330). Excitation wavelength) 290 nm. Total lipid concentration
and lipid to protein molar ratio of liposomes were 40µM and 500:1, respectively. The PyPC concentration was 1 mol %.
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groups. The AChR was found to increase the proportion of
saturated enriched domains with a higher lateral packing
density in bilayers composed of saturated and unsaturated
lipid (DPPC/DOPC or POPA/POPC mixtures). The propor-
tion of ordered lipid appears to be sensitive to the phase
transition temperature and to the polar headgroup of the
constitutive lipids (PC or PA). In the DPPC/DOPC system,
in which the difference in transition temperature was larger
than in the POPA/POPC system, the ordered phase-promot-
ing effect of the AChR protein was more noticeable,
suggesting that a larger fraction of the AChR-associated
microdomain is in the gel or ordered phase. This leads us to
postulate that in these binary lipid systems the AChR
organizes its vicinal lipid shell, concentrating DPPC or POPA
(in a gel, ordered state) in its immediate microenvironment.
As a consequence, DOPC or POPC (in a liquid or disordered
state) forms a separate phase (Figure 7). When temperature
increases, the DPPC-ordered microdomains melt and mix
with liquid DOPC-enriched microdomains. POPA-enriched
domains, on the other hand, remain practically unperturbed
in the temperature range studied. POPA-enriched micro-
domains are more stable at higher temperatures and are
postulated to be smaller than DPPC-enriched domains.

The fact that DPPC-AChR microdomains are more
temperature sensitive suggests that they are maintained
predominantly by lipid-lipid interactions, the relative con-
tribution of which diminishes upon heating and melting of
the lipids. On the other hand, the thermal stability of the
smaller POPA domains suggests that they are sustained
primarily by more stable, lipid-protein interactions, and they
reflect the influence of the phospholipid polar headgroup on
the lipid-protein interaction.

The absence of additional quenching of DPH (Figure 1B)
or AChR (Figure 4) upon heating the POPA/POPC system
points to a fairly constant average distance between AChR
and quencher within a wide temperature range. This observa-
tion is consistent with the hypothesis that a small number of
POPA molecules interact with and surrounds each AChR
molecule, as reported for the lipid shell of the AChR (40-
50 molecules per receptor) (48, 49). It is possible that such
a reduced number of lipids remain around the protein because
POPA-AChR interactions are stronger than POPA-POPC
interactions; PA belongs to the category of high specificity
groups of lipids interacting with the AChR (48). Hence,
POPA molecules do not segregate by themselves from liquid-
phase POPC (as seems to be the case with DPPC in the
DPPC/DOPC system) in a binary, pure lipid system. It is

thus the presence of the AChR that drives the phase
separation and subsequent tight association of POPA with
the protein moiety.

The relatively small headgroup of POPA should lead to
the tight packing and restricted motion of the fatty acyl chains
and, thus, to a more ordered, less fluid microenvironment.
This can help to explain the positive effects of PA on AChR
function in reconstituted systems, in which the resting,
agonist-sensitive state of the AChR is predominantly formed.
The resting state of the AChR is the form susceptible to
agonist-induced conformational changes. No evident phase
transition could be detected by the quenching assay, most
likely because both the fraction of POPA molecules that
surround the AChR and the fraction of molecules of DPH
located in such lipid microdomain are too small.

In contrast to what was observed with the DPPC/DOPC
system, the lack of any significant effect of Chol on DPH
quenching and DPH anisotropy in the ternary POPA/POPC/
AChR system indicates that AChR-vicinal POPA micro-
domains are maintained by POPA-protein interactions rather
than by POPA-Chol interactions. This in turn suggests a
possible competition between Chol and POPA for the same
binding sites on the AChR protein, which could explain why
no further decrease in DPH quenching or additional increase
in anisotropy relative to the AChR- or Chol-containing
samples is observed whenboth the protein and Chol are
present. Chol can compete with phospholipids for AChR
annular binding sites, and it can also bind to additional sites
that are not accessible to phospholipids (“nonannular sites”;
50-52). Studies from our laboratory (52, 53) further
characterized the physical state of the two classes of sites
and the ability of fatty acids to displace phospholipids and
cholesterol from distinct sites on the AChR surface.

The presence of distinct lipid classes in association with
areas of AChR neurotransmitter receptor (macro)clusters was
early reported in rat myotubes (16). A recent study (54)
showed that Chol removal from ciliary neurons results in
the dispersion of ordered lipid domains (interpreted within
the context of the raft hypothesis) andR7-type neuronal
AChR, suggesting that depletion of Chol reduces the forces
responsible for the association of the receptor with ordered
lipid domains. The AChR was also found to be resistant to
cold detergent extraction (54) and to float with caveolin and
flotillin (purported raft-marker proteins) in density gradients
(55). In cellular systems, the delivery and clustering of the
AChR at the plasma membrane have also been reported to
be affected by the presence of Chol- and sphingolipid-
enriched microdomains (55). In all of these cases, however,
the dimensions of such domains were several microns wide,
i.e., of the same order as the AChR (macro)clusters present
in the fully developed peripheral synapse. The parallel set
of cytochemical and biochemical studies did not, however,
provide conclusive evidence that the purported AChR-lipid
association occurred in situ.

Studies of AChR-lipid interactions in reconstituted sys-
tems provide information on a different scale. Fong and
McNamee (7) correlated the ion flux function of reconstituted
AChR with the order parameter of the bilayer, as measured
by electron spin resonance techniques. Narayanaswami and
McNamee (51) indicated that the AChR microenvironment
exhibited a higher fluidity than the bulk lipid, and Sunshine
and McNamee (56), also using reconstituted AChR, con-

FIGURE 7: Scheme illustrating the proposed organization of lipids
in bilayers of DPPC/DOPC (left) and POPA/POPC (right) contain-
ing the AChR protein.
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cluded that the protein partitioned preferentially in fluid phase
lipids. The lipid domains defined by these techniques
comprise at most a few shells of lipid around each AChR
protein. In contrast, subsequent fluorescence studies from
our laboratory using the so-called general polarization (GP)
of the probe Laurdan could address this issue in the native
TorpedoAChR-rich membranes, showing that the AChR-
vicinal lipids are more rigid and exhibit a lesser degree of
water penetration than the bulk of the bilayer and that a single
thermotropic phase with the characteristics of the liquid-
ordered phase defines the AChR-rich postsynaptic membrane
of fish electrocytes (19). daCosta et al. (10) reported that
incorporation of AChR into model membranes leads to an
increase in the percentage of non-hydrogen-bonded lipid ester
carbonyl groups, in agreement with our results indicating
that the AChR reduces water penetration at the interface level
and enhances the density of the phospholipid headgroup
packing and membrane order (19).

Early studies (3, 57) reported that the anionic phospholipid
PA is involved in the modulation of AChR function. The
dianionic form of PA was found to be twice as effective as
the monoanionic phospholipid in stimulating AChR-mediated
ion flux in reconstituted systems (28, 58), but the pK of PA
does not appear to change in the presence of the AChR (10).
PA stabilizes the AChR predominantly in the resting state
(5, 11, 29, 57). Membranes containing PA (and AChR)
exhibit higher phase transition temperatures than those of
nonfunctional bilayers composed of POPC alone, thus
pointing to the tight packing of the lipid headgroups (10)
and to the specificity and functional importance of PA.
Poveda et al. (11) also found that the AChR affects
phospholipid organization in reconstituted Chol-containing
liposomes: In the absence of AChR they found an ideal
mixing of lipids, whereas the presence of receptor protein
directed lateral phase separation of certain phospholipids
(e.g., DMPA) but not of others (DMPG, DMPC, DMPE),
causing the formation of lipid domains segregated from the
bulk lipid matrix. The ordering effect of the AChR is much
greater in PA-containing membranes than in pure PC
membranes (10). Our present results are in full agreement
with the two latter studies.

The intrinsic fluorescence quenching experiments in the
POPA/POPC system (Figure 4) upon substitution of POPC
by 7-SLPC are in agreement with those reported by Chat-
topadhyay and McNamee (59) in DOPC/7-SLPC mixtures.
But when DOPC was replaced by 7-SLPC in the DPPC/
DOPC system, our quenching values were lower than those
reported by these authors in pure DOPC. According to our
current interpretation, the higher degree of AChR quenching
in DOPC found by Chattopadhyay and McNamee (59) was
due to the ideal mixing of quencher and lipid at room
temperature, whereas the absence of segregated domains
results in more efficient quenching of the AChR intrinsic
fluorescence as shown in the present work. Taken together,
these observations reinforce our hypothesis that DPPC-
AChR microdomains in DPPC/DOPC are larger than POPA-
AChR microdomains in POPA/POPC. This can be rational-
ized in a straightforward manner if one considers that, on
average, the quencher is located more distant from the AChR
in the former system.

The number of PA molecules in the shell region surround-
ing and interacting with the AChR has been reported to vary

between 120 and 220 per AChR monomer (11). This is
higher than the calculated number of lipids that an AChR
molecule can accommodate in its immediate (“first-shell”)
perimeter if one takes into account the most recent structural
data on the AChR transmembrane region (49; see also refs
1 and 2 for a discussion of this topic). The implication is
that PA-AChR-enriched microdomains cannot be driven
solely by hydrophobic lipid-protein interactions but possibly
by additional interactions between the PA polar headgroup
and extramembranous regions of the AChR (3), extending
beyond the first-shell lipid (“annulus”). Despite the known
high affinity of AChR for anionic lipids, the negative charge
of PA alone has been deemed not to be responsible for
specific interactions at the AChR-lipid interface (60, 61),
suggesting that this lipid might have complex and unique
interactions with the protein. As discussed by Poveda et al.
(11), electrostatic interactions do not suffice to account for
the selectivity exhibited for binding of PA to the AChR:
other classes of anionic phospholipids cannot substitute PA
in domain segregation, despite having the same charge at
neutral pH and identical fatty acid composition. Rather than
electrostatic interactions alone, the selectivity must be
determined by the interaction between the entire phospholipid
headgroup and specific sites in the AChR protein.

Native TorpedoAChR-rich membranes are particularly
enriched in Chol (see review in ref20), and Chol is known
to stabilize the structure (62) and function (e.g., refs5, 30,
and63) of the AChR protein. Thus, the maintenance of an
ordered phase in the AChR microenvironment (19, 52) is
likely to be modulated and promoted by the chemical activity
of the neutral lipid, Chol (and other lipid domain-promoting
sterols) in addition to anionic phospholipids such as PA,
whereas alteration of AChR function by steroids (21, 22,
24, 25) may be associated with the ability of the great
majority of steroids to impair ordered lipid domain formation
(26).

The effect of lipid lateral organization, and segregation
in particular, on the structure and function of the AChR is
still in need of clarification. Our results emphasize the notion
that the AChR is key in determining the physical state of its
immediate lipid microenvironment, the relevance of which
is substantiated in the finding that relatively ordered lipids
stabilize the AChR in a predominantly functional, resting
conformation (10), whereas relatively fluid or disordered
membranes favor the desensitized conformation (5, 10). Our
findings illustrate another facet of this issue, highlighting
the ability of the AChR to determine, or at least strongly
influence, the extension of the associated ordered lipid
microdomains.
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