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ABSTRACT. There is an increasing body of evidence to support the notion that the function of the nicotinic
acetylcholine receptor (AChR) is influenced by its lipid microenvironment [see Barrantes, F. J. (1993)
FASEB J7, 1460-1467]. We have recently made use of the so-called generalized polarization (GP) of
the fluorescent probe Laurdan (6-dodecanoyl-2-(dimethylamino)naphthalene) to learn about the physical
state of the lipids inTorpedo marmoratsAChR native membrane [Antollini, S. S., Soto, M. A., Bonini

de Romanelli, I., Gutieez Merino, C., Sotomayor, P., and Barrantes, F. J. (188&)hys. J. 701275

1284] and cells expressing endogenous or heterologous AChR [Zanello, L. P., Aztiria, E., Antollini, S.,
and Barrantes, F. J. (199B)ophys. J. 702155-2164]. In the present work, Laurdan GP was measured

in T. marmoratanative AChR membrane by direct excitation or under energy transfer conditions in the
presence of exogenous lipids. GP was found to diminish in these two regions upon addition of oleic acid
and dioleoylphosphatidylcholine and not to vary significantly upon addition of cholesterol hemisuccinate,
indicating an increase in the polarity of the single, ordered-liquid lipid phase in the two former cases.
Complementary information about the bulk lipid order was obtained from measurements of fluorescence
anisotropy of DPH and two of its derivatives. The membrane order diminished in the presence of oleic
acid and dioleoylphosphatidylcholine. The location of Laurdan was determined using the parallax method.
Laurdan lies at-10 A from the center of the bilayer, i.e., at depth~ds A from the lipic—water interface.
Exogenous lipids modified the energy transfer efficiency from the intrinsic fluorescence to Laurdan. This
strategy is introduced as a new analytic tool that discloses for the first time the occurrence of discrete and
independent sites for phospholipids and sterols, respectively, both accessible to fatty acids, and presumably
located at a shallow depth close to the phospholipid polar head region in the native AChR membrane.

The nicotinic acetylcholine receptor (ACHRS an integral Among the physical properties of the AChR membrane
membrane protein deeply embedded in the postsynapticstudied so far, the so-called lipid order parameter has received
region of muscle, electrocyte, and nerve cells. There is particular attention (e.g., r&). One of the AChR functional
growing evidence to support the notion that the function of properties, the ability to permeate ions, has been shown to
this paradigm rapid ligand-gated receptor is influenced by be sensitive-within a narrow range of valuego the bulk
its lipid milieu (see reviews in ref§ and2). The first-shell, fluidity of the membrane as measured by in vitro experiments
lipid belt, or “annular” lipid region surrounding the AChR, with AChR reconstituted into liposomes of various lipid
as early described in its native membrane environm@nt (  compositions §—8). Sunshine and McNamee)( also
has received particular attention as a possible candidatestudied the fluidity of the host liposomes by steady-state
region where this effect is exerted. Jones and McNameefluorescence anisotropy of the probe diphenylhexatriene
(4) also found that a second class of lipids, nonannular lipids, (DPH) at a fixed temperature and showed that AChR channel
could be distinguished in addition to the annular lipid. activity is maintained either in low or high fluidity environ-

ments. These authors suggested that lipid composition rather

T This work was supported by grants from the Universidad Nacional than fluidity determines the gating function of the channel.
del Sur, the Argentinian Scientific Research Council (CONICET), the ~ To explore in more detail the physical characteristics of
Commission of Scientific Research of the Province of Buenos Aires the membrane in which the AChR is inserted and of the

CIC), and Autordras/British Council grant to F.J.B. - — .
( *T)'O"’;’V‘hom“C"grrre"’;i,o,ﬁggnce‘)suh”oﬂI(?“bag aé)dressed_ AChR annular lipid region in particular, we have used here

1 Abbreviations: AChR, nicotinic acetylcholine receptor; CHS, the amphiphilic fluorescent probe Laurdan (6-dodecanoyl-
cholesterol hemisuccinate; cme, critical micellar concentration; DOPC, 2-(dimethylamino)naphthalenel® and three fluorescent

1,2-dicis-9-octadecenoyl¥nglycerophosphocholine; DPH, 1,6-diphe- . -
nyl-1,3,5-hexatriene, fluorescence energy transfer efficiency; FRET, probes sensitive to the IIpId order. Laurdan POSSESSEs an

fluorescence resonance energy transfer; GP, generalized polarization€Xquisite sensitivity to the phase state of the membrane. The
18:1, oleic acid; PA-DPH, 3gt(6-phenyl)-1,3,5-hexatrienyl)phenyl-  physical origin of Laurdan spectral properties resides in its

propionic acid; PC, phosphatidylcholinerSLPC: 1-palmitoyl-2-  canacity to sense the polarity and the molecular dynamics
stearoyln-doxyl-snglycerophosphocholine (wheres the position of

the nitroxide spin label); TMA-DPH, 1-(4-trimethylammoniumphenyl)-  Of dipqles in its environment due to the effect of dip.0|ar
6-phenyl-1,3,5-hexatrieng-toluenesulfonate; Trp, tryptophan. relaxation processed 1, 12). An advantage of measuring
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membrane polarity with Laurdan is the possibility of obtain- Methods
ing dynamic information from steady-state measurements. Preparation of AChR-Rich MembraneMembrane frag-

We have recently used Laurdan as a reporter of AChR ments rich in AChR were prepared from the electric tissue
membrane physical state and been able to differentiateof T. marmorataas previously described.§). Typically,
between the bulk bilayer lipid and the AChR annular lipid specific activities in the order of 1:21.8 nmol of a-bun-
(13. We have also shown that the so-called generalized garotoxin sites/mg of protein were obtained. The integrity
polarization (GP) of Laurdan is a sensitive tool to measure of the membranes was studied in a previous work from our
the physical state of this membrane region and can be linearlylaboratory (7). For fluorescent measurements, AChR-rich
correlated with channel gating kinetics of the receptor protein membranes were resuspended in buffer A (20 mM HEPES
in living cells (14). In vivo studies still fall short of rendering  puffer, 150 mM NaCl, and 0.25 mM MgglpH 7.4) to
the topological resolution afforded by fluorescence studies obtain 50ug of protein/mL (0.2uM). The OD of the
in solution with purified AChR-rich membranes. We have membrane suspension was kept below 0.1 to minimize light
therefore used the latter experimental paradigm to further scattering.
investigate this problem. Oleic Acid (18:1), DioleoylPhosphatidylcholine (DOPC),

Laurdan GP values depend on the polarity and dynamics@nd Cholesterol Hemisuccinate (CHS) Incorporatiofhe
of the dipoles in the environment of the probe. The main Sodium salt of oleic acid was dissolved in buffer and
dipoles sensed by Laurdan in the membrane are waterSonicated. DOPC was prepared as multilamellar Ilpt_)somes
molecules. When no relaxation occurs, high GP values (evaporated underNresuspended in buffer A, and sonicated

result, indicative of low water content in the hydrophilic/

hydrophobic interface region of the membrane. Thus, GP
values depend on the extent of water penetration allowe
by local membrane packing. In the present work, we have

taken advantage of these spectroscopic properties of Laurda

in order to learn about the possible influence of fatty acids,
phospholipid, and cholesterol on the physical state of the
membrane in which the AChR protein is embedded. Comple-
mentary studies with DPH and two derivatives of this

fluorescent probe were also conducted to investigate the

possible occurrence of local heterogeneities in the bulk lipid

order across the AChR membrane and their possible modi-

fication by exogenous lipids. We found a gradient of lipid
order with a more fluid hydrocarbon interior (sensed by
DPH) than the more superficial levels of the membrane
(sensed by PA- and TMA-DPH). Oleic acid decreases

until clarity). Oleic acid was added in aliquots to give final
(nominal) concentrations2.5uM, i.e., well below the cmc

dof 18:1 (~6 uM) (18). The partition coefficient of 18:1 in

heptane:water is 10009). CHS was dissolved in C:M (2:

r].), evaporated under JNresuspended in buffer A, and

sonicated until a homogeneous solution was obtained.
Aliguots were added to AChR-rich membrane suspensions
30 min before the fluorescent measurements. Buffer A was
added to the control samples to measure dilution effects.
Fluorescence Measurementg&ll fluorimetric measure-

ments were performed in a SLM model 4800 fluorimeter
(SLM Instruments, Urbana, IL) using the vertically polarized
light beam from a Hannovia 200 W Hg/Xe arc obtained with
a Glan-Thompson polarizer (4 nm excitation and emission
slits) and 10x 10 mm quartz cuvettes. Emission spectra
were corrected for wavelength-dependent distortions. The
temperature was set at 2Q with a thermostated circulating

membrane order, the more pronounced changes occurring, oar hath

deep in the fatty acyl chain region. Laurdan’s vertical

position in the membrane was determined by the parallax

method of Chattopadhyay and Londdrb). Changes in the

efficiency of the energy transfer from the protein emission
to Laurdan brought about by addition of exogenous lipids
reveal for the first time the presence of distinct sites for
phospholipid and cholesterol in the native AChR membrane.

MATERIALS AND METHODS
Materials

Torpedo marmoratapecimens were obtained either from
the Roscoff marine station in France or from the Mediter-
ranean coast off Alicante, Spain. The latter were kindly
provided by Dr. J. M. GonZaz-Ros. Fish were transported

(a) Laurdan Measurementd_aurdan was added to AChR-
rich membrane samples from an ethanol solution to give a
final probe concentration of 0aVl. The amount of organic
solvent in these and all other experiments was kept below
0.2%. The samples were incubated in the dark for 60 min
at room temperature. Excitation GP1( 129 was calculated
according to

exGP= (1,34 = 1490/ (l434 1 1400 1)
where l434 and lsgo are the emission intensities at the
characteristic wavelength of the gel phase (434 nm) and the
liquid-crystalline phase (490 nm), respectively. exGP values
were obtained from emission spectra at different excitation
wavelengths (3206410 nm) or at only one excitation

by ground in sealed plastic bags containing seawater andwavelength where indicated. Emission GP was calculated

oxygen. On arrival, they were killed by pithing, and the
electric organs were dissected and stored-a0 °C until
further use. Laurdan, TMA-DPH, and DPH-PA were
purchased from Molecular Probes (Eugene, OR). Spin-
labeled phosphatidylcholine (SLPC) derivatives (1-palmitoyl-
2-stearoylp-doxyl-sn-glycerophosphocholine, whends the
position of the nitroxide spin label) were purchased from
Avanti Polar Lipids. DPH and all other drugs were obtained
from Sigma Chemical Co., St. Louis, MO.

according to the following formalism:

emGP= (l410 — l340/(1420 T l340) 2
where 1410 and ls4 are the excitation intensities at the
wavelengths corresponding to the gel (410 nm) and the
liquid-crystalline (340 nm) phases, respectived))( The
emGP values were obtained from excitation spectra at
different emission wavelengths (42600 nm).
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(b) Parallax Method. Solutions of spin-labeled phosphati-

dylcholines (SLPC) having different nitroxide spin-labeled 0.4}
acyl chains were made in ethanol, added to AChR-rich

membrane samples previously labeled with Laurdan, and 0.3}
incubated for 20 min. A wavelength of 360 nm was used

for direct excitation of Laurdan. The emission intensity of 0.2

Laurdan (434 nm) in the presence and absence of the
quencher was analyzed by usirtp)

Generalized Polarization

0.1+t
Zeg = Loy + {[(—LUnC) In (Fy/F) — Ly l2Lo)) (3) 0.0 2
1 3 4 5
whereZ. is the distance of the fluorophore from the center 01l
of the bilayer,L, is the distance between the center of the
bilayer and the shallow quencher, L3 is the distance 02l

between the two quenchefSjs the quencher concentration
in molecules per unit area, akd andF; are the fluorescence  Ficure 1: Laurdan excitation GP using direct excitation of the

intensities in the presence of the shallow and deeperprobe (360 nm, empty bars) or FRET (290 nm, filled bars) recorded
guenchers, respectively. under the following experimental conditions: (T) marmorata

. membranes labeled with Laurdan; (2) DOPC multilamellar lipo-
(©) M_eas_uremenft of Steady-State Anisotropy of DPH and somes labeled with Laurdan; () marmoratamembranes labeled
Its Derivatives Aliquots of TMA-DPH or PA-DPH in

with Laurdan and supplemented with DOPC liposomes; T4)
tetrahydrofuran or DPH in dimethyl sulfoxide were added marmoratamembranes supplemented with DOPC liposomes and
to the AChR-rich membrane suspension to give a final Subsequent addition of Laurdan; and (5) two independent samples

concentration of uM. Samples were incubated at 26
for 30 min. The amount of organic solvent added was kept
below 0.05%. The excitation and emission wavelengths used

of T. marmoratamembranes labeled with Laurdan and DOPC
multilamellar liposomes labeled with Laurdan were rapidly mixed
immediately before recording the Laurdan emission spectrum. The
exGP was calculated using the emission wavelengths at 434 and

were 365 and 425 nm, respectively. Fluorescence anisotropy490 nm. The DOPC, Laurdan, and membrane protein final
measurements were done in the T format with Schott K418 concentrations in the cuvette were 28, 0.6 uM, and 50ug/mL,

filters in the emission channels and corrected for optical
inaccuracies and for background signals. The anisotropy
value,rs, was obtained from eq 4 (see, e.g., P4j:

rs= (Ivllh)v - (Ivllh)h

/1)y + 20,/1M0)n

(4)

where (/1h)y and (/1y)n are the ratios of the emitted vertical
or horizontally polarized light to the exciting, vertical or
horizontally polarized light, respectivelys values can range
between—0.2 and 0.4, the higher values denoting the higher
structural lipid order.

(d) Forster Resonance Energy Transfer (FRET) Measure-
ments Measurements of the extent of quenching of donor
fluorescence by Hster energy transfer were carried out in

the absence and presence of increasing concentrations o

Laurdan as in Antollini et al. 13). The energy transfer
efficiency ) in relation to all other deactivation processes
of the excited donor depends on the sixth power of the
distance between donor and acceptor. According teteds
theory @2), E is given by

E=Ry/(R,’+r°) (5)

wherer is the intermolecular distance afRg is a constant

parameter for each doneacceptor pair, defined as the
distance at whiclk is 50%. E can also be calculated as

E=1—(¢lgp) =~ 1—(Illp) (6)

where¢ and¢p are the fluorescence quantum yields of donor

respectively. The temperature was 20.

any given measurement. HereandIp correspond to the
maximal intrinsic protein emission intensity, which is 330
nm.

Control Laurdan GP Measurements in the Presence of
Exogenous DOPCTo exclude the possibility that Laurdan
molecules redistributed into the added liposomes in the time
course of the titration, several control experiments were
undertaken. The existence of large differences between the
GP value of Laurdan in membranes and in DOPC liposomes
(in the liquid-crystalline phase at 2@) was exploited when
testing this issue. If the probe were to redistribute from the
native membrane to the added liposomes, Laurdan GP would
decrease significantly. We measured Laurdan GP using
either direct excitation of the probe or under FRET condi-
jions, under five different experimental situations (Figure

): (1) T. marmoratamembranes (5@g of protein/mL)
labeled with Laurdan (0.&M). (2) DOPC multilamellar
liposomes labeled with Laurdan. In this case, DOPC and
Laurdan in ethanol were evaporated undey fsuspended
in buffer A, and sonicated until clarity to give final
concentrations of 20 and O:6M in the measuring cuvette,
respectively. (3). marmoratamembranes (589 of protein/
mL) labeled with Laurdan (0.6M) and supplemented with
DOPC liposomes (the final concentration in the cuvette was
20 uM). (4) T. marmoratamembranes (5@g of protein/
mL) supplemented with DOPC liposomes (final concentra-
tion in the cuvette, 2@M) and subsequently supplemented
with Laurdan (0.6uM). (5) Two independent samples of
T. marmoratamembranes (509 of protein/mL) labeled with
Laurdan (0.3uM) and DOPC multilamellar liposomes
labeled with Laurdan, prepared as in condition 2 above (final

in the presence and absence of the acceptor, respectivelyconcentration in the cuvette 20 and Q:B1, respectively)

and| andlp are the corresponding emission intensities in

were rapidly mixed (the final concentration of Laurdan was
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0.6 M) immediately before recording the Laurdan emission
spectrum.

As can be seen in Figure 1, Laurdan GP values were
markedly different for AChR-rich membranes (GF).38)
and, interestingly enough, negative(.2) for DOPC lipo-
somes. Furthermore, conditions 3 and 4 exhibited practically
the same GP values. These results imply that either Laurdan
molecules redistribute between native membranes and lip-
osomes or that DOPC is effectively incorporated iiito
marmoratanative membrane. Experimental condition 5 was
designed to discriminate between these two hypotheses. The 0.2
GP value obtained by direct excitation of the probe in the
mixture was smaller than the one obtained for conditions 3
and 4, whereas the GP value obtained under FRET conditions .
was similar to the GP value of situation 1 (i.e., in the absence
of DOPC). From this, we conclude that under our experi-
mental conditions there is considerable incorporation of
DOPC intoT. marmoratamembranes, thus excluding the
possibility that Laurdan molecules redistribute significantly
between the native AChR-rich membrane and added lipid
vesicles (if such redistribution had taken place, the GP values
would have been much lower for conditions 3 and 4).

T

RESULTS

Modifications in the Sekent Dipolar Relaxation and in
the Polarity of the AChR Membrane Induced by Exogenous
lipids. The AChR interacts preferentially with distinct lipid
species such as sterols, negatively charged phospholipids, . . . .
and fatty acidsg, 4, 23, 24). We investigated the possible
modification of the polarity of both the AChR belt and bulk
lipid regions by oleic acid, DOPC, and CHS, respectively.
In a first series of experiments Laurdan was incorporated
into the AChR-rich membrane and excited directly at 360
nm or under FRET conditions at 290 nm. Laurdan GP was
calculated by the following algorithni():

generalized polarization (GP)

GP=(Ig = Ix)/(Ig + Ir) (7)

wherelg (434 nm) andlr (490 nm) are the fluorescence 0.2}
intensities at the blue and red edges of the emission spectrum,
respectively. We have previously shown that GP values
observed under energy transfer conditions from the intrinsic
protein fluorescence in AChR membrane frdimmarmorata 0 5
exhibit higher absolute GP values than those obtained by
direct excitation of the probe, indicating the lower polarity added lipid [uM]
of the lipid in the microenvironment of the AChR protein FIGURE 2: Laurdan excitation GP using direct excitation of the
(13. . . . probe (360 nm) or FRET (290 nm) from the protein emissiom.in

As shown in Figure 2a, GP values decreased with marmorataAChR membrane (a) in the presence and absence of
increasing 18:1 concentrations, indicating an augmentationincreasing concentrations of oleic aci®,©, 360 nm;l, O, 290
in the Solvent d|p0|ar relaxat|0n and in the pola”MX Of nm), reSpeCtiVely; (b) in the presence and absence of inCI’eaSing

; : _concentrations of DOP(&[, 360 nm;#, ¢, 290 nm), respectively;
the membrane regions where Laurdan is located. Further and (c) in the presence and absence of increasing concentrations

more, the slopes of the curves displayed by the GP valuesgys cHsg using direct excitation at 360 nma,() or 290 nm {7, V).

in the presence of 18:1 using either direct excitation or FRET GP was calculated using the emission wavelengths at 434 and 490
conditions were almost identical. This indicates that oleic hm. The Laurdan to membrane lipid ratio was 1:100. Each point
acid partitions well into belt and bulk lipid and that the Ccorresponds to the averagestandard deviation of three determina-
change in membrane polarity brought about by the fatty acid ggrlsc Experiments in this and all other figures were carried out at
is similar in the two operationally defined lipid regions. GP '

values also decreased upon enrichment of the AChRIipid regions. In fact, PC exhibits no selectivity for the
membrane with DOPC (Figure 2b). Since the slopes of the AChR (23).

experimental values were similar under the two sets of We also studied the effect of cholesterol enrichment of
conditions, as observed with oleic acid, one can infer that the AChR membrane. Instead of using cholesterol, we prefer

there was no preference of DOPC for either the belt or bulk to use CHS, a water-soluble ester of cholesterol, since the

10 15 20 25
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0.5 and emission GP values were calculated according to eqs 1
and 2. Lower GP values were observed upon the addition
I_,_I,I_Il of oleic acid or DOPC and higher values in the case of CHS.

0.4r m 1 The spectra exhibited in all cases decreasing values of exGP
S and increasing values of emGP with increasing wavelength

[anad (Figure 3).

'\-—'-lllllix This behavior indicates that solvent dipolar relaxation

0.3

remains unchanged in the presence of exogenous lipids and
that there is no selective excitation of subpopulations of
0.2F Laurdan molecules, thus suggesting that the Laurdan mi-
croenvironment in the presence of these different exogenous
lipids maintains the characteristics of the native AChR-rich

0.1 membrane, i.e., an ordered liquid pha&8)( The effect of
exogenous lipid would therefore appear to be exerted on the
0ol whole membrane lipid, without inducing the formation of

separate microdomains.

Modifications of the Membrane Lipid Order of Each
01k Leaflet in the AChR Membrane by Exogenous Lipids.
further explore the effect of the different exogenous lipids
on the physical state of the AChR membrane, the steady-
state anisotropy at different depths across the membrane was
investigated in a second series of complementary experiments
wavelength (nm) using three well-known fluidity-sensitive probes: DPH and

E 3: Laurdan GP in th 12AChR b two derivatives, PA-DPH and TMA-DPH (Figure 4). In-
IGURE 3: Laurdan in . marmorai membrane as ; ;
a function of excitation (326410 nm) and emission (42600 creasingly lower DPH anisotropy values were observed upon

nm) wavelengths in the absenc® @nd presence of 10M oleic increasing the concentration of 18:1, indicating a decrease
acid @), 10 xM DOPC @,) and 10uM CHS (a). Values of in the order of the membrane phospholipid acyl chains

emission at 434 and 490 nm were used for recording the excitation (Figure 4, panels a and d). A similar decrease was observed
spectra, and maxima at ,34? aT”r‘]j 4Llo nm were m‘;asurel,d _Lor thein the fluorescence anisotropy of the two DPH analogues
e e e et 0 membene 191200 Figure 4), albit of smaller magnitude than that observed
deviation of three determinations. with DPH. This implies that the increase in the fluidity of
the AChR membrane sensed by PA- and TMA-DPH at more
low aqueous solubility of the former makes it difficult to superficial levels of the membrane as a function of oleic acid
modify the cholesterol content of samples such as the nativeis less marked than that occurring deeper in the hydrocarbon
AChR membrane in which this neutral lipid is particularly core of the membrane.
abundant §). Simmonds et al. 25 characterized the Addition of increasing amounts of DOPC induced a
interactions of CHS with phospholipids, concluding that CHS decrease in the anisotropy values of DPH and of its polar
can be used to directly modify the sterol content of derivative PA-DPH, whereas very little if any effect was
membranes without the use of detergents; their results withobserved with TMA-DPH, the cationic derivative (Figure
CHS were very similar to those obtained with cholesterol. 4, panels b and e). Thus, the addition of exogenous DOPC
In the present work, addition of CHS to natiVemarmorata to the AChR membrane seems to induce modification of the
AChR membrane produced only a slight, statistically non- exofacial hemilayer and of the core of the membrane with
significant increase in GP values (Figure 2c). The slopes little if any changes in the cytoplasmic hemilayer. Increasing
of the experimental values obtained under direct excitation amounts of CHS (Figure 4, panels ¢ and f) did not modify
or FRET conditions were similar, implying no preferential the anisotropy values of DPH and PA-DPH, the DPH
partition of the cholesterol derivative into either belt or bulk derivative sensing the exofacial hemilayer, whereas a de-
lipid regions, as already commented in the cases of oleic crease of the anisotropy values of the TMA-DPH, the
acid and DOPC. cytofacial hemilayer-sensing probe, was obtained.
Exogenous Lipids Do Not Induce Phase Separation inthe Topography of Laurdan Site in Naé T. marmorata AChR
AChR-Rich Membrane.Further information about the Membrane. The parallax method described by Chatto-
environment of the reporter Laurdan molecules could be padhyay and Londorilf) was used to determine the average
obtained from the wavelength dependence of GP sp&fffa ( depth of Laurdan in the native AChR membrane. This
A wavelength-independent GP spectrum is characteristic of method is based on the relative position of a fluorescence
the gel phase, whereas in liquid-crystalline phases GP probe embedded in the membrane and spin label quenchers
typically exhibits wavelength dependence, due to solvent having nitroxide spin labels at different vertical positions
dipolar relaxation, with decreasing values for the excitation along their acyl chains. This is accomplished by pairwise
GP spectrum and increasing values for the emission GPcomparison of quenching parameters with different probes.
spectrum. Chattopadhyay and McNameg6j applied this method to
We studied GP in nativ€. marmorateAChR membrane  reconstitutedr. californica AChR to calculate the distance
as a function of excitation (320410 nm) and emission  of y-subunit Trp453 from the bilayer center, obtaining an
(420-500 nm) wavelengths at 20C in the presence and average value of10 A. In the present work, the topography
absence of 18:1, DOPC, and CHS (Figure 3). Excitation of Laurdan in nativel. marmorataAChR-rich membranes

generalized polarization (GP)

1

1 1 1
300 350 400 450 500
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anisotropy (r)

Ar (0/0)
S

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

oleic acid (uM) DOPC (uM) CHS (uM)

Ficure 4: Panels a&c show the fluorescence anisotropy ¢f DPH (@), TMA-DPH (@), and PA-DPH 4) in T. marmoratsAChR membrane

as a function of (a) oleic acid, (b) DOPC, and (c) CHS. Panelsd#pict the relative changes in fluorescence anisotrdgy ¢f DPH (@),
TMA-DPH (@), and PA-DPH 4) as a function of (d) oleic acid, (e) DOPC, and (f) CHS. Empty symbols are control samples in the
absence of exogenous lipid. The probe to membrane lipid ratio was kept at 1:100 in all cases. Each point corresponds to tHe average
standard deviation of three determinations.

Table 1. Average Depth of Laurdan in Natife marmorata Figure 5 inset shows that no significant differences were

AChR-Rich Membrarke apparent in Laurdan GP values at any of the concentrations
spin-labeled PC pair A)a av. Zce (A used.
7pPC/12 oC P ZCFl(l)O Zer () Discrete Binding Sites for Different Lipids in the AChR
7:PC/10:PC 10.0 98 Lipid Interface Region.Jones and McNamedé)(postulated
10-PC/12-PC 8.3 ' the occurrence of two different classes of lipid sites, annular

= Measured by the parallax methatH], Each measurement stems and non-annular, in purified, reconstituted AChR, as previ-

from three independent series of experiments. An average disgpe (  OUSly suggested by Simmonds et &5 for CaH_ngH'
with a variation of less than 2% was calculated. ATPase. Some phospholipids are reported to display mod-

erate selectivity for the annular region, whereas cholesterol
was determined from the quenching data obtained with is preferentially partitioned in the non-annular region; fatty
pairwise combinations of the PC analogues 7-SLPC, 10- acids are found in both regions. Since Laurdan is a fatty
SLPC, and 12-SLPC (eq 3 and Figure 5). Maximal quench- acid derivative, one would expect it to partition in both
ing of Laurdan emission was obtained with the quencher regions. Taking advantage of the photoselection resulting
having the shallower location, 7-SLPC. from energy transfer conditions, Laurdan molecules in the
Given the dimensions of Laurdan’s molecu®y (28 and AChR lipid microenvironment are expected to emit upon
the thickness of th&orpedoAChR membrane hydrocarbon  excitation of the donor Trp residues in the 290 nm region.
region of~30 A (29, 30, an average deptiZ{) of ~9.8 A Figure 6 shows the decrease in the efficiency of the energy
could be obtained from the data in Figure 5 (see Table 1). transfer proces<;, in the presence of increasing amounts
This implies that Laurdan’s dimethylamino group is at a of exogenous lipids.
shallower position in the polar/hydrocarbon interfacey &t The maximal decrease Eresulting from the addition of
A from the membrane surface, whereas its acyl tail penetrates18:1 amounted to about 60%. Further addition of either CHS
deeper in the hydrocarbon region, being located-40 A or DOPC produced a diminution ik of 35% and 25%,
from the center of the bilayer. An average value is obtained respectively. The sum of the decreases caused by DOPC
because of the distribution of depths of fluorophores and spinand CHS equaled that obtained in the presence of 18:1 alone
labels, respectively. This value can fluctuate between a (Figure 6). This suggests (a) the occurrence of different sites
couple of angstromslf). Laurdan GP (see Materials and for DOPC and CHS and (b) that both sets of sites are also
Methods) was calculated for each addition of quencher. accessible to oleic acid.
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Ficure 5: Quenching of Laurdan fluorescenceTn marmorata 0.0 0.0 0.4 0.6 0.8 1.0

AChR membrane by 7-doxyl-P(®], 10-doxyl-PC W@,) and 12-
doxyl-PC (a) spin label analogue$.. andF, are the fluorescence
emission intensities of Laurdan measured at 434 nm and corrected

for dilution and lamp distortions, in the presence and absence of i ee 7. Normalized energy transfer efficiends, for the AChR/

the nitroxide spin label, respectively. Inset: Lack of dependence | 5,rqan pair inT. marmoratamembranes. Three different condi-
of GP on the PC spin label concentration. tions were carried out for each series of experiments, starting in
all cases with AChR-rich membrane in the presence of /6
Laurdan, and then with (a) 20M CHS (dark gray), (b) 2«M
DOPC (light gray), and (c) 2Q«M oleic acid (empty bar).
Subsequent additions of (a) M CHS, 10uM oleic acid, and 10

uM DOPC were made (each experimental condition corresponds
to a bar, from top to bottom). In panel b M DOPC, 10uM
oleic acid, and 1tM CHS were added. In panel ¢ 1M oleic
acid, 10uM DOPC, and 1uM CHS were added, from top to
bottom. Each bar corresponds to the averagaandard deviation

of four independent experiments.

energy transfer efficiency (normalized)

reduction ofE of ~25%, the total effect thus amounting to
~60% (Figure 7a). Analogously, when DOPC was used
first, the initial decrease amounted+t@5%, and subsequent
additions of 18:1 and DOPC yielded a total diminutioreof
of about 60% (Figure 7b). When oleic acid was added first,
an initial reduction o~60% was obtained, and subsequent
additions of CHS and DOPC attained similar levelskof
(Figure 7c). Thus, Laurdan displacement by CHS or DOPC
L is independenandadditive, while oleic acid alone caused a
20 displacement equivalent to tltembinedeffects of DOPC
and CHS. From these experiments, it can be postulated that
sites for phospholipid and sterol, both accessible to fatty acid,

0.2 L
0 5

energy transfer efficiency (normalized)

10 15
added lipid [uM]

Ficure 6: Normalized energy transfer efficiendy, between AChR are distinct.
in nativeT. marmoratamembrane and Laurdan in the presence of
increasing concentrations of DOPE)( CHS (&), and oleic acid DISCUSSION

(®@). (©) Correspond to the sum d& of DOPC and CHS. Each
point corresponds to the average standard deviation of four

orre In the present work, we used various fluorescence tech-
determinations.

niques to study the physical properties of the naliegpedo

To corroborate that the two sites were different, we AChR membrane and to determine whether exogenous lipids
conducted an additional series of experiments using themodify such properties. Laurdan GP and the fluorescence
following strategy: First, we saturated one site with either anisotropy of DPH and its derivatives PA-DPH and TMA-
CHS or DOPC (Figure 7) and then added the second lipid DPH provided complementary information on the bulk

to see whether the decreaseBncaused by the two was
additive. When CHS was added fir&decreased by about

physical state of the membrane such as lipid packing order
across the exofacial, the cytoplasmic facing, and the hydro-

35%. Subsequent addition of DOPC or 18:1 caused a furthercarbon regions of the AChR membrane. FRET was used to
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discriminate between the bulk lipid and the belt lipid region work—Laurdan and DPH and derivativegield topographi-
in the vicinity of the protein. Further refinement of this cally distinct yet complementary information. The shallow
topographical information was provided by the parallax localization of Laurdan molecules provides average informa-
method using phospholipid spin labels. Finally, changes in tion on the physical state of both hemilayers, whereas DPH
energy transfer efficiency induced by fatty acids, phospho- and its derivatives PA- and TMA-DPH report on the acyl
lipid, and cholesterol led to the identification of discrete sites chain packing order of the inner hydrocarbon core, the
for these lipids on the AChR protein. exofacial- and the cytoplasmic-facing acyl chain regions,
Laurdan localizes itself at the lipidwater interface of the ~ respectively.
bilayer with its naphthalene group at the phospholipid polar  Patch-clamp single-channel recordings show that fatty
headgroup region and its 12-C lauric acid tail immersed in acids shorten the AChR open dwell-tin&). Phospholipids
the phospholipid acyl chain region and is considered to have containing short-chain fatty acids induce a decrease in the
uniform lateral and transbilayer distribution, thus making it frequency of AChR channel openind8|. It was therefore
a good reporter molecule to sense molecular dynamics ofof interest to investigate whether the changes in AChR
solvent dipoles in the membrane as a whole. We have shownfunction induced by fatty acids could be correlated with
that Laurdan does not have selectivity for either belt or bulk changes in the physical properties of the lipid in the
lipid regions in the AChR membran&3). The good spectral membrane. Indeed, oleic acid (18:1) and dioleoyl-PC
overlap between AChR and Laurdan and the decrease inincreased the polarity of both bulk and belt lipid regions in
protein emission observed in the presence of Laurdanthe native AChR membrane (Figure 2). No phase separation
correlated with the increase in Laurdan emission intensity was induced by these lipids since no selective excitation of
were exploited in our FRET studies. To use FRET condi- subpopulations of Laurdan molecules was observed in either
tions to characterize discrete sites for lipids at the pretein  case (Figure 3). CHS did not induce a statistically significant
lipid interface, it is necessary to know the relative position change in GP (Figure 2)T. marmorataAChR membrane
of the donor and acceptor molecules. In a previous work, is highly enriched in cholesterdb(39); therefore, additional
taking advantage of an analytical approach developed bycholesterol can be expected to produce little if any change.
Gutierrez-Merino et al.31, 32, a minimum donofacceptor From the wavelength dependence of Laurdan GP, we could
distance of 14+ 1 A could be calculated for the Laurdan further ascertain that no phase separation occurs upon
AChR pair in theT. marmoratanative membranel@), in addition of CHS (Figure 3).
agreement with the postulated location of Laurdan in other  In many biological membranes, the two hemilayers differ
membranesi(l, 27, 28 and with the overall dimensions of in lipid composition and fluidity. The outer monolayer of
the AChR and its transmembrane region in particu).( synaptic plasma membranes is more fluid than the inner
Here we used the parallax method developed by Chatto-leaflet @0, 41). This difference in fluidity between the two
padhyay and LondoriLg) to obtain the position of Laurdan leaflets of the membrane has been reported to amount to a
relative to the AChR membrane bilayer (Figure 5). Maximal 6% change in temperature or to the effect of 400 mM ethanol
guenching of the Laurdan emission was obtained with the in vitro (42). In rat myotubes, the regions of the membrane
shallower quencher, 7-SLPC. A value of10 A was where AChRs occur in clusters exhibit phospholipid asym-
obtained for the distance of Laurdan from the center of the metry @3); at least 77% of the plasma membrane amino-
bilayer. The AChR has 51 Trp residues but only one in its phospholipids, phosphatidylserine and phosphatidylethano-
membrane-spanning region (Trp-453 in thesubunit M4 lamine associated with the clusters were found to be located
domain). Using the parallax method, Chattopadhyay and in the inner, cytoplasmic leaflet of the membrane. In the
McNamee 26) found that Trp-453 was at about 10 A from  particular case of th&. marmorataAChR-rich membrane,
the bilayer center in AChR membrane. Thus, Laurdan and we have shown that in addition to the asymmetrical disposi-
Trp-453 are located almost at the same plane parallel to thetion of lipids between bulk and lipid belt regions, the
bilayer surface. This is in agreement with earlier work from topological distribution of the principal phospholipid com-
our laboratory in which the relative position of membrane- ponents between the two hemilayers is also asymmetrical
embedded AChR tryptophan residues at the apgatar and that this difference results in an electrostatic membrane
interface was inferred from quenching of membrane-bound potential of ~15 mV (17, 44. These findings are not
AChR with spin-labeled fatty acidS8). surprising, given the asymmetrical transmembrane distribu-
Laurdan GP values depend on the polarity and dynamicstion of the AChR protein itself as judged from electron
of the dipoles in the environment of the probe. The main microscope data3Q). So far, however, no attempts have
dipoles sensed by Laurdan in the membrane are waterbeen made to analyze the fluidity of the lipid across the
molecules. When no relaxation occurs, high GP values AChR membrane.
result, indicative of low water content in the hydrophilic/ DPH localizes itself at the hydrocarbon core of the bilayer,
hydrophobic interface region of the membrane. Differences aligned parallel the phospholipid acyl chaidy, and is a
in GP values have been correlated with variations in well-established reporter group of the bulk order or fluidity
membrane lipid fluidity 84) whereas fluorescence anisotropy of the membrane. The cationic derivative trimethylamino-
of DPH and its derivatives provides information on the diphenylhexatriene (TMA-DPH) preferentially partitions in
orientational order of lipids in the membrane. Kleinfeld et the inner, cytoplasmic hemilayer, and the anionic derivative
al. (35) and Pottel et al.36) established that DPH steady- propionic acid (PA-DPH) does so in the outer, exofacial
state fluorescence anisotropy could be correlated with leaflet @6, 47. Lipid packing order imposes restrictions
packing-sensitive motional modes of the membrane lipid on the rotational motion of the acyl chains. In natiVe
rather than measure membrane microviscosity. Thus, themarmorata AChR membrane, the center of the bilayer
two types of fluorescence compounds used in the presentappears to be the most fluid, disordered region, as sensed
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by DPH, in comparison to the more superficial, polar this, we infer that the fatty acid competes for both sites. In
headgroup regions sensed by TMA-DPH and PA-DPH Narayanaswami and McNamee’s workQ), brominated
(Figure 4). Addition of oleic acid further increased the stearic acid (6,7-diBrStA) did not equal the effect of the two
disorder in the membrane lipid, mainly at the hydrocarbon others lipids together{5% quenching in addition to the 25%
core. This is in accordance with Berlin et aftgf, who produced by 6,7-BrPC). The main difference between the
studied the effect of fatty acids on the membrane fluidity of two series of experiments is that Narayanaswami and
the CHO cell line TR715-19. They reported that fatty acids McNamee $0) usedT. californica AChR reconstituted in
modified mid-bilayer fluidity, determined with DPH, but pure DOPC, whereas in the present work nafivenarmo-
fluidity in the polar phospholipid headgroup regions, sensed rata AChR-rich membrane is used. Further experiments are
with PA-DPH and TMA-DPH, was independent of fatty acid needed to elucidate this point and to determine the stoichi-
composition. ometry of these sites.

DOPC also caused the diminution of the lipid order in  In conclusion, oleic acid, DOPC, and CHS effectively
the AChR membrane, but at variance with oleic acid, the partition into the bulk lipid and the AChR lipid microenvi-
changes extended from the hydrocarbon central region toronment changing the polarity and packing order without
the shallower headgroup region of the outer hemilayer leading to the formation of microdomains. In a previous
(Figure 4). Studies with model membranes provide clear work, we characterized the AChR.aurdan pair as a doner
evidence that the transbilayer movement of phospholipids acceptor couple for Fster-type energy transfer measure-
is an extremely slow, almost negligible process; gaof 11— ments. Here we introduce a novel strategy, using the
15 days was calculated for radiolabeled PC in small efficiency of this process to measure displacement of Laurdan
unilamellar vesicles49). PC flip-flop is an unlikely process  from the AChR lipid microenvironment caused by exogenous
in the time scale of our measurements, thus explaining thelipids, and in this way to characterize sites for these lipids
observation of the disordering effect in the exofacial hemi- in the vicinity of the protein. Using this approach, the
layer only. occurrence of discrete and independent classes of lipid sites

The slight disordering effect of CHS was only apparent for sterol and phospholipid are disclosed in the native AChR-
in the very modest decrease of TMA-DPH fluorescence rich membrane. Future studies will be aimed at determining
anisotropy, thus reflecting the selective changes at the polarthe exact stoichiometry of these sites and their functional
headgroup region of the inner hemilayer (Figure 4). That regulation.
these changes were not sensed by Laurdan GP (Figure 2)
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