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Lipid Rafts Reconstituted in Model Membranes

C. Dietrich,* L. A. Bagatolli," Z. N. Volovyk,* N. L. Thompson,* M. Levi,$ K. Jacobson,*" and E. Gratton®

*Department of Cell Biology and Anatomy, *Department of Chemistry, and TLineberger Comprehensive Cancer Center, University of
North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, TLaboratory for Fluorescence Dynamics, Department of Physics,
University of lllinois at Urbana-Champaign, Urbana, lllinois 61801, and SDepartment of Medicine, University of Texas Southwestern
Medical Center at Dallas and Veterans Administration Medical Center, Dallas, Texas 75216 USA

ABSTRACT One key tenet of the raft hypothesis is that the formation of glycosphingolipid- and cholesterol-rich lipid
domains can be driven solely by characteristic lipid-lipid interactions, suggesting that rafts ought to form in model membranes
composed of appropriate lipids. In fact, domains with raft-like properties were found to coexist with fluid lipid regions in both
planar supported lipid layers and in giant unilamellar vesicles (GUVs) formed from 1) equimolar mixtures of phospholipid-
cholesterol-sphingomyelin or 2) natural lipids extracted from brush border membranes that are rich in sphingomyelin and
cholesterol. Employing headgroup-labeled fluorescent phospholipid analogs in planar supported lipid layers, domains
typically several microns in diameter were observed by fluorescence microscopy at room temperature (24°C) whereas
non-raft mixtures (PC-cholesterol) appeared homogeneous. Both raft and non-raft domains were fluid-like, although diffusion
was slower in raft domains, and the probe could exchange between the two phases. Consistent with the raft hypothesis, GM1,
a glycosphingolipid (GSL), was highly enriched in the more ordered domains and resistant to detergent extraction, which
disrupted the GSL-depleted phase. To exclude the possibility that the domain structure was an artifact caused by the lipid
layer support, GUVs were formed from the synthetic and natural lipid mixtures, in which the probe, LAURDAN, was
incorporated. The emission spectrum of LAURDAN was examined by two-photon fluorescence microscopy, which allowed
identification of regions with high or low order of lipid acyl chain alignment. In GUVs formed from the raft lipid mixture or from
brush border membrane lipids an array of more ordered and less ordered domains that were in register in both monolayers
could reversibly be formed and disrupted upon cooling and heating. Overall, the notion that in biomembranes selected lipids
could laterally aggregate to form more ordered, detergent-resistant lipid rafts into which glycosphingolipids partition is
strongly supported by this study.

INTRODUCTION

A current question in membrane biology and one whoseion, however, whether such domains actually exist in vivo
answer could revolutionize our thinking about the lateralremains controversial, although evidence is accumulating
organization of membranes is whether glycosphingolipid-that suggests some form of these postulated structures rep-
enriched domains (rafts) (Jacobson and Dietrich, 1999esents reality.

Thompson and Tillack, 1985) exist in the plane of the The raft hypothesis proposes that certain naturally occur-
natural membranes. This question has been prompted by thig lipids aggregate in the plane of the membrane driven
resistance of specialized lipid fractions and apically directedsolely by distinctive intermolecular interactions, including
GPl-anchored proteins to extraction with cold non-ionicygn der Waals interactions between the long, nearly fully
detergent (Brown and London, 1997; Brown and Rosegatyrated chains of sphingomyelin and glycosphingolipids
1992) and has led to the hypothesis of specialized glycozg well as hydrogen bonding between adjacent glycosy!
sphingolipid microdomains termed lipid rafts (Simons andygjeties of glycosphingolipids (Simons and Ikonen, 1997).

lkonen, 1997). If such domains exist, they would under-rhe potential of glycosphingolipids to form domains was

score the importance O,f 'I.ateral organizgtion in biomer,n'recognized earlier (Thompson and Tillack, 1985). Further-
branes for complex activities such as signal transductio

Cinek d Horeisi 1992 q b Hicki "hore, the saturated nature of raft lipids and glycolipids acts
(Blne and RorEJSIiggz- S? an medm rani/l tra 'ig'ggto promote their interaction with cholesterol (Brown, 1998).
(Brown an 0s€, ¢, =lmons anad van Weer, )AII of these interactions are thought to underlie the deter-
Because of potential artifacts inherent in detergent eXtran']ent resistance of certain mixtures of lipids, particularly
those containing sphingomyelin, cholesterol, glycosphingo-
Received for publication 11 September 2000 and in final formlDecembePp'dS’ and saturated phOSphOHp'ds- Ipdged, the Wor.k of
2000. London, Brown and their co-workers indicated that lipo-
L. A. Bagatolli's current address: Institute of Biochemical Researchsomes formed from artificial raft lipid mixtures that mimic
(INIBIBB) Universidad Nacional del Sur/CONICETC. C. 857-B800BFB the Composition of detergent_resistant membranes were par-
BZZ""‘ Blanca, Argentina. X  cel Biol tially resistant to detergent and showed spectroscopic evi-
Address reprint requests to Dr. Ken Jacobson, Department of Cell Biolog ot :
and Anatomy, CB 7090, 108 Taylor Hall, University of North Carolina, )ﬂ.ence for a more. ordered (raft) phase coexisting with a
Chapel Hill, NC 27599-7090. Tel.: 919-966-3855; Fax: 919-066-1856;disordered phase in the plane of the membrane (Ahmed et
E-mail: frap@med.unc.edu. al., 1997; Schroeder et al., 1994). Given this fact, it is
© 2001 by the Biophysical Society important to determine whether such mixtures form visible,
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and, if so, to measure the properties of such domains. SudPreparation of planar supported
data would form a baseline from which the properties ofphospholipid layers
natural membrane raft domains could be compared. N . .
Planar supported lipid layers constitute one model SySterﬁhOSphOled bilayers were prepare_d_by successive transfer of two lipid
onolayers spread on the water-air interface of a Langmuir trough (32

that has the important advantage that bilayers may be conyyne/cm) onto a glass coverslip as previously described (Merkel et al.,
structed from two monolayers of different composition; 1989; Pisarchick and Thompson, 1990; Tamm and McConnell, 1985;
thus, the inherent asymmetry of biological membranes ma right et al., 1988). Alternatively, instead of depositing the first phospho-
be mimicked. Despite the presence of the support such |ipi ipid monolayer, the surface of the glass was silanized (Merkel et al., 1989;

. L S scharner and McConnell, 1981). For this procedure coverslips were
Iaygrs retain C”tlcal,featur_es _SUCh as the gel-to-liquid CryS'exposed for 5 min to an argon ion plasma and then placed in a desiccator
talline phase transition (Dietrich et al., 1997; Merkel et al.,containing argon and a small dish of 0.5 ml of dimethyldichlorsilane
1989; Tamm and McConnell, 1985). Giant unilamellar ves-(Sigma). A partial vacuum was applied to the desiccator for 1min. After 20
icles (GUVS) are a second model system that provides a fregin the dgsiccator was again filled With argon: The si'lanized coverslips
standing bilayer, without potential substrate effects. In sucf{e'® held in a glass beaker covered with aluminum foil for up to 5 days.

. . . efore use, silanized coverslips were placed under a partial vacuum for at

systems, domain structures occurring durlng phase trans||éast 15 min.
tions and phase separations can be visualized (Bagatolli and

Gratton, 1999, 2000; Korlach et al., 1999).
Preparation of GUVs

GUVs were prepared by the electroformation method developed by An-

MATERIALS AND METHODS gelova and Dimitrov (Angelova et al., 1992; Angelova and Dimitrov, 1986)
. in a special temperature-controlled chamber, as previously described
Commercial reagents (Bagatolli and Gratton, 1999, 2000).

The LAURDAN labeling procedure was done in one of two ways.

Either the fluorescent probe was premixed with the lipids in chloroform or
a small amount (less thanl) of LAURDAN in dimethylsulfoxide was

dded after the vesicle formation (0.5 mol %). The sample behavior during
he temperature scan was independent of the labeling procedure. The GUV
yield was approximately 95% and the mean diameter of the GUVs was
~40 um. To check the lamellarity of the giant vesicles several vesicles
labeled with LAURDAN were imaged using the two-photon excitation

mg/ml _for the preparation of GUVs. The ﬂuorescent “_p'd probes 1,2- microscope. Intensities measured along the border of different vesicles in
dipalmitoyl-srrglycero-3-phosphoethanolamine-fluorescein  (FL-DPPE), liquid crystalline phase were very similar. Because the existence of

1,2-dipalmitoylsn-glycero-3-phosphoethanolamine-x-Texas Red (TR- multilamellar vesicles would give rise to different intensity images due to

DPPE), and 6-dodecanoyl-2-dimethylaminonaphthalene (LAURDAN)_the presence of different numbers of LAURDAN-labeled lipid bilayers, it

were obtained from Molecular Probes (Eugene, OR) whereas 1,2-dipalmiz, 14 pe concluded that the vesicles were unilamellar (Bagatolli and

toyl-sn-glycero-3-phosphethanolamineN-(7-nitro-2-1,3-benzoxadiaxol- Gratton, 1999, 2000; Bagatolli et al., 2000; Mathivet et al., 1996).
4-yl) (NBD-DPPE) was purchased from Avanti Polar Lipids; the probes

were added to model membranes at a concentration of less than 1 mol %

(see text). Fluorescein-conjugated cholera toxin B subunit (FL-CTB) was

obtained from Sigma Chemical Co. (St. Louis, MO). Phosphate buffelmaging planar supported bilayers
saline (PBS) was prepared from 50 mM sodium phosphate, 150 mM NacCl
and 0.01% NaRl A purification system provided water with a specific
resistance of 17.5 K1 cm.

Egg phosphatidylcholine (egg-PC), 1,2-dipalmitsplglycero-3-phospho-
choline (DPPC), 1,2-dioleoydnglycero-3-phosphocholine (DOPC),
1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine  (POPC), cholesterol,
brain sphingomyelin, and ovine ganglioside GM1 (GM1) were purchase
from Avanti Polar Lipids (Birmingham, AL). Lipid samples were dissolved
in chloroform (HPLC grade) at a concentration of 1 mg/ml for the prepa-
ration of planar supported lipid layers and at a concentration-0f2

Epifluorescence imaging of the planar supported lipid layers was done with
an inverted microscope (Axiovert 10 with 1801.30 Plan-NeoFluar,
Zeiss, Homldale, NJ) equipped with a CCD camera (MicroMax, X882

chip, Princeton Instruments, Trenton, NJ). All micrographs shown are
12-bit digitized images with 0.08:m pixel resolution.

Lipid extraction from brush border membranes

Brush border membranes (BBMs) from the renal cortical tissue of adUItSingle particle tracking

Sprague Dawley rats were isolated and purified by the differential centrif-

ugation and magnesium precipitation gradient method (Levi et al., 1987Single particle tracking (SPT) was conducted by binding 40-nm colloidal
Molitoris and Simn, 1985). Total lipids were extracted from BBMs by the gold (BB International, Cardiff, UK) specifically to FL-DPPE embedded in
method of Bligh and Dyer (Bligh and Dyer, 1959; Levi et al., 1987). To planar supported monolayers. Control experiments revealed less than 5%
remove cholesterol, BBM total lipid extracts were fractionated using silicic nonspecific binding. Gold was imaged by means of computer-enhanced
acid columns (Superclean LC-Si SPE tubes, Supelco, Bellefonte, PAyideo microscopy described elsewhere (Lee et al., 1991). Video frames
washed with 2 ml of chloroform/methanol (1:1, v/v). Lipid extracts in 50 were recorded in video rate (30 frames/s) on the hard disk of a computer
wul of chloroform/methanol (1:1) were loaded on the column. Cholesterol(O2, Silicon Graphics, Mountain View, CA) and were analyzed by the
was eluted from the column with 5 ml of chloroform and discarded. commercial software package ISEE (Inovision Corp., Durham, NC), which
Glycolipids were eluted with 20 ml of acetone. Phospholipids were eluteddentifies relative changes of gold particle positions with an accuracy of a
with 5 ml of methanol. The acetone and methanol fractions were combinedew nanometers=8 nm). The diffusion coefficienD was obtained by
and dried under nitrogen. Gas chromatographic analysis of cholesteralalculating the squared displacement (SDdx2 + dy?) of the particle
(Levi et al., 1985) revealed that95% of the original cholesterol was positions &, y) for different time intervalsdt. According to(SD) = 4D X
removed by this method. dt for a randomly diffusing particle in two dimensions, we obtaizdy

Biophysical Journal 80(3) 1417-1428



Lipid Rafts in Model Membranes 1419

fitting a line to the measured mean squared displacem{&ms for time RESULTS AND DISCUSSION
intervalsdt corresponding to one (33-ms) to three (100-ms) video frames.

Fig. 1 shows, schematically, the model membrane systems
employed in this study. Planar supported phospholipid
monolayers and bilayers are shown in Fig.aland b,
GUVs were imaged and measured using a scanning two-photon excitatiofespectively. In Fig. I, the distal lipid monolayer (bright
microscope developed in the Laboratory for Fluorescence Dynamicstipid heads) is supported on a silanized glass substrate. In
(Parasassi et al., 1991; So et al., 1996) and employing an X20 LDfjg 1 b, the layer proximate to the glass substrate (dark
Achropla_n (Q.4 NA) Iong-wor_klng-dlstar_lce objecyve (Zeiss). To changeheads) is a phospholipid monolayer of a composition that
the polarization of the laser light from linear to circular, a quarter wave- - .
plate (CVI Laser Corp., Albuquerque, NM) was used. The fluorescencec@n be the same or different from that of the distal phos-
emission was observed through a broad band-pass filter from 350 to 60pholipid monolayer. As indicated, fluorescent lipid probes
nm (BG39 filter, Chroma Technology, Brattleboro, VT). A miniature \were added only to the lipid mixture forming the distal

photomultiplier (R5600-P, Hamamatsu, Bridgewater, NJ) was used for . . . . . .
light detection in the photon-counting mode. The diameters of the vesiclegnon()layer' A GUV is depicted in Fig. & (right) with the

were measured using size-calibrated fluorescent spheres as a standé:tlcﬁ)se'Up i_IIustratir?g the position of I_-AUR_DAN within the
(latex FluoSpheres, polystyrene, blue fluorescent 360/415, diameter 15#eestanding, undisturbed phospholipid bilayer. GUVs pre-
um, Molecular Probes). The pixel size in these experiments wasih62  pared by electroformation are typically tens of microns in
diameter.

Fig. 2 a shows the molecular structure of the various
fluorescent lipid analogs employed. LAURDAN is known
To quantify LAURDAN emission spectrum cha_mges, the excitation gen-tg pbe embedded in the hydrophobic region ofa phOSphOlipid
erallz_ed _polarlz.atlon (GP) was used, defined in analogy to fluorescenc%”{j‘yer partitioning equally between liquid crystalline and
polarization, as: . )

gel phases (Bagatolli and Gratton, 1999, 2000; Parasassi et

s lg al., 1990). The emission spectrum is sensitive to the degree
g+ IR of alignment of acyl chains within the bilayers, and there-
fore this probe can be used to identify lipid phases. The

wherelg and |z correspond to the intensities at the blue and red edgesthree fluorescent phOSphOlipid analogs employed in the
respectively, of the emission spectrum using a given excitation wavelength

(Parasassi et al., 1990, 1991). The LAURDAN GP for the GUV imagesPl@nar supported phospholipid layer experiments were se-
was computed on a pixel by pixel basis using two LAURDAN fluorescencelected to visualize coexistence of lipid phases on the basis of
images, one obtained in the blug)and the other obtained in the green different probe partitioning into ordered or disordered re-

(Ig) regions of the LAURDAN emission spectrum (Bagatolli and Gratton, gions. To illustrate the differential partitioning of the three

1999, 2000; Parasassi et al., 1997; Yu et al., 1996). To obtain these image b | | into ordered ael domains. we emploved
two additional optical band-pass filters centered at (4483) nm () and probe molecules in 9 o ins, w ploy
at (499+ 23) nm () (Ealing Electro-Optics, Holliston, MA) were used DPPC monolayers on the water-air interface as a well

sequentially in the emission path of the microscope. studied model system (McConnell, 1991 Meald, 1990).

Imaging GUVs

Generalized polarization

GP

GUV
distal monolayer
silane coating ™ @50]1111

b)

%) distal monolayer :
ﬁ proximate monolayer ¢ LAURDAN
~————~ " —

e A ik
3 ol ot
n IHg\QSS:\ . S

s Ay

/T Fluorescent lipid analog

FIGURE 1 Schematic diagram of model membrane systems empl@yaddb) Phospholipid monolayers with added fluorescent lipid analogs deposited
onto silanized glassaj or another lipid monolayer that is supported by the glass substipté) Giant unilamellar vesicle (GUV)t¢p) with magnified
section botton) showing bilayer and embedded LAURDAN probes.
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TR-DPPE FL-DPPE NBD-DPPE GM1 @ LAURDAN

FIGURE 2 @) Chemical structures of the various fluorescent lipid analogs employed and the glycosphingolipid,iGiidic) Micrographs showing
fluorescence of distal DPPC monolayer (with 0.5 mol % TR-DPPE and 1 mol % GM1) observed in rhodamine dbjaamnelf{uorescein channet)(

The distal DPPC monolayer was deposited in the coexistence region for liquid and gel phases at 8 dyne/cm and 24°C from the water-air interface, to a
proximal DPPC monolayer that was transferred previously to a glass coverslip at 32 dyne/cm. To stain GM1, the sample was incubated with FL-CTB (1
ng/ml in PBS) for 10 min. Bar, 2Qum.

At room temperature and a lateral pressure of a few dyneshains. The tendency for TR-DPPE and FL-DPPE to be
cm, DPPC forms gel-like domains with a very characteristicexcluded both from the ordered DPPC propeller phase (Fig.
propeller-like shape (Weis and McConnell, 1984) that co-2 b) and the domains (Fig. B) suggests that the latter are
exist with a surrounding fluid crystalline phase. Although more ordered.

TR-DPPE (Fig. 2b) and FL-DPPE (not shown) probes are Complete fluorescence recovery after photobleaching
largely excluded from the gel domains that appear dark(FRAP) conducted with NBD-DPPE and FL-DPPE was
NBD-DPPE (not shown) and GM1 (Fig. 2) partition  observed for both lipid phases, indicating that they were
significantly into the propeller-like domains, indicating an both fluid-like (data not shown). We applied single particle
affinity for more ordered phases. tracking (SPT), observing the movement of single gold
particles (& 40 nm) that were specifically attached to FL-
DPPE. Separately recorded fluorescence images allowed
identification of regions depleted or enriched with the flu-
Raft monolayers deposited on alkylated glass substratarescent lipid analog. We selected the particles that
show clear domain formation. If DOPC (not shown), POPCswitched during a recording between the two phases and
(not shown), DOPC/cholesterol (2/1) (not shown), POPCtherefore allowed us to directly compare the lipid probe
cholesterol (2:1) (Fig. &) and raft mixtures composed of mobility in the two phases for the same particle. An exam-
DOPC/cholesterol/sphingomyelin (1/1/1) (not shown) orple where the particle switched several times between the
POPC/cholesterol/sphingomyelin (2:1:1) (Fid)3are com-  two phases is shown in Fig. @ Separating and analyzing
pared, coexistence of two lipid phases is seen only in the rafsee Materials and Methods) the jump length statistics for
monolayers. Usually domains several microns in diameteall particles (five), we found that their diffusion coefficient
were observed, from which TR-DPPE (not shown) andwas reduced by a factor 6f2 when entering regions that
FL-DPPE (Fig. 3b) were largely excluded whereas NBD- preferentially excluded FL-DPPE. This small decrement in
DPPE (not shown) significantly partitioned into these do-lateral diffusion coefficient in one phase is consistent with

Supported lipid monolayers

Biophysical Journal 80(3) 1417-1428
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FIGURE 3 Fluorescence micrographs of phospholipid monolayers supported by silanized glass substrates at room temperature (see Materials and
Methods). & Non-raft mixture (POPC/cholesterol 2:1}) (Raft-mixture (POPC/cholesterol/sphingomyelin 2:1:1). Both contain 0.5 mol % FL-DRPE. (

left pane) DOPC/cholesterol/sphingomyelin 1:1:1) containing 0.5 mol % FL-DPPE and 1 mol % GM1 with overlaid trajectory of gold particle (& 40 nm)
as visualized by SPT (Saxton and Jacobson, 1997). Gold was functionalized to bind specifically to FL-DPPE lipid analogs that are enriched in the
liquid-disordered Ifl) lipid phase and appear bright in the fluorescence image while being depleted from the liquid-oloepdige (see text)Right

pane) Squared jump distance (SD) between successive video fraihes33 ms) for a trajectory. The fluorescence image permitted separation between
parts of the particle trajectory pertaining to the two different lipid phases. Trajectory analysis (see Materials and Methods) for this pdeitiyyie

1.1 X 10 8 cn?/s andD,, = 0.38 X 108 cnm?/s. (d ande) Double-stained POPC/cholesterol/sphingomyelin (2:1:1) phospholipid monolayer containing

1 mol % GM1 and 0.1 mol % TR-DPPE after a 10-min incubation with FL-CTB.§Iml in PBS) as observed in rhodamine chaniiland fluorescein

channel €). (—-h) DOPC/cholesterol/sphingomyelin (1:1:1) containing 1 mol % GM1 with 0.5 mol % FL-DPPE as observed in fluorescein channel, before
(f) and after ¢) a 30-min incubation with detergent solution (0.2% Triton X-100 in PBiS)hows sample after a post-extraction incubation with FL-CTB

(1 pg/ml in PBS for 10 min). With the exception af(5 um), all scale bars are 10m. All experiments were conducted at room temperature (24°C).

Biophysical Journal 80(3) 1417-1428
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earlier work showing that increasing cholesterol content indetergent treatment (Fig. §). In contrast, GM1 (stained
lipid mixtures causes reductions D of approximately with FL-CTB after detergent extraction) was still detected
twofold (Almeida et al., 1992; Ladha et al., 1996; Tanaka etin the more ordered domains (Fig.3, indicating these
al., 1999; Wu et al., 1977). These results suggest that thieegions were detergent resistant.
class of domains is in a second phase that is a cholesterol-
rich, liquid-ordered phase.
Glycosphingolipids are thought to be an important com- C
ponent of lipid rafts in cell membranes. To study the dis_Supported lipid bilayers
tribution of a prototypical glycosphingolipid, the ganglio- To provide a more realistic model of biological membranes,
side GM1 was added to the phospholipid mixtures at 1 mokgg-PC monolayers were first deposited on glass followed
%. Again, the formation of domains was observed only forby deposition of monolayers having the raft lipid composi-
raft monolayers; the presence of GM1 caused no noticeabligon. This system also exhibited clear micron-sized, oval
changes in either partitioning of the fluorescent lipid ana-domains, independent of addition of GM1 (1 mol %). TR-
logs or domain shape compared with GM1-free monolayersDPPE (Fig. 4a) was largely excluded from the domains,
To visualize the glycosphingolipids, samples were incu-FL-DPPE (Fig. 4b) was distributed nearly equally between
bated with FL-CTB, which binds specifically to GM1. Fig. the two phases whereas NBD-DPPE (Figc)dand GML1,
3 e shows that GML1 clearly resides in the more orderedafter labeling with FL-CTB (Fig. 4d), were found to be
domains, whereas TR-DPPE lies outside these regions (Fignriched in domains as judged by fluorescence intensities.
3d). By contrast, the distribution of 1 mol % GM1 in POPC The preparations shown in Fig. & and d, were double
or POPC/cholesterol was uniform as visualized by FL-CTBstained for TR-DPPE and FL-CTB, respectively. Interest-
staining (not shown). ingly, GM1 in the plasma membrane, when labeled with
Because lipid rafts are hypothesized to be detergent ré=L-CTB, is also found in an aggregated state (Stauffer and
sistant, the effect of detergent extraction (30 min of 0.2%Meyer, 1997).
Triton X-100 in PBS at room temperature) on the planar Both lipid phases contain mobile molecules because pho-
supported raft-lipid monolayers was studied. TR-DPPE (notobleaching a large area shows that recovery leads to re-
shown) and FL-DPPE (Fig. B, which both reside in the population of both phases, as shown for NBD-DPPE in Fig.
less ordered lipid phase, were readily extracted by thel e This effect can be seen because the oval domains are

FIGURE 4 Fluorescence micrographs of planar supported phospholipid bilayers made from POPC/cholesterol/sphingomyelin (2:1:1) with 1 mol % GM1
(distal to glass support) and egg PC (proximate to glass support). Only distal lipid layers contain fluorescent lipia) @ygsn¢l % TR-DPPE;H) 0.5

mol % FL-DPPE; ¢) 0.5 mol % NBD-DPPE; ) FL-CTB. Note that imagea andd were obtained from the same bilayer preparation, which was double
labeled with TR-DPPE and FL-CTB (for 10 min afg/ml in PBS). Bars, 1um. (€) Fluorescence from NBD-DPPE equilibrates between liquid-ordered

and liquid-disordered regionde(t) before photobleachingniiddle after 4 min of continuous photobleachingight) after 4 min of recovery. The circle

in the central panel indicates the size of the field stop during the bleaching period. To achieve a significant bleaching rate, neutral denaitydilter
illumination path of the HBO100 were removed during bleaching. Barw All images were recorded at room temperature (24°C).

Biophysical Journal 80(3) 1417-1428
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spatially stable and do not drift laterally in the outer mono-excitation light is linearly polarized, clear photoselection
layer, making it possible to observe fluorescence recovergffects occur dependent on the orientation of the LAUR-
within identified domains. It is plausible that the solid glassDAN transition dipole moments with respect to 1) the plane
support, which is not flat on the molecular scale, will causeof polarization and 2) the phase state of the bilayer (Baga-
epitaxial coupling that affects the overlaying lipid mole- tolli and Gratton, 1999, 2000; Parasassi et al., 1997). The
cules (see Fig. 1a andb). R&dler et al. (1995) interpreted first effect means that certain regions of a spherical bilayer
the roughness observed at the edge of a lipid bilayer spreadre preferentially excited. The second effect leads to in-
ing on a hydrophilic surface to be caused by substratereased excitation in a fluid bilayer, even for unfavorable
defects. These could be envisioned as extending glass pealslarization conditions, because of rotational freedom of the
that act as pinning centers for the fluid-fluid phase borderLAURDAN probe.
The mobility results indicate that molecules are translation- Domains on the order of 1Qm in dimension were seen
ally mobile in both phases, that there is an exchange oin polar sections of the raft lipid GUVs by scanning two-
molecules between the two fluid phases, and that the energyhoton fluorescence microscopy as the vesicles were cooled
barrier between these two types of regions is relatively lowthrough 25°C (Fig. 5). The formation of these domains was
not altered by addition of 1 mol % GM1, and domains were
not seen in GUVs formed from non-raft lipids. If the lipid
GUVs d ; ; . : .
omains were larger than the image pixel size and circularly
One possible artifact of planar supported monolayers angolarized excitation light was used, more and less ordered
bilayers is that the substrate may influence the structure dfpid domains in the top of the vesicle were differentiated
the layers. For this reason, the behavior of unsupportetiecause photoselection renders the more ordered domains
GUVs constructed from raft lipid mixtures was examined.less fluorescent and the less ordered domains more fluores-
Such bilayers were labeled with LAURDAN, a probe that iscent. Because the probe is located in both bilayers, raft
sensitive to the water content within the bilayer and thus tadlomains are co-localized in the outer and inner leaflets of
the ordering of acyl chains (Bagatolli and Gratton, 1999,GUVs and inter-bilayer coupling occurs at least in a free-
2000; Parasassi and Gratton, 1995; Parasassi et al., 1998).dtanding bilayer composed of raft lipids. This phenomenon
particular, the emission of LAURDAN can be red-shifted by has been seen in earlier studies for gel-like domains present
as much as 50 nm in the liquid-disordered phase relative t;m GUVs of binary phospholipid mixtures (Bagatolli and
the gel phase due to solvent dipole relaxation during the&sratton, 2000; Korlach et al., 1999). The domains could be
excited-state lifetime of the probe. Furthermore, when theeversibly formed and disrupted by repeated cooling and

intensity min

FIGURE 5 Two-photon excitation fluorescence intensity images (false color representation) of LAURDAN-labeled GUV as a function of temperature
formed from DOPC/cholesterol/sphingomyelin (1:1:1) with 1 mol % GM1 added. The images have been taken at the top part of the GUV. The lower right
panel shows an equatorial section demonstrating the absence of internal vesicles. jgar, 50

Biophysical Journal 80(3) 1417-1428
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heating (data not shown). The lower right panel shows a
equatorial section at 22.8°C and indicates the absence (
internal vesicles that could complicate interpretation of the
results.
Several lines of evidence indicate the coexistence of twd
fluid phases. First, the perfectly round shape of domaing
found in GUVs indicates that they are in a fluid-phase state
When fluid domains are embedded in a fluid environment,
circular domains will form because both phases are isotro
pic and the line energy (tension), which is associated wit
the rim of two demixing phases, is minimized by optimizing
the area-to-perimeter ratio. Second, inspection of two im
ages separated by 1 min shows that dark domains (blac
arrows) and bright domains (white arrows) moved relative
to each other, indicating that the two phases in which the
were embedded were fluid (Fig. @&, and b). Additional
evidence for the coexistence of two phases is given in Fig ‘
6, c andd. In addition to the photoselection effect, the less v
ordered domains have a red-shifted emission compared wit .
the more ordered domains. Thus, when the emission wa
viewed selectively with a longer-wavelength interference
filter centered at 490 nm (Fig.®, the less ordered domains
appeared much more intense than when viewed with 3
shorter-wavelength filter centered at 440 nm (Fid) 8\ote
that in polar sections of GUVs the transition dipole of
LAURDAN in the ordered phase is oriented perpendicular
to the polarization of the incident laser light, and therefore P i
LAURDAN in this phase does not appreciably contribute to
the fluorescence signal. Finally, because LAURDAN is f
homogeneously distributed between solid and fluid phos
pholipid phases (Bagatolli and Gratton, 1999, 2000;
Parasassi and Gratton, 1995; Parasassi et al., 1998), t
generalized polarization (GP) recorded from equatorial sec|
tions of the GUVs, where all LAURDAN may be excited,
can be used to discriminate between more ordered (hig
GP) and less ordered (low GP) domains as shown in Fig.
e. The GP histogram (Fig. § must be fitted with a bimodal
distribution, because fluorescence images indicate the ca
existence qf two phase_s with dlﬁer?nt -GP_vaIues. Note thaIt:IGURE 6 @ andb) Two-photon excitation fluorescence intensity im-
the values in the two bimodal GP distributions fall bEtweenages (false color representation) of LAURDAN-labeled GUVs at 16°C
the GP values for gel-phase DPPC and liquid-crystallinetaken 1 min apart. GUVs were formed from DOPC/cholesterol/sphingo-

phase DPPC (Fig. §, suggesting the coexistence of a moremyelin (1:1:1) with 1 mol % GM1 added. The images have been taken at

ordered and less ordered fluid phase. the top part of the GUV. and d) Two-photon excitation LAURDAN
intensity images at 24.6°C taken at the top of a single GUV composed of

DOPC/cholesterol/sphingomyelin (1:1:1) with 1 mol % GM&) Image
with 490 = 23 nm interference filter in placed) Image with 440+ 23 nm
interference filter in placeglandf) GP image of equatorial section of GUV

The composition of the raft lipids is believed to be a goodcomposed of raft mixture and corresponding GP histogfmvpich is fit
approximation to that found in detergent-resistant mem/io bimpdal distribution. For reference, GP histograr.ns'with singl.e-compo-
branes (_Schroeder etal., ;994). To check this assumption,EEL;'?S&:&ZSS I g?;iebzzcﬁﬁ({ed) and pure fiquid crystaline DPPC
was of interest to examine GUVs formed from natural

membrane lipid extracts. The brush border of the proximal

renal tubule is rich in sphingomyelin and glycosphingolip- Indeed, GUVs formed from such lipids also showed round
ids and has a very high cholesterol-to-phosphate-containindomains (Fig. 7a) of large dimension. Moreover, these
lipid ratio (0.85) (Levi et al., 1987). Therefore, this mem- domains formed upon cooling to 45°C, indicating a remark-
brane might be expected to be a rich source of putative raft@able stability. However, in contrast to GUVs formed from
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FIGURE 7 Two-photon fluorescence images of polar sectiarenic)

and GP images of equatorial sectiofsand d) of LAURDAN-labeled
GUV formed from extracted brush border membrane lipids with choles-
terol presentd andb) at 28°C or with cholesterol extracted &ndd) at
15°C (see Materials and Methods). Bars,68. (e andf) Planar supported
BBM monolayer with 0.2 mol % TR-DPPE and 1 mol % GML1 after
incubation with FL-CTB (1ug/ml in PBS for 15 min) as observed in
rhodamine channeg) and fluorescein channd)(Bar for planar supported
lipid layer is 10 um.

raft lipid mixtures, the domains in GUVs formed from the
natural lipid extracts showed no detectable LAURDAN

1425

If cholesterol was removed>95%) from the BBM lipid
extracts, domain formation in GUV was inhibited until
cooling to 24°C when domains start to form. Their shape
was highly irregular (Fig. %, arrows) similar to gel do-
mains observed in the fluid-gel coexistence region of binary
phospholipid mixtures (Bagatolli and Gratton, 1999, 2000;
Korlach et al., 1999); this result suggests that a sphingomy-
elin-enriched gel-like phase occurs in the absence of cho-
lesterol. GP images of equatorial sections of vesicles
showed different color segments along the vesicle contour
(Fig. 7 d), indicating that LAURDAN was present in both
lipid phases, similar to that observed for gel-fluid coexist-
ence in other model systems (Bagatolli and Gratton, 1999,
2000). This observation was confirmed by the GP histo-
grams, which were well fitted only when assuming a two-
component distribution (double Gaussian fit, data not
shown). Above 24°C vesicles appeared homogeneous in
two-photon fluorescence and the GP histograms were well
fit by a single-component distribution (single Gaussian fit).

BBM lipids also formed domains in planar supported
monolayers deposited on silanated glass substrates. TR-
DPPE was excluded from these domains (Fig).7Signif-
icant staining of these domains with FL-CTB occurred only
when GM1 (1 mol %) was added to the BBM lipids (Fig. 7
f). This indicates that the added GM1 partitions into the
more ordered phase. The results with BBM lipids demon-
strate that formation of fluid-phase coexistence is not re-
stricted to synthetic mixtures, containing only few lipid
species, but may exist in a natural multi-component lipid
mixture. It is important to note that this natural lipid mixture
was not defined by its detergent insolubility.

Domain formation in model membranes

In GUVs, domain formation and growth were clearly con-
trolled by temperature. For planar supported phospholipid
layers, however, the final equilibrium was established
within a few seconds after the first layer was pushed
through the second monolayer at the air/water interface.
Consequently, for these layers the size and shape of do-
mains varied considerably. Even for GUVs, we found sig-
nificant variations in domain patterns between different
experiments (see Figs. 5 and 6). This indicates that the
growth, shape, and size of domains depends critically on

emission in either polar or equatorial sections. This resulexperimental parameters that are difficult to control, such as

implies either that the LAURDAN probe is excluded from

impurities, exact lipid compositions, and the specific path

the domains or that the fluorescence is nearly completeland speed taken to equilibrium. In planar supported model
quenched in these domains. Consequently the GP imag@sembranes, domains were usually formed by the liquid-

recorded in the equatorial sections of GUVs (Fighb)/
appear single colored, and the GP histograms were well fi
with single-component distributions (single Gaussian fit,

ordered phases, as judged by probe partitioning and GM1
ienrichment (Figs. 3 and 4). However, in nearly every prep-
aration, regions were present with a reversed contrast where

data not shown) reflecting the loss of emission from onedomains were formed by the liquid-disordered phase.

class of domains. The perfectly round shape of the domain
(arrow in Fig. 7a) was a good indication that they were
formed from a fluid-like phase as discussed above.

Sometimes domains were enclosed in domains, which
themselves were embedded in the coexisting phase, very
much as shown in Fig. & andb, for a GUV. In contrast to
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planar supported lipid layers, lowering the temperature inl998; Harder and Simons, 1997; Sheets et al., 1999). The
GUVs induced in most samples the formation of liquid- relative partitioning of probe molecules into the DPPC
disordered domains as judged by the measured GP valugsopeller (Fig. 2b andc) and raft domains (Fig. 4-d) is
These observations suggest that, for the lipid mixtures insimilar. Because acyl chain alignment/order is high for these
vestigated, the phase coexistence region is entered neartwso phases, this finding is in line with the interpretation that
critical point, where the two forming lipid phases differ little the tendency for a probe molecule to partition into these
in their composition. Overall the experiments establish thaphases is driven by the preference to be within an ordered
the coexistence of two fluid liquid-crystalline phases in aacyl-chain environment. However, it is striking that changes
lipid bilayer may not be limited to the formation of highly in the headgroup of various lipid analogs employed with
unstable and dynamic domains comprising only severaidentical acyl chain structure produced dramatic differences
hundreds of molecules, but rather this coexistence can conR partitioning between coexisting liquid-ordered and lig-
sist of macroscopic domains, very similar to those observedid-disordered phases. This result can be explained by the
in the coexistence of gel and liquid-crystalline phasedact that at the head attached dyes can significantly interact
(Bagatolli and Gratton, 2000; Korlach et al., 1999). with the hydrophobic or interfacial region of the lipid/water
interface (Asuncion-Punzalan et al., 1998) affecting the
organization of acyl chains. These results suggest the struc-
Cellular implications ture of the juxtamembrane region of membrane components
could affect how raft domains are populated by selected

_ _ . - molecular species.
Domain formation, size, and shape depended critically on

yarious exp'erimental copditionfs in model systems but typ-,-ransb”ayer coupling

ically domains grew to dimensions 3m or more for the

lipid mixtures employed. In biomembranes, clearly there aréSome insights into the issue of transbilayer coupling and its
factors that limit the size of rafts to considerably smallerpotential role in transmembrane signal transduction may be
dimensions than can occur in the model membranes (fogarnered from this StUdy. In GUVs, raft domains in either
review see Jacobson and Dietrich, 1999). There are physicglonolayer are in register, suggesting that under certain
and bi0|ogica| arguments Why domains should be mucH}OﬂditiOﬂS, raft domains in the outer monolayer of the
smaller in biological membranes. To have very large raftflasma membrane have the potential to aggregate selected
would seem to negate the effectiveness of rafts as a didipids in the inner monolayer; this feature could provide a
persed, regulatory structure. In natural membranes, nuclénechanism for how raft receptors in the outer monolayer
ation and/or fusion processes could be under cellular cordre coupled to cytoplasmic components of signal transduc-
trol. Specifically, it is likely that the membrane-associatedtion pathways, a question that has eluded simple answers
cytoskeleton would play a major role both in regulating raft(Brown and London, 1998).

size (Jacobson and Dietrich, 1999) and in laterally position-

ing rafts. There is a remarkably large proportion of lipids Conclusion

present with the potential to form rafts in the plasma mem- . L .
brane so that detergent-resistant domains cover a Iargr%\lera”’ the properties of doma'msm various modgl SyStemS
fraction of the cell surface (Mayor and Maxfield, 1995). eproduce many of the properties expected for lipid rafts in

This suggests that more subtle regulatory factors are ir]\_/ivo including the coexistence of liquid-ordered and liquid-

volved in providing much smaller domains with appropriated'sordered phases and the ability of the more ordered phase

functionality. It is plausible that the physiological condi- :?agggﬁe_?ggi ?;ﬁ?tssplzrc?zltlr%gs ;Td :)ertSIts(;)t tﬂgtﬁ;%i?]t tﬁ);
tions found in cells provide an environment that keeps the ' . g supp .
much smaller lipid rafts, whose size is regulated by various

membrane malrix close to a coexistence region, aIIOWin%iolo ical factors, could exist in biomembranes driven b
domain formation and growth to be triggered by small 9 ' N . . y
the tendency of certain lipids to strongly interact in the

changes in lipid composition or by delivering molecules that lane of the membrane
act as nucleation centers for raft formation (Brown and” '
London, 1998).

Domain size in natural membranes
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