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ABSTRACT. Despite recognition that the plasma membrane (PM) is comprised of lipid raft domains that
are key organizing sites of multiple signaling pathways and other cell functions, limited information is
available regarding the structure and function in sterol dynamics of these microdomains. To begin to
resolve these issues, MDCK membranes were subfractionated by three different techniques to produce (i)
detergent-resistant membranes (DRM) and detergent-soluble membranes (DSM), (ii) nondetergent caveolae/
rafts (NDCR), and (iii) nondetergent, affinity-purified caveolae/rafts (ACR) and noncaveolae/nonrafts
(NR). ACR exhibited the least cross contamination with other PM domains or intracellular membranes,
in marked contrast to DRM that contained the highest level of cross contaminants. Spectral properties of
dehydroergosterol (DHE), a naturally occurring fluorescent sterol, showed that ACR, NDCR, and NR did
not contain crystalline sterol, consistent with the lack of crystalline sterol in PM of intact cells. In contrast,
DRM contained significant levels of crystalline sterol. Fluorescence polarization of membrane probes
showed that ACR were the least fluid and had the highest transbilayer fluidity gradient, the most liquid
ordered phase, and the sterol dynamics most responsive to sterol carrier protein-2 (SCP-2). In contrast,
DRM had structural properties similar to those of NR, anomalous (very fast) spontaneous sterol dynamics,
and sterol dynamics that were unresponsive to SCP-2. Differences between the structural and functional
properties of DRM and those of the nondetergent preparations (ACR and NDCR) were not due to the
presence of detergent. A nondetergent, affinity-purified (ACR) lipid domain fraction isolated from MDCK
cells for the first time revealed unique structural (noncrystalline sterol, liquid-ordered, high transbilayer
fluidity gradient) and functional (cholesterol dynamics) properties of lipid rafts as compared to nonrafts
(NR). In summary, this study showed membrane microdomains (rafts/caveolae) isolated by three different
methodologies have unique structural, functional, and organizational characteristics.

A growing body of evidence indicates that cholesterol- techniques using tagged proteins or lipids have been utilized
rich domains/lipid rafts provide a nexus for organizing not to visualize lipid rafts enriched in the respective markers
only reverse cholesterol transpor, (2) but also many (reviewed in ref3), yet these studies have failed to directly
physiological processes at the plasma membrane {PM), visualize sterol in the PM. Recent studies utilizing real-time
including receptoreffector coupling, signaling, immune  multiphoton imaging and pattern distribution analyses of
function, transcytosis, and cell recognition (reviewed in ref dehydroergosterol (DHE) for the first time detect the
3). Cholesterol-rich lipid rafts/caveolae also serve as entry existence of sterol-rich and -poor domains/rafts in the PM
portals for microorganisms, including bacteria (and associatedof living cells @, 5). Although it is known that DHE is not
toxins such as cholera toxin, Shiga toxin, and Shiga-like identical to cholesterol, DHE is a naturally occurring
toxin), viruses (for example, Ebola, Marburg, Echovirus, and fluorescent sterol (yeast and Red Sea sponge), readily
HIV), and parasites (malaria) (reviewed in &t replacing endogenous sterol in cultured cells and exhibiting

Despite the putative importance of cholesterol-rich domains/ structural as well as functional properties closely resembling
lipid rafts in cellular function, their existence in the PM of

1 Abbreviations: ACR, nondetergent, affinity-purified caveolae/rafts;

living cells has only recently been addressed. A variety of
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those of cholesterol (reviewed in refsand6—16). Thus, it (Westbury, NY). Lipid-soluble fluorophores, including 1,6-
would appear that cholesterol-rich rafts do exist in living diphenyl-1,3,5-hexatriene (DPH), 1,6-diphenyl-1,3,5-hexa-
cells and are not just an artifact induced by subcellular trienyltrimethylammonium (DPH-TMA), 3-(1,6-diphenyl-
fractionation protocols or nonphysiological probe molecules. 1,3,5-hexatrienyl)propionic acid (DPH-Pro)Z(®1E,13E,157)-

Elucidation of the biochemical and structural character- Octatetradecanoic acidi¢-parinaric acid), (&,11E,13,15F)-
istics of cholesterol-rich lipid rafts also has been difficult. OCtatetradecanoic acittgns-parinaric acid), 12§-methyl)-
To date, the majority of biochemical characterizations have N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)Jamino]octadecanoic acid
been performed on detergent-resistant membrane (DRM)-(NBD-stearic acid), 1,13,3,3,3-hexamethylindodicarbo-
enriched fractions, and concerns about whether DRM equatecyanine iodide (DH), and 1,1-dioctadecyl-3,3,33 -tetram-
with lipid rafts as well as whether such domains reflect the €thylindocarbocyanine perchlorate ([gjiwere obtained from
biological nature of intact cells remain (reviewed in réfs- Molecular Probes (Eugene, OR). All solutions in which water
19). Fluorescence probes indicate that the physical state ofwas used contained milliQ/deionized water.
lipids in DRM isolated from model membranes is in aliquid ~ Mouse anti-sheep sodium/potassium-ATPassubunit
ordered state, intermediate between the liquid crystalline andwas obtained from Affinity BioReagents, Inc. (Golden, CO).
gel states (reviewed in re8s-5). Likewise, fluorescence and ~ Rabbit anti-canine calnexin peptide (amino acids-5383)
electron spin resonance techniques show that the lipids ofwas purchased from Stressgen Biotechnologies (Victoria,
DRM isolated from cultured cells are also in a liquid ordered BC). Mouse anti-flotillin-1 peptide (amino acids 31228)
state 0). Although the liquid ordered state is not due to Was from BD Transduction Laboratories (Lexington, KY).
the presence of detergents within the DRM, detergent Both goat anti-rabbit IgG*HRP and goat anti-mouse IgG*HRP
extraction itself may induce the formation of the liquid antisera were obtained from Southern Biotechnologies As-
ordered state (reviewed in refs7 and 18). Despite the sociates, Inc. (Birmingham, AL). Rabbit anti-human caveo-
limitations of DRM, however, this approach has focused lin-1 peptide (amino acids-231) antibodies were raised in
attention on and significantly contributed to our understand- rabbits against a 29-amino acid peptide, deduced from the
ing of lipid rafts, as evidenced by the appearance of a greathuman caveolin-1 sequence, cross-linked to KLH with
number of publications using this technique over the past glutaraldehyde.
decade. Simultaneous with the development of DRM was Dehydroergosterol Synthesisithough dehydroergosterol
the work of other investigators who focused on techniques (DHE) occurs naturally in yeast and Red Sea sponge, DHE
avoiding the use of detergents (reviewed in @fsnd21), utilized herein was chemically synthesized from ergosterol
yet very little is known regarding the structural or functional (>99% pure) by a method developed in our laborateky (
properties of these preparations. To date, only a single report24). This method yielded DHE with a high degree of purity
has examined the physical structure of lipids in lipid rafts (>99%), as ascertained by high-performance liquid chro-
isolated without the use of detergen®?) The latter study ~ matography 22, 25).
showed that lipid rafts isolated from L-cell fibroblasts using ~ Cell Culture Madin Darby canine kidney (MDCK,
a classical nondetergent meth@i) are in a liquid ordered ~ American Type Culture Collection) cells were grown in high-
state. While the physiological significance of these observa- glucose (4.5 g/L) Dulbecco’'s Modification of Eagle’s
tions to intact cells is not completely clear, a recent study medium (D-MEM) (Cellgrow/Mediatech, Herndon, VA)
using two-photon microscopy of a synthetic fluorescent supplemented with the following: 2 mMglutamine (Bio-
molecule (Laurdan) revealed microscopically visible liquid Whittaker/Canbrex, East Rutherford, NJ), 1 mM sodium
ordered lipid domains in macrophages and fibroblasts in pyruvate (BioWhittaker/Canbrex), 0.1 mM nonessential
culture @3). The size of the liquid ordered domains (383 ~ amino acids (Cellgrow/Mediatech), 100 units/L penicillin,
800 nm) detected in the PM of living cells is in the same 100ug/L streptomycin, and 0.256g/L Fungizone (BioWhit-
range as the size of sterol-rich domains imaged by three-taker/Cambrex), 43.9 mM sodium bicarbonate (Gibco/
photon microscopy of DHES). Invitrogen, Carlsbad, CA), and 5% fetal bovine serum and

Despite reports that cholesterol-rich domains have impor- 9% Serum Supreme (BioWhittaker/Cambrex). Cell stocks,
tant functions in reverse cholesterol transport (reviewed in Maintained in 175 cfiflasks (Sarstedt, Newton, NC), were
refs2—4), little is known regarding the structure, cholesterol €XPanded into 500 chitrays and grown to 85% confluence
dynamics, and cholesterol responsiveness to intracellular’®’ mémbrane isolations. ,
cholesterol binding proteins (e.g., sterol carrier protein-2). _Cell Culture for Bioincorporation of Fluorescent Sterol
To begin to address these questions, MDCK cells were used(PHE). For measurement of fluorescent sterol dynamics in
to isolate four types of lipid domain fractions: DRM obtained Purified membrane fractions (see below), MDCK cells were
with Triton X-100, nondetergent caveolae/rafts (NDCR), cultured with eqt_uvalent amour_lts of DHI_Eto produce donor
nondetergent affinity-purified caveolae/rafts (ACR), and membrane fractions, as described previously for other cell

noncaveolae/nonrafts (NR). lines @, 10, 26). Since DHE supplementation does not alter
the sterol content of the membrane fractio@, 26), this
MATERIALS AND METHODS ensured that the exchange assay determined sterol exchange,
rather than net transfer down a concentration gradient.
Materials and Marker AntibodiesCholesterol £ 99% Briefly, to prepare fluorescent sterol-containing donor mem-

pure) and ergosterol>99% pure) were purchased from brane fractions for sterol exchange assays, the MDCK cells
Steraloids (Wilmington, NH). EDTA, Tris base, sucrose, were cultured as described above for 72 h, the medium was
phosphate-buffered saline (PBS), PMS-F, and Percoll wereremoved, and the cells were washed with PBS, followed by
obtained from Sigma Chemical (St. Louis, MO). Optiprep the addition of serum-free medium containing DHE (2{)

was purchased from Accurate Chemical Scientific Corp. mL serum-free medium). DHE was freshly prepared as a
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concentrated stock solution in 95% ethanol containing 1 mol fuged at 84008 for 30 min at 4°C in a Beckman SW41Ti

% butylated hydroxytoluene (BHT) and stored-a80 °C.

rotor. The opaque protein band near the middle of the

DHE was then added to the serum-free culture medium (20 gradient (PM-enriched fraction) was removee2(mL total

ug/mL serum-free medium) so that the final concentration
of ethanol was<0.3%. Since cells rapidly metabolize ethanol
and cells were incubated with the DHE for 18 h, the low
level of ethanol €0.3%) initially added to the culture

volume) and sonicated on ice with six 30 s bursts at 30 s
intervals on ice with a cuphorn (Misonix, Inc.). The PM-
enriched fraction was diluted with 50% (weight per volume)
OptiPrep to a final concentration of 23% OptiPrep. A

medium had no effect on cell growth, membrane cholesterol continuous gradient of 10 and 20% OptiPrep (1:1, v/v) was

distribution, or membrane biochemical properties))(

layered onto the membrane fraction, and the procedure was

Acceptor membrane fractions were obtained similarly except continued exactly as described previousit)( Then, 0.2

that the MDCK cells were cultured in serum-free mainte-
nance medium without DHE. At the end of an 18 h culture,

the cells were subjected to subcellular fractionation tech-

niques described below.

uM PMS-F and 1uL/mL protease inhibitor cocktail set IlI
were added to the nondetergent caveolae/rafts (NDCR) before
storage at-80 °C in aliquots of 3.5ug protein quantities
for donors (i.e., containing DHE) and 38 quantities for

Isolation of Detergent-Resistant Membranes (DRM) and acceptors (lacking DHE).

Detergent-Soluble Membranes (DSM) from MDCK Cells
DRM and DSM were isolated from MDCK cells as previ-
ously described for other polarized cell lin&¥). Cultures
were washed twice in PBS, scraped twice with 2 mL (4 mL
final volume) of TNE buffer [20 mM Tris-HCI (pH 7.4),
150 mM NaCl, 1 mM EDTA, 0.2«M PMS-F, and 1% Triton

X-100], and passed 10 times through a 22-gauge needle. Th

resulting homogenate was incubated &C4for 30 min and
mixed with 2.5 M sucrose to a density of 40% as part of a
discontinuous sucrose density gradient (46985%— 5%).
After ultracentrifugation at 1800@0and 4°C for 18 h with
an SWA41Ti rotor and Optima LE-80k ultracentrifuge (Beck-
man Instruments, Fullerton, CA), DRM were recovered from
the 35%-5% interface. For Western blot analysis and the
sterol exchange assay, the DRM (35%% interface) and
Triton X-100 soluble material, termed DSM (40% gradient
layer), were further processed by ultracentrifugation (196000
for 1.5 h in a Beckman SW4L1Ti rotor) in Tris buffer (10
mM Tris and 1 mM EDTA) and suspended in PBS for
protein quantification (Pierce Micro BCA assay) or in PBS
containing 0.2uM PMS-F and 1uL/mL protease inhibitor
cocktalil set Il (Calbiochem) for storage &80 °C. The final
purified DRM and DSM were aliquoted in 3/g protein
aliquots for donors and 34y protein quantities for acceptors.
Isolation of Nondetergent Gaolae/Raft Domains (NDCR)
from Purified Plasma Membrane Vesicles Isolated from
MDCK Cells First described by Smart et al2k), this
procedure utilizes differential (Percoll) centrifugation to first
isolate purified PM, followed by subfractionation of the PM
vesicles on OptiPrep density gradients. The originally
reported method was modified by first culturing MDCK cells

Isolation of Concanaalin A Affinity-Purified Caeolae/
Raft Domains (ACR) and Nongaolae/Nonraft Domains
(NR) from Purified Plasma Membrane Vesicles Isolated from
MDCK Cells PM-derived affinity-purified caveolae/rafts
(ACR) and noncaveolae/nonrafts were isolated using a
modification of a previously established concanavalin A-
based affinity method1( 18, 25). All centrifugation steps
utilized a Beckman SWA41Ti rotor and Optima LE-80k
ultracentrifuge. PM was first isolated by sucrose gradient
centrifugation for the removal of intracellular contaminants,
followed by concanavalin A-based affinity chromatography
of PM vesicles to yield ACR and NR. Briefly, MDCK cells
cultured in 500 critrays with or without DHE were pelleted
as described above. The cells were suspended in 2 mL of
0.25 M sucrose, 1 mM EDTA, and 20 mM Tris base (pH
7.8) and homogenized by nitrogen gas cavitation (15 min at
40 psi), and the nuclei were removed by centrifugation as
described above. The resulting PNS was floated on a
discontinuous sucrose density gradient (0.5 mL at 55%, 1.5
mL at 40%, 1.5 mL at 35%, 1.5 mL at 32%, 1.5 mL at 29%,
1.5mL at 27%, 1.5 mL at 20%, and 0.5 mL at 8.3%; w/v in
Tris buffer) and centrifuged at 19209@and 4°C for 90 min.

The PM fractions at the 27%429% and 29% 32% interfaces
were sonicated on ice with theel s bursts at 10 s intervals
using a Misonix Sonicator 3000 with a cuphorn and then
added to a concanavalin#Sepharose 4B slurry (equivalent
to 25 mL of preswollen 4B material; 3016 mg of ConA/
mL of drained medium) in buffer A [0.14 M KCI, 0.01 M
HEPES, 1 mM MgCJ, and 1 mM MnC} (pH 7.8) with
KOH]. The sample slurry was mixed by lightly bubbling

with and without DHE as described above and isolated as hitrogen through the solution for 2 min, incubated for 10

follows. Four 500 cratrays of MDCK cells cultured with

the respective sterols were grown to a density of ap-

proximately 6 x 10" cells per tray £85% confluency),
washed twice with PBS, scraped twice with 4 mL (8 mL
final volume) of PBS containing 0.2M PMS-F, and
sedimented by ultracentrifugation at 1@0@nd room tem-

min at RT for binding, then transferred to a glass preparative
column, and allowed to settle for 15 min. The flow-through
was collected in 14 mL increments and centrifuged at
11100@ and 4°C for 14 h, and the resulting noncaveolae/
nonraft (NR) protein pellets were suspended in small volumes
of buffer A for protein quantification by BCA. After an

perature (RT) for 5 min in a model GR4.11 Jouan centrifuge additional wash with 25 mL of buffer A, 14 mL volumes of
(Jouan, SA, Cedex, France). The cells were suspended in 2uffer B (0.5 M methyl mannosidase in buffer A) were added

mL of ice-cold 0.25 M sucrose, 1 mM EDTA, and 20 mM

to the column and mixed with nitrogen bubbling for 10 min.

Tris-base (pH 7.8) and sonicated on ice with a cuphorn for Six volumes of buffer B were collected and centrifuged at

four 30 s bursts at 30 s intervals (Misonix 3000, Misonix
Inc., Farmingdale, NY) set to power level 3. The nuclei were
sedimented at 10@0and RT for 10 min. The resulting

11100@ and 4°C for 14 h, and the resulting ACR protein
pellets were suspended in small volumes of buffer A for
protein quantification or buffer A containing O PMS-F

postnuclear supernatant (PNS) was layered onto 30% Percoland 1uL/mL protease inhibitor cocktail set Il for storage
(Amersham Biosciences Corp., Piscataway, NJ) and centri-at —80 °C as described above.
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Western Blotting To Determine the Purity of Purified spectrofluorometer with photon-counting electronics (ISS
Membrane FractionsA series of Western blots were used Instruments, Inc., Champaign, IL) exactly as described
to detect the presence of specific markers for PM domains previously @2). Any residual light scatter contribution to
or intracellular organelles (e.g., endoplasmic reticulum). the polarization data with the membrane fractions was
Protein concentrations were calculated from a BSA standardcorrected by converting polarization to anisotropy according
curve of absorbance at 280 nm with a Cary100-tiNsible to the relationr = 2P/(3 — P) and subtracting the residual
spectrophotometer (Varian, Palo Alto, CA), and thend fluorescence anisotropy from all experimental data. To
(per lane) of total protein from each fraction was resolved prevent artifacts due to inner filter effects, the absorbance
by 12% SDS-PAGE and electroblotted onto nitrocellulose of sample solutions at the excitation wavelengths was kept
filters (GE Osmonics Inc., Minnetouka, MN). The filters below 0.15. While we recognize that polarization and
were blocked in 10% weight per volume nonfat dry milk in  anisotropy measurements are comprised of both static
PBS (10% blotto) fol h at RT andlotted with the primary  (limiting anisotropy) and dynamic (rotational rate) param-
antibody (2 Ab) in 2.5% blotto for 14 h at £C. Reactive eters, earlier studies from our laboratories showed that agents
bands were visualized by the addition of horseradish per- which fluidize membranes (ethanol and anesthetics) primarily
oxidase (HRP)-conjugated IgG and SuperSignal West Picoalter the static (i.e., limiting anisotropy), but not dynamic
chemiluminescent substrate (Pierce) followed by exposure (rotational), components of polarization and anisotropy
to Kodak X-OMAT film (28). measurement20, 30, 32—35). Since alterations in limiting

Incorporation of Fluorescent Probes for Measurement of anisotropy are a measure of the cone angle of fluorescence
Fluorescence Polarization in Purified Membrane Fractions probe rotation in lipid bilayers, limiting anisotropy and,
All fluorophores were prepared as stock solutions in 200 consequently, polarization of the above probe molecules (at
proof anhydrous ethanol with 2 wt %/volume butylated very low, non-self-quenching concentrations) are useful as
hydroxytoluene as an antioxidant. The fluorescent probesrelative measures of membrane “fluidity”.
were DHE, Dikg, Dil,, trans-parinaric acidgis-parinaric acid, Assessment of Membrane Sterol Exchange: Release of
NBD-stearic acid, diphenylhexatriene (DPH), DPH-TMA, DHE from the Self-Quenching Fluorescence Polarization
and DPH-propionic acid. DHE was bioincorporated into Assay Sterol exchange between the isolated membrane
MDCK cells prior to isolation of purified membrane fractions fractions was assessed by using a fluorescent sterol (DHE)
basically as described in the preceding sections, except thatexchange assay previously developed by our labora88)y (
the DHE concentration was 10-fold lower than that used for DHE was used as a probe for cholesterol transfer because it
sterol exchange assays to avoid self-quenching. All other (i) is a naturally occurring fluorescent sterol, (ii) is a close
fluorescence probes were directly incorporated into purified structural analogue of cholesterol, (iii) exhibits the same
membrane fractions. In brief, purified stock membrane exchange kinetics as cholesterol in both model membranes
fractions from several isolations were pooled together, then and biological membranes, (iv) is taken up by cultured
washed two times with 10 mM Tris buffer (pH 7.4), and L-cells such that-80% of endogenous sterol is replaced by
subjected to centrifugation at 30,000 rpm for 45 min at 4 DHE without altering membrane lipid composition or sterol-
°C in an SW4O0Ti rotor in an XL90 ultracentrifuge (Beckman sensitive enzymes, (v) is codistributed with cholesterol in
Instruments). Fluorescent probes were incorporated intomodel and biological membranes, and (vi) is nontoxic to
purified membrane fractions by first placing 8§ of protein cultured cells or animals (reviewed in refs6—16, and36).
of the respective membrane fraction (acceptor, i.e., not The underlying premise of the DHE exchange assay is that
containing DHE) in 2 mL of 10 mM PIPES buffer (pH 7.4). fluorescence self-quenching of DHE occurs in the donor
Fluorescent probes were added at a ratio of 1060of membrane, which contains high levels of DHE. This results
protein per 1ug of fluorophore such that final ethanol inlow DHE fluorescence polarization values for the donor.
concentrations were kept a25 mM. Ethanol concentrations However, upon addition of a 10-fold excess of acceptor
of <25 mM have no effect on membrane structu2zg, 30) membranes, the donor membrane DHE exchanges sterols one
or interaction of lipid binding proteins with ligand$1). for one with acceptor membranes, thereby resulting in release
Finally, such small amounts of ethanol fail to induce from self-quenching of DHE. This results in an increase in
fluorescent sterol self-aggregation and formation of crystal- DHE polarization.
line sterol in lipid rafts either in vitro or in intact cellgl In all sterol exchanges, DHE fluorescence polarization of
After incubation for 30 min at RT to ensure maximal probe the donor membrane fraction sample was assessed for 20
incorporation, fluorescence polarization data were acquired min in 2 mL of 10 mM PIPES buffer to ensure a stable signal
as described below. baseline and to obtain an initial value for the fluorescence

Assessment of Membrane and Detergent Buffer by Absor-polarization. This was followed by addition of a 10-fold
bance Spectroscopyll absorbance measurements to de- excess of acceptor (i.e., no DHE) membrane. The protein
termine detergent concentrations and protein levels wereconcentration of the donor membrane fractions was/5
performed using a Cary 100 Scan YVisible spectropho-  mL in 10 mM PIPES buffer (2 mL total volume), whereas
tometer (Varian). The spectrophotometer has a sample andhe protein concentration of the acceptor membrane fraction
reference channel; 2 mL samples were measured in 2 cmwas 15.Qug/mL in the 2 mL sample. The DHE polarization
quartz cuvettes (Fisher Scientific, Pittsburgh, PA). For was subsequently recorded during 20 s intervals for 3 or 4
measurements involving membranes, 10 mM PIPES buffer h to monitor sterol transfer between membranes.
was used as a reference. Standard Cuves for the Sterol Exchange Ass&ye note

Assessment of the Steady-State Fluorescence Polarizatiorthat DRM @37, 38), NDCR (21, 22, 37, 38), and ACR g5)
in Purified Membrane FractionsAll measurements of  obtained from all three isolation methods are relatively lipid-
steady-state fluorescence polarization were taken using a PCZich, and cholesterol-rich compared to the PM. Also, the
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sterol/phospholipid ratio in caveol@aft domains isolated
by detergent-free method4, 37, 38) is basically similar to
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The exchange curves were fit to eq 8 withvalues varying
from 0.97 to 0.99. The half-time;/,, of the exchanges was

that of PM @7, 39). The standard curve that calculates the defined by the following equation:
fraction of DHE remaining in the donor membrane fraction
during an exchange is a polynomial equation involving
polarizationP of the exchange in the form of

P=YbX

where X is the mole fraction of DHE left in the donor.

For sterol exchange between the donor membrane fraction
and the acceptor membrane fraction, a polynomial with two
terms yielded a fit with am? of 0.9999 (i.e., eq 2):

ty, = (In2)k (8)

Data and Statistical Analysedll curve fitting and data
analyses herein were performed by using SigmaPlot (Jandel
Scientific, San Rafael, CA) scientific data analysis and
graphing software.

(1)

RESULTS

Purification of Caveolae/Raft-Enriched Plasma Membrane
Fractions: Detergent-Resistant Membranes (DRM), Non-
detergent Caeolae/Raft Domains (NDCR), and Affinity-
Purified Caveolae/Raft Domains (ACR)Vestern blotting and
wherebo = 0.3261,b; = 0.016, and, = —0.144. densitometric analysis of DRM (Figure 1A, top row)

Calculation of the Initial Rate of Sterol Transfefhe indicated that the DRM (lane 3) were enriched nearly 10-
initial rate of DHE exchange between donor and acceptor and 4.3-fold in caveolin-1, a caveolae/raft marker, as
membrane fractions was estimated from the first 10 min of compared to MDCK cell homogenate (lane 1) and detergent-
exchange data by using the standard curve described abovgo|yble membranes (DSM, lane 2), respectively. The DRM
in eq 2 @9). In essence, eq 2 is the definitive relation that fraction exhibited a low level of contamination with calnexin
describes the exchange between donor and acceptor memeigure 1C, top row), which was reduced 2.5- and 1.6-fold
branes. Taking the time derivative of eq 2 yields (lane 3) as compared to that in the MDCK cell homogenate

_ (lane 1) and DSM fraction (lane 2), respectively. In contrast,
dP/dt = by (dXy/df) + 2b,X(dX/d) DRM were slightly enriched 1.2-fold in the NR marker Ma
K*-ATPase (Figure 1B, top row) as compared to MDCK
cell homogenate (lane 1) and enriched nearly 10-fold when
compared to DSM (lane 2). Thus, although DRM appeared
) to be enriched in caveolae/raft marker, they also contained
endoplasmic reticulum (ER) contaminant and essentially no

To obtain the molar transfer rate of DHE (d[DHE)drom  diminution of the NR PM domain marker.

the donor membrane fraction to the acceptor membrane DPSM (Figure 1A, top row, lane 2) contained 4.3-fold less
fraction, dXy/dt was transformed into d[DHE]dy factoring caveolin-1 than the DRM fractlon isolated from MDCK cells
in the initial donor membrane fraction protein concentration (lané 3). The DSM fraction had 1.6-fold less ER marker
(1.5ug of protein/mL), the total sterol-to-protein concentra- calnexin (Figure 1C, top row, lane 2) than the MDCK cell
tion in the donor membrane fraction (1011.02 pmol of total Nomogenate (lane 1). However, DSM contained 8- and 10-
sterolkg of protein), and the values df (0.016) andb, fold less NR marker NEK*-ATPase (Figure 1B, top row,

(—0.144). Combining this information with eq 4 yielded eq !ane 2) than the MDCK cell homogenate (lane 1) and DRM
5 (lane 3). Thus, DSM appeared to be depleted of caveolae/

raft marker as compared to DRM, but they had also lost the
(5) NR marker Na/K*-ATPase.
Western blotting and densitometric analysis indicated that
The initial rate of DHE transfer was directly estimated by NDCR (Figure 1A, middle row) were enriched 1.4-fold in
substituting the initial measured rate of fluorescence polar- caveolin-1 as compared to MDCK cell homogenate (lane
ization change per unit time (i.e., minutes) folP(dt)|i—o. 1). As confirmation, dot blotting and densitometric analyses
Calculation of the Kinetic Parameters of Sterol Exchange showed that NDCR (Figure 1D, middle row) were enriched
The kinetic parameters of exchange between membranel.9-fold in GM1 as compared to MDCK cell homogenate
fraction donor-acceptor pairs were determined by use of (lane 1). However, the response to anti-calnexin antisera
the standard curve equation, i.e., eq 2, and the equation for(Figure 1C, middle row) indicated essentially the same
a one-exponential exchange: content of this ER marker in NDCR (lane 3) as in MDCK
cell homogenate (lane 1). Finally, the anti-M&*-ATPase
(6) marker (Figure 1B, middle row) was enriched 3.7- and 3.7-
fold in NDCR domains (lane 3) as compared to MDCK cell
wheref; andf, are the exchangeable and nonexchangeablehomogenate (lane 1) and unfractionated PM (lane 2),
fractions, respectively, of the sterol in the exchange assayrespectively. Thus, the NDCR were enriched in the caveolae/
andk is the rate constant of the exchange. The expressionraft marker but exhibited no reduction in the level of ER
for X'in eq 6 was substituted into eq 2 to produce the contaminant or NR marker as compared to the unfractionated
expression describing the exchange: PM or cell homogenate.
Western blotting and densitometric analysis of caveolae/
rafts isolated by use of the detergent-free concanavalin
A—Sepharose affinity chromatography (i.e., ACR) revealed

P(x) = by + byX; + b,X* 2)

®3)

Ast— 0, Xg — 1 (i.e., initial rate criteria), and if eq 3 is
rearranged, the following expression is obtained:

(1/(by + 2by)) x (dP/dt)], o = (dXy/dD)]—o

(d[DHE)/dt)|, ., = —2253 pmolx (dP/dt)], .,

X=f, exp(kt) +f,

P(x) = by + by[f, exp(—kt) + f,] + by[f, exp(—kt) + f,]*
(7)
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Ficure 1. Western blotting of protein markers in caveolae/lipid raft preparations. (A) Immunoblot probed with anti-caveolin-1, a marker
for caveolae. (B) Immunoblot probed with anti-NK*-ATPase, a noncaveolae/nonraft marker. (C) Immunoblot probed with anti-calnexin,

an endoplasmic reticulum marker. (D) Dot blot probed with anti-GM1, a caveolae marker. The GM-1 standards for DRM and nondetergent
caveolae/rafts are the same. The curve fit of the standards yieldedo&8.995. (E) Dot blot probed with anti-GM1, a caveolae marker.

The GM-1 standards are for affinity-purified caveolae/rafts. The curve fit of the standards resulter? iof &1995. Except for panels D

and E, in each panel the top row is as follows: lane 1, cell homogenaig){tane 2, detergent-soluble membranes, DShd§ and lane

3, detergent-resistant membranes, DRM«. The middle row is as follows: lane 1, cell homogenated}; lane 2, PM (5q); lane 3,
nondetergent caveolae/rafts 48); and lane 4, ER (&g). The bottom row is as follows: lane 1, cell homogenatad}h lane 2, PM (5

uQ); lane 3, affinity-purified caveolae/rafts (/); and lane 4, ER (g).
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Ficure 2: Fluorescence emission spectra of dehydroergosterol (DHE) in DRM and caveolae/raft-enriched fractions. (A) Emission spectrum
of DRM in PIPES buffer (3.5:g/2 mL). The excitation wavelength was set to 320 nm. (B) Emission spectrum of nondetergent caveolae/
lipid rafts in PIPES buffer (3.2g/2 mL). The excitation wavelength was set to 324 nm. (C) Emission spectrum of affinity-purified caveolae/
lipid rafts in PIPES buffer (3..xg/2 mL). The excitation wavelength was set to 324 nm.

a caveolae/raft-enriched fraction. Anti-caveolin-1 Western cholesterol may separate into a crystalline phase (reviewed
blotting (Figure 1A, bottom row) detected caveolin-1 in the in ref 4), little is known with regard to the structural phase
ACR isolated from MDCK cells (lane 4). While this was properties of the cholesterol within DRM or the nondetergent
congruent with the ACR fraction being caveolae/rafts, the isolates of caveolae/raft domains. Therefore, the fluorescence
ACR were not specifically enriched in caveolin-1, most likely emission spectral differences in the monomeric (maxima near
due to the presence of large amounts of caveolin-1 in other356 and 375 nm) versus crystalline (maxima near 403 and
cellular compartments (e.g., cytoplasmic chaperone com-426 nm) DHE phased) were used to determine structural
plexes, etc.). In contrast, anti-GM1 dot blotting (Figure 1E) properties of sterol in DRM, NDCR, and ACR. The
showed that the ACR isolated from MDCK cells were fluorescence emission spectra of DHE in DRM exhibit
enriched~2.7-fold in GM1 (lane 3). In contrast, the ER highest intensity maxima near 356 and 375 nm, consistent
marker, calnexin (Figure 1C, bottom row, lane 3), and the with the presence of monomeric DHE (Figure 2A). However,
NR PM domain marker, NaK *-ATPase (Figure 1B, bottom  additional maxima with approximately half the intensity are
row, lane 3), were not detectable in the ACR. Thus, the ACR noted in the range of 400-453 nm, indicating the presence
contained inappropriate caveolae/lipid raft markers and, in of significant amounts of DHE in the crystalline phase in
contrast to DRM and NDCR, had significantly reduced levels DRM (Figure 2A). Taking into account the relative differ-
in ER and noncaveolae/nonraft PM markers. ences in quantum yield, we calculated the proportion of
In summary, Western blotting and dot blotting of protein crystalline DHE as described previousHk),(showing that
markers indicated that the ACR fraction contained the 7—10% of the sterol within the DRM was in the crystalline
appropriate caveolae/raft markers while concomitantly being state while 96-93% was in the monomeric state. In contrast,
lowest in nonraft markers of any fraction that was examined. the spectra of DHE in NDCR (Figure 2B) and ACR (Figure
Sterol Structural Properties in Geolae/Raft-Enriched  2C) exhibited only the emission maxima consistent with the
Membrane Fractions (DHE)We and others have shown that presence of monomeric sterol with no detectable crystalline
DRM (37, 38), NDCR (21, 22, 37, 38), and ACR @5) are sterol.
highly enriched in cholesterol. Although model membrane  To determine the relative fluidity of the microenvironment
studies suggest that at such high cholesterol contents thewvherein the sterol resided in DRM, NDCR, and ACR, the
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Table 1: Structural Parameters of Lipidic Probes that Are
Preferentially Distributed in Caveolae/Raft Domains,

Dehydroergosterol (DHE) and DQif

Table 2: Lateral Structure of Caveolae/Raft Domains and Plasma
Membrane Determined by Selectively Probing “Solid” versus
“Fluid” Domains with Trans and Cis Fatty Acitls

membrane polarization membrane polarization

DHE trans-parinaric acid

DRM 0.3120+ 0.001% DRM 0.32674+ 0.0036

nondetergent caveolae/rafts 0.3348.002%¢ nondetergent caveolae/rafts 0.3388.0016°

affinity-purified caveolae/rafts 0.3472 0.0019¢ affinity-purified caveolae/rafts 0.3416 0.0019¢

noncaveolae/nonrafts 0.30480.004F noncaveolae/nonrafts 0.32450.0022
Dil1s cis-parinaric acid

DRM 0.3381+ 0.0032 DRM 0.3076+ 0.0014

nondetergent caveolae/rafts 0.3428®.0040-° nondetergent caveolae/rafts 0.320D.0016¢
affinity-purified caveolae/rafts 0.3479 0.0029° affinity-purified caveolae/rafts 0.3420 0.0013¢
noncaveolae/nonrafts 0.32570.0053 noncaveolae/nonrafts 0.30210.0044
Dil, NBD-stearic acid
DRM 0.3379+ 0.0023 DRM 0.3199+ 0.0025
nondetergent caveolae/rafts 0.339D.0017 nondetergent caveolae/rafts 0.322%9.0027
affinity-purified caveolae/rafts 0.3466 0.003P¢ affinity-purified caveolae/rafts 0.3392 0.0017¢
noncaveolae/nonrafts 0.32550.0046 noncaveolae/nonrafts 0.32870.003°F

aDHE, Dily, and Dikg were incorporated at low, non-self-quenching atrans-Parinaric acidgis-parinaric acid, and NBD-stearic acid were
levels into purified PM and caveolae/raft domains as described in incorporated at low, non-self-quenching levels into purified PM and
Materials and Methods. Fluorescence polarization values represent thecaveolae/raft domains as described in Materials and Methods. Relative
meansz the standard deviatiom(= 7). °p < 0.05 vs noncaveolae/  fluorescence polarization values represent the meatise standard
nonrafts.cp < 0.05 vs DRM. deviation f=7). ° p<0.05vs DRM.¢ p < 0.05 vs noncaveolae/nonrafts.

fluorescence polarization of DHE (present at a low, non-
self-quenching concentration) was assessed. The fluorescenc
polarization of DHE in DRM was 0.312Gt 0.0011,
significantly (o < 0.05) lower than that of DHE in NDCR
and ACR (Table 1). In contrast, the fluorescence polarizations
of DHE in DRM, NDCR, and ACR were all significantly
higher than in NR.

These data indicated the bulk of DRM sterols are present

both deep in the bilayer and closer to the surface, respec-
vely) of the PM ACR domains was the most rigid while
the NR domains were the most fluid, with the DRM and
other nondetergent caveolae/raft preparations being inter-
mediate. This pattern was very similar to that exhibited by
DHE in the various membrane domain preparations shown
in the preceding section. Thus, the highest polarization/

in a mobile, less ordered microenvironment in spite of the rigidity obtained was characteristic of the most highly
P . purified caveolae/raft fractions, i.e., ACRNDCR > DRM.
presence of significant amounts {10%) of crystalline o
sterol. Further, the rank order of DHE fluorescence polariza-  Fluorescence Polarization of Probe Molecules that Pref-
tion was as follows: ACR (most rigidy NDCR > DRM erentlall_y DISFI’I.bUte in “Solld—_GeI’j or “_Fde —Liquid- _
> NR (most fluid). Since “mobility” is inversely proportional ~ Crystalline” Lipid Phases (Parinaric Acids, NBD-Stearic
to polarization, the sterol mobility was lowest not in the DRM  &cid, and Dikg). Long (i.e., 18 carbons) straight chain lipidic
but in the preparations not utilizing detergents, in particular, fliorescence probes such @ans-parinaric acid or NBD-
ACR. In summary, these data showed that sterol organizationStearic acid41), as well as Dils (42), preferentially partition
of caveolae/lipid rafts is highly dependent on the method of into solid gel phases rather than fluid liquid-crystalline phases
isolation. in the lateral plane of the lipid bilayecis-Parinaric acid
Fluorescence Polarization of Other Lipidic Probe Mol- €xhibits no selectivity for either phase.
ecules that Preferentially Localize in Lipid Rafts (idersus All the straight acyl chain fatty acid probes (i.&rans
Dil4). To confirm whether the higher fluidity sensed by DHE parinaric acid and NBD-stearic acid) detected the same or
in DRM was unique to this probe, fluorescence polarization even less fluorescence polarization in DRM than in NR
studies were performed with Dil probes, in particular,;Ril ~ domains (Table 2). In contrast, fluorescence polarizations
which partitions preferentially into lipid rafts4Q). The of the two straight chain fatty acid probes [i®ans-parinaric
fluorescence polarization of the long alkyl chain lengthyPil  acid and NBD-stearic acid (Table 2)] were significantly lower
exhibited the following order of fluorescence polarization: (p < 0.05) in DRM than in NDCR or ACR. For the kinked
ACR > NDCR > DRM > NR (Table 1). Thus, while the  acyl chain probecis-parinaric acid (Table 2), the fluores-
fluorescence polarization of the long alkyl chain lengthyDil ~ cence polarization pattern in the various membrane fractions
was significantly higher in DRM than in NR, it was was in the following order: ACR- NDCR > DRM > NR
nevertheless significantly lower than that of either of the other (p < 0.05). Comparison of the fluorescence polarization of
lipid raft preparations, i.e., NDCR or ACR (Table 1). Unlike cis-parinaric acid andrans-parinaric acid (Table 2) showed
Dil 15, which is anchored deep in the bilayer, the short alkyl that in general the fluorescence polarizatiorcisfparinaric
chain Dil is anchored close to the phospholipid head group  acid was lower than that dfans-parinaric acid in the same
water interface and does not exhibit a preference for lipid membrane fraction. This was consistent with the fact that
rafts versus nonraft domains in lipid bilaye#). Neverthe- cis-parinaric acid exhibits equal selectivity for either selid
less, the overall pattern of Qifluorescence polarization in  gel or fluid liquid-crystalline phases. Since the degree of
the membrane fractions was basically similar to that of{il  polarization is lower in fluid liquid-crystalline phases, the
(Table 1). average polarization afis-parinaric acid was predicted to
Taken together, both the lipid raft selective fgiand the be lower than that dfans-parinaric acid in solie-gel phases.
nonselective Dil indicated that the acyl chain environments The data supported this prediction.
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Table 3: Transbilayer Structure of Caveolae/Raft Domains and
Plasma Membranes Determined Using Diphenylhexatriene Probes

(DPH, TMA-DPH, DPH-propionic acid)

membrane

polarization

diphenylhexatriene
DRM

0.2912+ 0.0036

Gallegos et al.

Membrane (DPH-TMA and DPH-ProlPrevious studies with
other cell lines show that the DPH polarization is weaker in
the outer (exofacial) leaflet than in the inner (cytofacial)
leaflet of the PM; this has been interpreted as indicating the
outer leaflet acyl chains are more fluid than those of the inner
leaflet (reviewed in refd6—48). Due to its positive charge,

nondetergent caveolae/rafts 0.308D2.0028¢ DPH-TMA appears to be selectively localized in the outer
affinity-purified caveolae/rafts 0.317% 0.0019¢ leaflet which is enriched in positively charged but essentially
noncaveolae/nonrafts 0.28%30.0026

devoid of negatively charged lipids. The negatively charged

DPH-TMA i ; :
DRM 0.27844+ 0.0034 DPH-Pro appears to localize in the PM inner leaflet which
nondetergent caveolae/rafts 0.2688.0028 contains predominantly negatively charged lipid3,(49).
affinity-purified caveolae/rafts 0.271k 0.0024° The fluorescence polarization of the outer leaflet selective
noncaveolae/nonrafts 0.26800.006 F

DPH-propionic acid
DRM

0.2844+ 0.0045

probe was lowest in NR [0.2873 0.0026 (Table 3)].
Polarization of DPH-TMA was significantly stronep (<

nondetergent caveolae/rafts 0.2992.002¢ ¢ 0.050) in all lipid raft preparations as compared to NR as
affinity-purified caveolae/rafts 0.301 0.0028¢ follows: ACR > NDCR > DRM > NR. Thus, the outer
noncaveolae/nonrafts 0.28380.0017

leaflet of ACR appeared to be the least fluid while that of
aDPH, TMA-DPH, and DPH-propionic acid were incorporated at DRM the most fluid.

low, non-self-quenching levels into purified PM and caveolae/rafts as |5 contrast to the results described above, DPH-propionic

described in Materials and Methods. Relative fluorescence polarization _ . o . .

values represent the meattsthe standard deviatiom(= 7).°p < acid pqlarlzatpn was lowest ,m NR, "?" 0.28380.0017,

0.05 vs noncaveolae/nonraftp < 0.05 vs DRM.Ap < 0.05 vs essentially equivalent to that in DRM, i.e., 0.2844.0034

DPH-TMA. (Table 3). Polarization of DPH-propionic acid was signifi-

cantly strongerf < 0.050) only in the NDCR and ACR:

In summary, qualitative analysis of fluorescence polariza- ACR > NDCR > DRM and NR. Since fluidity is inversely
tion of the straight chain 18-carbon fluorescent fatty acid related to polarization, the inner leaflet of the NDCR and
probes did not detect stronger polarization in DRM versus ACR appeared to be less fluid than that of DRM and NR.
that in NR domains. While the kinked chaais-parinaric Comparison of DPH-TMA (outer leaflet probe) and DPH-
acid detected slightly stronger polarization in DRM versus propionic acid (inner leaflet probe) in each of the membrane
NR domains, this polarization was still much lower than that fractions suggested the presence of a transbilayer fluidity
in ACR. Thus, in general, the fluorescence polarization of gradient in each of the various membrane fractions. Quali-
the respective probes was dependent on the type of memdatively, the fluorescence polarization values of the DPH-
brane fraction examined in the following order: ACR (least propionic acid probe were higher than those of the DPH-
fluid) > NDCR > DRM = NR (most fluid). TMA probe in all cases (Table 3), indicating that the outer

Fluorescence Polarization and Emission Intensity of leafletis more fluid than the inner leaflet in each respective
Diphenylhexatriene (DPH)The above polarization data membrane fraction. However, quantitative analysis showed
(Tables 1 and 2) suggested that (i) both gel and liquid- that the difference in polarizatiorP), defined as PDPH-
crystalline phases were more rigid in ACR, NDCR, and propionic acid minus PDPH-TMA, was markedly dependent
DRM and/or (ii) the probes sensed an intermediate lipid on the membrane fraction being examined in the following
phase enriched in the various lipid raft preparations as order: ACR P = 0.0300)> NDCR (P = 0.0214)> NR (P
compared to NR. This possibility was further examined = 0.0158)> DRM (P = 0.0060). Thus, DRM exhibited the
through the use of DPH, a probe molecule that preferentially smallest transbilayer fluidity difference, nearly 2.6-fold
distributes in and detects the “intermediate liquid ordered” smaller than that of NR. In contrast, NDCR and ACR
lipid phase. Since DPH has no preference for coexisting in exhibited the highest transbilayer fluidity differences, both
gel versus fluid liquid-crystalline phase43], the fluores- of which were greater (1.4- and 1.9-fold, respectively) than
cence polarization of DPH has been used to show the extenthat of NR. Thus, among the various lipid raft preparations,
to which acyl chains in caveolae isolated by use of detergentsNDCR and ACR exhibited the highest transbilayer fluidity
(DRM) are organized in the liquid ordered phadd, (45). differences (3.6- and 5-fold, respectively) as compared to
To determine whether this was also true for NDCR and ACR, DRM.

DPH polarization was assessed not only in DRM but also in  These findings were consistent with earlier studies indicat-
NDCR, ACR, and NR. To ensure that DPH itself did not ing that the PM inner leaflet fluidity is lower than that of
perturb the lipid structures, the various membrane fractions the outer leaflet. The data given above demonstrated for the
were incubated with DPH at a low ratio of DPH to membrane first time that this is the case not only for the entire PM
protein (i.e., 0.149/100xg) to maximally incorporate the  (46) but also for the lipid raft versus non-lipid raft domains
probe as described in Materials and Methods. The datatherein. The transbilayer fluidity difference as compared to
showed that the DPH polarization was lowest in NR but that of the NR appeared to be greater for the two membrane
significantly higher in the various lipid raft preparations in fractions not utilizing detergents (i.e., NDCR and ACR). In
the following order: ACR> NDCR > DRM (Table 3). contrast, the transbilayer fluidity difference in DRM was
These data were consistent with the presence of a disorderednarkedly smaller than that of any other membrane fraction
liquid phase in all three lipid raft preparations, especially in that was examined, including the NR.

the ACR and NDCR, but less so in DRM (Table 3). Contribution of Detergents to Structure and Fluidity

Fluorescence Polarization of Probe Molecules that Pref- Because detergents such as Triton X-100 are known to
erentially Distribute into Outer and Inner Leaflets of the solubilize membranes, the possibility that some of the
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Ficure 3: Detection of detergent Triton X-100 via absorbance spectra of Triton X-100 and caveolae/raft-enriched membrane fractions:
(A) absorbance spectrum of Triton X-100 in PIPES buffer (2 mL, 5% solution), (B) absorbance spectrum of DRM in PIPES buffer (3.5
ug/2 mL), (C) absorbance spectrum of nondetergent caveolae/lipid rafts in PIPES buffeg{3.8L), and (D) absorbance spectrum of
affinity-purified caveolae/lipid rafts in PIPES buffer (3u&/mL).

differences in the structural and cholesterol dynamic proper- all of the solution concentrations are taken into account, the
ties of DRM versus NDCR and ACR might be due to the initial ratio (before isolation of the membranes but after
presence of Triton X-100 in the DRM was considered. To addition of Triton X-100) of detergent to cells is 2.85

test this hypothesis, the absorbance spectra of all threel0 > mol of detergent/cell. After isolation, the amount of
membrane preparations and Triton X-100 in TNE buffer were Triton X-100 was too low to detect (Figure 3), indicating
obtained (Figure 3). The absorbance spectrum of the most of the detergent was removed during processing and
detergent Triton X-100 in TNE buffer demonstrated a major agreeing with previous studiest4, 53, 54). Thus, the
peak with a maximum near 224 nm and a minor doublet significant differences in the structure and fluidity of DRM
with maxima near 270 and 280 nm (Figure 3A). The limit versus those of NDCR, ACR, and NR of PM were not due
of detection of Triton X-100 by this method was 25 nM, to a high concentration of detergent in the DRM.
determined as described previousB0); It is noteworthy Spontaneous and SCP-2-Mediated Sterol Transfer from
that the absorbance spectrum of Triton X-100 in ethanol (hot DRM and DSMAIlthough the data given above indicate that
shown) was very similar to that taken in aqueous solvent. the structure (crystalline vs monomeric) and fluidity (polar-
The absorbance spectrum of DRM did not reveal any of the ization under non-self-quenching conditions) of DHE in
peak maxima typical of Triton X-100 (Figure 3B). As DRM differed significantly from those of NDCR and ACR,
expected, the absorbance spectra of the caveolae/lipid rafinothing is known regarding the effect of these differences
domains isolated by the detergent-free methods also con-on (i) spontaneous sterol transfer from DRM as compared
tained no absorbance peaks typical of Triton X-100: NDCR to that in the other caveolae/lipid raft preparations or (ii)
(Figure 3C) and ACR (Figure 3D). In addition to the method the response of DRM versus other caveolae/lipid raft
detection limit, another useful parameter in determining that preparations to intracellular sterol carrier protein-2. To begin
the detergent likely did not influence results is the cell lipid/ to resolve these issues, a previously established fluorescent
detergent ratio. A lipid analysis of the MDCK membrane DHE exchange assay was utilized as described in Materials
fractions isolated in this work is not currently available and and Methods.

was not performed, since such analysis is outside the scope The initial polarization of DHE in the donor DRM was
of this work and would merit its own study. However, when 0.1153+ 0.0016, consistent with self-quenching due to the
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0.40 - - - - - y SCP-2 as described in Materials and Methods. SCP-2 is a
0.35 ] . 15uMscP2 A | protein present in all mammalian tissues examined to date,
o  No Protein which enhances sterol transfer between a majority of
e 030 Donor Only membranes, with erythrocytes being a rare exceptidi. (
2 Therefore, SCP-2 was used to probe sterol dynamics of DRM
T 025 1 and DSM. Addition of SCP-2 to donor alone failed to
}_E 0.20 1 significantly alter DHE polarization (not shown), consistent
S with earlier studies of model and biological membranes

0.15 5 (reviewed in re40). The SCP-2-mediated exchange of sterol

010 ] q " ] between DRM donors (DHE-containing) and DRM acceptors

resulted in release from self-quenching and increased DHE

0.05 . : : - - y fluorescence polarization [Figure 48]]. The shape of the

00 %0 100 150 200 250 300 4 h SCP-2-mediated sterol exchange curve was consistent
Time (min) with a more rapid and saturable process as compared to the
0.25 . . . . spontaneous exchange between DRM which was still linear
. 15mmMsCP2 B over this time p_eriod. The_: SCP-Z-mediated exchange curve
o No protein reached a maximal polarization of 0.33&20.0042 by 4 h,

0.20 1 1 while the spontaneous exchange was still linear (polarization
§ near 0.3600) at 4 h, suggesting SCP-2 acted to enhance sterol
‘ﬁ o5 - transfer at early time points but slightly inhibited sterol
s exchange at later time points. The initial rate of SCP-2-
n_c: mediated sterol transfer (0.6490.037 pmol/min) was 1.6-

0.10 fold faster than that of spontaneous sterol transfer from DRM

(Table 4). Since kinetic analysis of the SCP-2-mediated sterol
o exchange was unable to resolve more than one exchangeable
0.05 . . . : domain, the exchangeable fractidy) {for each exchange was
-20 0 20 40 60 set to unity (Table 4).
Time (min) In contrast to that of DRM, the spontaneous sterol

FIGURE 4: Sterol transfer from detergent-resistant membranes €xchange curve for DSM was essentially unchanged over
(DRM) and detergent-soluble membranes (DSM). (A) Effect of the 4 h time period that was examined [Figure 4B]( The
SCP-2 on sterol exchange between DRM. Dehydroergosterol (DHE) initial polarization of DHE near 0.1163 0.0034 was
exchange between DRM donors (1#gof protein/mL) and DRM  egsentially unaltered during spontaneous exchange between

acceptors (17.xg/mL) was assessed by monitoring polarization .
as described in Materials and Methods. White circles show the donor DSM (containing DHE) and acceptor DSM over the

spontaneous sterol exchange after addition of a 10-fold excess of4 h incubation [Figure 4BQ)]. The initial rate of spontane-

acceptor DRM. Black circles show the effect of SCP-2 (1M) ous sterol transfer from DSM was calculated to be 0.824
on the sterol exchange between donor and acceptor DRM. For(.009 pmol/min, 14-fold slower than the rate of spontaneous
comparison, a donor-only polarization curve is show). ((B) sterol transfer from DRM (Table 4). SCP-2 elicited a slight

Effect of SCP-2 on sterol exchange between DSM. DHE exchange : . -
was assessed as described for panel A, except that DSM donoichange in fluorescence polarization, but the resulting polar-

and DSM acceptor membranes were used as described in Materialdzation curve did not have a steep slope [Figure @(in
and Methods. White circlec show the spontaneous sterol transfercontrast to that observed with SCP-2 and DRM [Figure 4A

from donor DSM after addition of a 10-fold excess of acceptor (@)]. The initial rate of SCP-2-mediated sterol transfer from
DSM. Black circles show the effect of 1/B\/| SCP-2 on the sterol DSM was 0.087 0.041 mel/mln 3.6-fold faster than the
exchange between donor DSM and acceptor DSM. ! -
rate of spontaneous sterol transfer from DSM but still nearly

presence of high levels of DHE [Figure 4/])]. In the 4-fold slower than the rate of SCP-2-mediated sterol transfer
absence of acceptor DRM, DHE polarization in DRM donors from DRM (Table 4). Kinetic analysis of the spontaneous
did not significantly change over several hours [Figure 4A sterol exchange between DSM as described in Materials and
(¥)]. However, surprisingly, addition of a 10-fold excess of Methods resolved a long half-timé4 = 755 £ 55 min)
acceptor DRM elicited a fast increase in polarization, and an exchangeable fractioih € 0.229+ 0.021) (Table
consistent with release from self-quenching due to exchange4). For the SCP-2-mediated sterol exchange from DSM,
of DHE (donor) and cholesterol (acceptor). From a starting kinetic analysis resolved a 2-fold fastep (382 £ 34 min)
polarization of 0.1146+ 0.0024, the polarization of DHE  but an essentially unaltered exchangeable fradti¢a.251
exhibited a nearly linear increase and did not saturate until £ 0.028).
reaching a polarization near 0.45 [Figure 42)]. The initial In summary, spontaneous sterol transfer from DRM, but
rate of spontaneous molecular sterol transfer from DRM, not DSM, was rapid and essentially not saturable during the
calculated as described in Materials and Methods, was 0.3874 h time period of the exchange. Because spontaneous sterol
+ 0.072 pmol/min (Table 4). Since the spontaneous exchangetransfer from DRM was so rapid, SCP-2 elicited only a
was approximately linear over the entire time period that modest increase in the rate of sterol transfer. In contrast,
was examined, the exchangeable fractignf¢r spontaneous  spontaneous sterol transfer from DSM was comparatively
sterol exchange was set to unity (Table 4). slow and relatively unresponsive to SCP-2. As discussed

To determine if sterol transfer from DRM was responsive above, these properties of DRM (Figure 3B) and DSM (not
to a sterol transfer protein, i.e., sterol carrier protein-2 (SCP- shown) were not due to contamination with residual Triton
2), the sterol exchange was monitored in the presence ofX-100. If one assumed that DRM are enriched in caveolae/
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Table 4: Initial Rates and Kinetic Multiexponential Analysis of Molecular Sterol Exchange Determined by the Effect of Sterol Carrier
Protein-2

protein added initial rate (pmol/min) t2 (Min) f fa
DRM none 0.387: 0.072 - 1.000 -
SCP-2 0.619t 0.037¢ - 1.000 -
DSM none 0.024+ 0.009 755+ 55 0.229+ 0.021 0.77H-0.034
SCP-2 0.087 0.041 382+ 34° 0.251+ 0.028 0.749+ 0.028
nondetergent caveolae/rafts none 0.#2@.037 194+ 24 0.421+ 0.021 0.579t 0.004
SCP-2 0.163t 0.025 131+ 17 0.520+ 0.02F 0.480+ 0.041
affinity-purified caveolae/rafts none 0.1850.028 172+ 15 0.472+ 0.033 0.528t 0.029
SCP-2 0.234£ 0.02P¢ 1214+ 26° 0.583+ 0.022¢ 0.417+ 0.031
noncaveolae/nonrafts none 0.024.009 412+ 32 0.371+ 0.041 0.629t 0.025
SCP-2 0.032: 0.005 384+ 47 0.401+ 0.031 0.599+ 0.032

a Fluorescence polarization exchange curves for the sterol transfer from caveolae/raft donors to caveolae/raft acceptors were measured in the
absence or presence of SCP-2 (&M) followed by determination of initial rates and kinetic analysis as described in Materials and Methods.
Unless otherwise stated, half-timesf were in minutes, whild; andf, represent the fractions due to the exchangeable and nonexchangeable
components, respectively. Values represent the meahe standard deviatiom(= 3—4). ®p < 0.05 vs nondetergent caveolae/réfp. < 0.05 vs
no protein added.

0.30 - - - - - exhibited by DRM (Table 4). Kinetic analysis resolved a
half-time of spontaneous sterol transfer for the NDCR of
e 1.5.MSCP-2 ~194 4+ 24 min (Table 4) and an exchangeable fractipn

©  No Protein ] of 0.421+ 0.021, which was 2.4-fold smaller than that for
DRM (Table 4).

0.20 1 ] Sterol transfer from NDCR was more responsive to sterol
carrier protein SCP-2. When SCP-2 was added to NCDR
donors alone, a change in DHE fluorescent polarization was
observed (not shown). However, when SCP-2 was added to
NCDR donors with a 10-fold excess of acceptor membranes,
there was a more rapid and extensive increase in DHE
polarization [Figure 5 @)]. These results indicated that
. . SCP-2 enhanced sterol transfer from the NCDR membranes.
Time (min) The initial rate of SCP-2-mediated sterol exchange between
Ficure 5: Sterol transfer from nondetergent caveolae/rafts. De- NDCR was 0.163+ 0.025 pmol/min, 1.3-fold faster than

hydroergosterol (DHE) exchange between nondetergent caveolaetnat of spontaneous sterol exchange from NDCR (Table 4).
raft donor (1.75:g of protein/mL) and nondetergent caveolae/raft Kineti lvsis of SCP-2 diated sterol t f

acceptor (17.mxg of protein/mL) was assessed by monitoring DHE In€lic analysis o -c-mediated sterol transier curves
polarization as described in Materials and Methods. White circles from NDCR indicated that SCP-2 decreased tifieof the

show the spontaneous sterol exchange between donor nondetergexchangeable sterol pool by 32% from 19424 to 131+
caveolae/rafts after addition of a 10-fold excess of acceptor 17 (p < 0.05) and increased the size of the exchangeable

nondetergent caveolae/rafts. Black circles show the effect of 1.5 ~
uM SCP-2 on the sterol exchange between donor and acceptorSterOI pool by 1.23-fold from 0.42% 0.021 10 0.52@k 0.027

nondetergent caveolae/rafts. (p = 0.05) (Table 4).

In summary, the spontaneous molecular transfer of sterol
lipid rafts, as indicated by the Western blots (Figure 1), while from NDCR was significantly slower (i.e., nearly 3-fold) than
DSM are enriched in nonrafts, these data suggest thatthat exhibited by DRM. Furthermore, SCP-2 increased the
spontaneous sterol transfer from lipid rafts may be rapid rate of sterol transfer from NDCR, but the initial rate of SCP-
while that from nonrafts is very slow in comparison. 2-mediated sterol transfer from NDCR was still 3.8-fold

Spontaneous and SCP-2-Mediated Sterol Transfer from Slower than that mediated by SCP-2 in DRM. Thus, both
NDCR To determine if the high spontaneous rate of sterol the spontaneous and SCP-2-mediated sterol dynamics of
transfer from DRM was a unique property of this lipid raft- NDCR differed markedly from those of DRM.
enriched fraction, the experiments described above were Spontaneous and SCP-2-Mediated Sterol Transfer from
repeated with NDCR isolated as described in Materials and ACR Concanavalin A-Sepharose binding affinity chroma-
Methods. Since the NDCR isolation method did not produce tography was used to simultaneously fractionate ACR, the
a comparable DSM fraction, it was not possible to directly adherent fraction, and NR, the nonadherent fraction (equiva-
obtain the sterol exchange dynamics from this membranelent to DSM), from purified PM vesicles isolated from
domain. The initial polarization of DHE in donor NDCR MDCK cells as described in Materials and Methods.
was near 0.14 (Figure 5), consistent with self-quenching of Spontaneous sterol transfer from ACR was slower than that
the DHE therein. In the absence of acceptor NDCR, DHE exhibited by DRM. Consistent with DHE self-quenching, the
polarization was not altered overethd h time frame of initial fluorescence polarization of DHE in donor ACR was
exchange (not shown). In contrast, in the presence of acceptof.1327+ 0.0046 [Figure 6AQ)]. In the absence of acceptor,
NDCR, slow spontaneous sterol transfer was detectable asACR was unaltered over ¢h4 h time frame of exchange
an increase in DHE polarization [Figure 8){. The initial (not shown). Upon addition of a 10-fold excess of acceptor
rate of spontaneous molecular sterol transfer from NDCR ACR, DHE spontaneously transferred from the donor to
was 0.127A- 0.037 pmol/min, nearly 3-fold slower than that acceptor membranes as indicated by increased polarization

0.25 1

Polarization

0.15 1

0.10 T T T T T
0 50 100 150 200 250
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0.30 T y y g y of molecular sterol transfer from ACR essentially 2-fold from
A 0.105+ 0.028 to 0.234+ 0.021 pmol/min < 0.05) (Table
®  1.5.MSCP-2 4). Kinetic analysis of the SCP-2-mediated sterol exchange
©  No Protein ] curves showed that SCP-2 enhanced the sterol transfer from
ACR domains by decreasing tig, of exchange by nearly
30% from 1724+ 15 to 121+ 26 min ( < 0.05) and by
increasing the fraction of exchangeable sterol by 24% from
0.4724+ 0.033 to 0.583+ 0.022 f < 0.05) (Table 4). Thus,
SCP-2 altered the sterol dynamics of ACR domains signifi-
cantly more than in either DRM or NDCR. In contrast, NR
exhibited markedly slower spontaneous sterol transfer [Figure
0.10 * T T T y 6B (O)] and lacked responsiveness to SCP-2 [FigiB€@)].

-50 0 s 100 150 200 250 The initial rate of molecular DHE transfer from NR was

Time (min) 0.024+ 0.009 pmol/min, 4.4-fold slower than that from ACR

0.35 , , , . . (Table 4). The half-time of spontaneous sterol transfer from
NR was slow, 412+ 32 min, which was 2.4-fold slower
¢ 1.5uMSCP-2 B than that from ACR (Table 4). The fractional contribution
030{ | © NoProtein 1 of exchangeable sterol domain in NR was 0.37D.041,
which was 22% smaller than that exhibited by ACR (Table
4). SCP-2 did not significantly alter any of the parameters
of sterol dynamics in NR, indicating NR contained both
exchangeable and nonexchangeable sterol domains.

In summary, although ACR exhibited the slowest initial
rate of spontaneous sterol transfer of any of the examined
lipid raft-enriched membrane fractions, it was still more than

0.15 T T T T T 4-fold faster than the rate of spontaneous sterol transfer from
-50 0 50 100 150 200 250 NR. The NR had the largest fraction of nonexchangeable
Time (min) sterol domain and was unresponsive to SCP-2.
Ficure 6: Sterol transfer from affinity-purified caveolae/rafts. (A)
Effect of SCP-2 on sterol exchange between affinity-purified DISCUSSION

caveolae/rafts. Dehydroergosterol (DHE) exchange between affinity- ) ) ) )
purified caveolae/raft donors (1.7& of protein/mL) and affinity- There has been a paucity of information regarding the

purified caveolae/raft acceptors (178 of protein/mL) was  structural organization of cholesterol, fluidity, transbilayer

assessed by monitoring DHE polarization as described in Materials i ,ctyre, and cholesterol dynamics of caveolae/raft domains
and Methods. White circles show the spontaneous sterol exchange

between donor and acceptor affinity-purified caveolae/rafts. Black (f€Viewed inref). Further, there has been an ongoing debate
circles show the effect of 1.5M SCP-2 on the sterol exchange ~about what constitutes a lipid raft/caveolae (reviewed in refs
between donor and acceptor affinity-purified caveolae/rafts. (B) 17 and18). These studies also indicate the use of detergents
Effect of SCP-2 on sterol transfer from affinity-purified caveolae/ can alter the nature and/or composition of the resultant
raft domains which did not bind the concanavalir-8epharose ; ; ; ;

affinity column. DHE exchange was assessed as described for pane|39!atEd rafts. TO. begin to address these issues, this study
A. White circles show the spontaneous sterol transfer from donor Utilized three distinct methods to obtain caveolae/rafts from
caveolae/raft membranes after addition of a 10-fold excess of MDCK cells: (i) a Triton X-100-based method for producing
acceptor caveolae/raft membranes. Black circles show the effectdetergent-resistant membranes (DRM) and detergent-soluble
of 1.54M SCP-2 on the sterol transfer from donor caveolae/raft mempranes (DSM), (i) a nondetergent isolation based on
membranes to a 10-fold excess of acceptor caveolae/raft membranest,he Percoll and OptiPrep gradients which first isolates PM

[Figure 6A (©)]. The initial rate of spontaneous molecular and then fractionates caveolae/lipid rafts according to density
sterol transfer from ACR was 0.1650.028 pmol/min, 3.7-  (21), and (i) an affinity chromatography-based method
fold slower than that from DRM (Table 4). Kinetic analysis wherein PM are first isolated by sucrose density fractionation
as described in Materials and Methods showed that theand then separated into affinity-purified caveolae/lipid rafts
exchange curves for spontaneous molecular sterol transfe(ACR) and noncaveolae/nonrafts (NR) by use of concanava-
from ACR best fit two components: an exchangeable sterol lin A—Sepharose affinity chromatographly (8, 25). Note
pool with aty, of 172+ 15 min and a fractior; of 0.472 that these techniques do not distinguish caveolar lipid rafts
+ 0.033 of total sterol, which was 2.1-fold smaller than that from noncaveolar lipid rafts. The data presented herein
exhibited by DRM (Table 4). In addition, ACR domains demonstrate for the first time that the function (cholesterol
contained a very slowty, of days), essentially nonexchange- €xchange dynamics) and structure (lipid fluidity) of DRM
able sterol pool representing 0.5280.029 of the total ACR share qualitative, but not quantitative, properties exhibited
domain sterol (Table 4). The size of the nonexchangeablePy caveolae/lipid rafts isolated from MDCK cells by non-
sterol pool was similar to that observed in NDCR, which detergent methods in the following order: DR#nonde-

did not contain a detectable nonexchangeable pool, buttergent caveolae/rafts (NDCR) ACR. The key findings of
significantly different from the sterol organization of DRM.  this study are enumerated below.

When sterol transfer from donor to acceptor ACR domains  First, it was shown for the first time that the structural
was probed with SCP-2, the DHE polarization increased form of sterol (monomeric vs crystalline) in DRM differed
markedly [Figure 6A @)]. SCP-2 enhanced the initial rate markedly from that of all other examined MDCK PM
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fractions. DRM, but not NDCR or ACR, contained a ordered phase in DRM, NDCR, and ACR. Consistent with
significant amount of crystalline sterol (i.e., near 10%). This the latter possibility, electron spin resonance of spin-labeled
was unexpected as previous compositional analyses ofcholestane in model membranes and DRM isolated from
isolated PM and multiphoton images of sterol in the PM of RBL-2H3 cells suggested that the sterol partitioned into a
living cells detected very little crystalline sterol, generally liquid ordered phase in DRM2(Q). Given that similar results
near 1% 4). In contrast, crystalline sterol is associated were obtained with the naturally occurring fluorescent sterol
primarily with lysosomes4, 52). These data suggest that DHE and the spin-labeled sterol cholestane, the same type
significant amounts of crystalline sterol in DRM arise during of sterol environment (liquid ordered phase) exists with the
the preparation. Since DRM are isolated from whole cells, lowest degree of order in DRM, intermediate in NDCR, and
the crystalline sterol in DRM may arise in part by selective highest in ACR. These data implied that the physical state
retention of cholesterol from lysosomes. Alternatively, as the of the liquid ordered phase in DRM is unique or that the
detergents used in DRM isolation selectively extract certain relative amount of liquid ordered phase in lipid raft-enriched
phospholipids, the resulting high sterol/phospholipid ratio PM fractions is highly dependent on the method used for
(reviewed in refs37 and38) could lead to phase separation isolation.
of sterol into the crystalline form. The sterol phase has been  Third, as compared to that of NR, the fluidity of lipid acyl
shown to separate into crystalline sterol at a high cholesterol/chains detected by fluorescence polarization of lipidic probes
phospholipid molar ratio in model membranes (reviewed in in NDCR and ACR (but not DRM) was lower, consistent
ref 4). with a liquid disordered state. In general, the polarizations
Second, the sterol fluidity in DRM differed markedly from  of Dil1g andcis-parinaric acid (but not DPHrans-parinaric
that of the other MDCK PM fractions using DHE. Although acid, or NBD-stearic acid) appeared to be significantly higher
synthetic sterol probe molecules may have deleterious effectan DRM than in NR. In contrast, the fluorescence polariza-
on membrane structure and function, such as NBD- tions of all five lipidic probes were higher in NDCRs and
cholesterol, sterol-phenol, or nitroxide-cholesterol, to our ACR than in NR. Model membrane studies show that DPH
knowledge there are no data demonstrating toxic or adversepolarization in the non-fluid gel phase and in the liquid
effects of DHE added to cultured cells or fed to animals crystalline phase is 0.381 and 0.095, respectively, while that
(reviewed in refs6—9). DHE is a natural component of inthe liquid disordered phase is intermedidid)( As shown
membranes in other eukaryotic organisms, including yeastherein, the fluorescence polarization of DPH in ACR was
and sponges (reviewed in redsand10—12). When DHE is 0.31774+ 0.0019 (Table 3), well within the range of DPH
simply fed to cultured cells4 10, 13) or animals 14, 15), in the liquid ordered phase of model membrarted).(With
it is readily incorporated into membranes or lipoproteins in regard to the other lipid raft preparations, DPH polarization
the absence of additional chemicals, catalysts, or experi-in NDCR was also higher but not as high as in ACR as in
mental manipulations. Incorporation of DHE to up to80  NR, consistent with the presence of a liquid disordered phase.
90% of total membrane sterol has no adverse effects on theThe average DPH polarization in DRM was slightly higher
sterol/phospholipid ratio, fatty acid composition, sterol than in NR but did not achieve statistical significance. This
distribution, or receptotreffector interactions sensitive to  was in contrast to earlier fluorescence and electron spin
sterols or sterol structurélQ, 16). resonance studies of DRM from model membranes and other
The fluorescence polarization of DHE in DRM was higher cell types, suggesting a liquid disordered phase the$n (
than that of NDCR. Consistent with this observation, electron 54). Taken together, the acyl chain environment of a variety
spin resonance studies comparing spin-labeled cholestanef non-sterol lipidic fluorophores suggested that (i) the liquid
mobility in model membranes with that in DRM isolated ordered phase is more prevalent in ACR than in NDCR and
from RBL-2H3 cells also conclude there is a less fluid sterol than in DRM or (ii) the degree of order in equivalent
environment in the DRM 20). However, quantitative  concentrations of liquid ordered phase is higher in ACR than
analyses indicated that the fluorescence polarization of DHE in NDCR and than in DRM.
in DRM was the highest of any of the lipid raft-enriched Fourth, the fluorescence polarizations of the leaflet selec-
PM fractions that were examined: DRMNDCR > ACR. tive DPH-TMA (exofacial leaflet) and DPH-Pro (cytofacial
Since fluorescence polarization provides a relative measureleaflet) fluorophores were used to examine the relative
of the mobility and fluidity of the probe, these data suggest fluidity of the outer and inner leaflets of lipid raft membranes.
that the sterol in DRM was significantly less mobile than Mammalian cell membranes contain transport proteins
that in the NR fraction but more mobile than that in any of (phospholipid flippases and translocases) that actively trans-
the other lipid raft-enriched fractions of the PM as follows: port negatively charged phospholipids to the cytofacial leaflet
NR > DRM > NDCR > ACR. The physical basis for the (reviewed in ref49). Consequently, phosphatidylserine and
uniquely lower fluidity of sterol in DRM and other caveolae/ phosphatidylinositol are on the cytofacial leaflet, while other
lipid raft preparations was not clear, but several possibilities phospholipids remain in the outer leaflet. Just like the other
may be considered. (i) Contaminating detergent may increasenegatively charged phospholipids, the negatively charged
the fluidity of sterol in DRM as compared to other caveolae/ DPH-Pro is expected to be found on the cytofacial leaflet.
lipid raft preparations. However, the data showed that DRM Hence, DPH-TMA (zwitterionic or non-negative) is expected
had the lowest fluidity and did not contain detectable amounts to be found on the outer leaflet just like other zwitterionic
of Triton X-100; therefore, our data were consistent with phospholipids, non-negative (phosphatidylcholine and sph-
earlier studies which also demonstrated the absence ofingomyelin) phospholipids. The difference in DPH-TMA
detergent in DRM (reviewed in ré&f3). (ii) Crystalline sterol polarization and DPH-Pro polarization is a measure of the
in DRM may contribute to the higher fluidity and mobility  transbilayer fluidity gradient between the two membrane
of sterol in DRM. (iii) Sterol may partition into a liquid leaflets (reviewed in refd6—48).
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Although in all membrane fractions that were examined An example of the potential importance of cholesterol
the exofacial leaflet appeared to be more fluid, the fluidity transfer by sterol-binding proteins is the movement of sterols
gradient was markedly dependent on the membrane fractionfrom hepatocyte basolateral PM to the bile canilicular region,
being examined with DRM being the smallest: DRFI£ which occurs by nonvesicular pathway&2). Identifying
0.0060)< NR (P =0.0158)< NDCR (P = 0.0214)< ACR these pathways, the PM domains involved, and protein
(P = 0.0300). Thus, the DRM were unique in exhibiting a mediators may provide valuable insight into the function of
2.6-fold smaller transbilayer fluidity gradient compared to caveolae/rafts in sterol trafficking. Taken together, these data
that of NR. In contrast, NDCR and ACR exhibited the on spontaneous and SCP-2-mediated sterol dynamics from
highest transbilayer fluidity differences, 1.4- and 1.9-fold lipid raft-enriched fractions isolated without the use of
greater, respectively, than that of NR. While the exact basis detergents (i.e., NDCR and even more so ACR) versus sterol
for the DRM exhibiting such a small transbilayer fluidity —dynamics from NR more closely resembled sterol dynamics
difference (even lower than in NR) is not known, there are from the PM of intact cells than DRM.
three possible causes. (i) Detergents are known to selectively Despite the recognition that PM are comprised of multiple
extract certain phospholipids speci&8)( (i) DRM may be types of domains, i.e., rafts versus nonrafts, little is known
comprised of a mixture of right-side-out and inside-out regarding the fluidity, transbilayer structure, and sterol
orientations %5). (iii) Since DRM are isolated from whole  dynamics of these functionally distinct domains. Although
cells, they may be composed not only of PM constituents most studies have focused largely on DRM, recent reports
but also of other intracellular membrane components thatin the literature have questioned the purity of lipid rafts
contain significant amounts of cholesterol (e.g., lysosomes prepared from whole cells by use of deterget® and have
and ER). In contrast, a previous study showed that con- postulated that DRM may not necessarily be equivalent to
canavalin A-Sepharose affinity-purified membranes were caveolae/lipid rafts in cells or may represent a different
oriented right-side-out5g). It is important to note that fraction of caveolae/lipid rafts than those isolated by methods
transbilayer fluidity gradients function in modulating the not using detergents (reviewed in r&fsl7, 18, 38, and55).
activity of transbilayer-coupled receptors and transporters in Therefore, the investigation presented here was undertaken
the PM (reviewed in re57). Further, the transbilayer gradient  to isolate both nonraft and raft types of domains from MDCK
is responsive to dietary unsaturated fatty acids, oxidized lipid, PM using two classical techniques (DRM and NDCR) and
anesthetics, and a variety of pathologies (reviewed in refs a newly developed method that simultaneously resolves ACR
46 and 56). Taken together, the data presented herein and NR without the use of detergents. These data showed
indicated that the transbilayer fluidity gradient in lipid raft- that DRM, NDCR, and ACR qualitatively share several (but
enriched membrane fractions was more clearly defined andnot all) structural properties but differ functionally. For
greater in ACR and NDCR than NR, while that in DRM is example, ACR had no crystalline sterol, were the least fluid,
actually smaller than in the other PM-enriched fractions.  had the highest transbilayer fluidity gradient, and exhibited

Fifth, it was shown for the first time that spontaneous sterol the most liquid ordered phase. NDCR also had no crystalline
transfer from NR and DSM was slow and essentially sterol but were intermediate in the other properties. In
unresponsive to SCP-2. These findings supported currentcontrast, DRM contained significant amounts of crystalline
studies with intact cells indicating that sterol transfer is sterol, were the most fluid, had the smallest transbilayer
mediated through proteins localized in the PM (i.e., SRB 1, fluidity gradients, had the largest amount of liquid ordered
P-glycoprotein, and ABC-A1) and within the cell (i.e., SCP-2 phase, and most closely resembled NR. Functionally, spon-
and caveolin-1) (reviewed in ref} 3, and58). taneous and SCP-2-mediated sterol dynamics of ACR and

Sixth, both spontaneous and SCP-2-mediated sterol transNDCR were most like those reported for PM and intact cells
fer from lipid raft-enriched PM fractions were highly (62). Again, NDCR were intermediate in these properties,
dependent on the type of preparation used. Although while DRM appeared to be anomalous. Although an exhaus-
spontaneous sterol transfer from DRM was very rapid tive panel of markers was not examined, on the basis of the
(polarizations approached the theoretical limit), SCP-2 did representative markers that were used, the DRM appeared
not enhance the already very rapid sterol transfer from DRM. the least pure while the ACR appeared the most pure of the
Since SCP-2 did not enhance sterol transfer from DRM, three lipid raft preparations. In contrast to ACR and NDCR,
much less DSM and NR, these data do not account for theDRM exhibited significant contamination from both intra-
significant SCP-2-mediated enhancement of sterol transfercellular membrane fractions (e.g., ER). Consistent with these
from isolated PM vesicles noted earli&9j. In contrast to data showing the presence of NR proteins in DRM, a recent
these observations with DRM, spontaneous sterol transferproteomics/mass spectrometry approach identified nearly
from NDCR and ACR was moderately faster than from DSM one-third of DRM proteins as being nonspecific contaminants
and NR and highly responsive to SCP-2. SCP-2 enhanced(19). These data suggest that the structure and sterol
the initial rate, decreased the half-time, and increased thedynamics of DRM are at least in part a product of the
size of the exchangeable sterol domain in NDCR and ACR, detergent isolation procedure or that DRM comprise a distinct
but not DRM or NR. Notably, the slow spontaneous sterol lipid raft domain significantly different from those obtained
transfer from all PM fractions (except DRM) was not due without the use of detergents. Although it would be difficult
to slow transbilayer sterol migration. Transmembrane cho- to claim that any raft preparation is identical to that of lipid
lesterol flip-flop across both model membranes and FM (  rafts in the PM of intact cells, the nondetergent, ACR
59, 60) is fast (minutes). Intact cells have evolved very rapid protocol described herein yielded raft membrane fractions
(1—2 min) protein-mediated (i.e., SCP-2 and caveolin-1) and that contained the fewest intracellular organelle contaminants
somewhat slower (3020 min) vesicular intracellular cho-  based on select intracellular markers, demonstrated choles-
lesterol trafficking pathways to and from the PNI, 61). terol exchange dynamics similar to that of intact cells
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(reviewed in refs3 and 63), and lacked crystalline sterols
(4), which are absent in intact, viable cell§.(Whether these
findings can be extended to other cell types remains to be
shown.

It is known that the endocytic pathway may involve
cholesterol- and sphingolipid-rich domains; however, to date,
there is no direct evidence that lipid rafts actually exist in
intracellular membrane$8). Regardless, it has been sug-
gested that rafts contribute to endocytosis and secretion. This
introduces a number of possibilities as enumerated in the 1
review by Brown and Londorb@). The transport of de novo
synthesized cholesterol from the ER to the PM is another
function attributed to raft microdomaind%). The efficiency
of cholesterol transport with different raft preparations was
not examined in this study nor was endocytosis or secretion.
However, we predict the different states (i.e., crystalline,
liquid ordered, etc.) of the membranes isolated by different
techniques would influence each of these processes and
perhaps alter the final destination of the material being
transported. Additional studies are needed to evaluate this
hypothesis.

In summary, there are many types of preparations for lipid
rafts, each with proven value that has provided insights into
multiple fields of study. Data obtained with different
preparations may reflect not only the purity of the lipid raft
isolate but also different populations of lipid rafts isolated
from different cells. These results indicate that the methodol-
ogy selected for raft/caveolae isolation should be carefully 2q.
considered. Further, care should be taken when interpreting
results from DRM and other methods of raft/caveolae
isolation.
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