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Abstract Lipid rafts, the functional microdomains in the
cell membrane, are believed to exist as liquid-ordered
(L,) phase domains along with the liquid-disordered
(Lg) phase of the bulk of the cell membranes. We have
examined the lipid order in model and natural mem-
branes by time-resolved fluorescence of trimethylam-
monium-1,6-diphenylhexatriene incorporated into the
membranes. The lipid phases were discerned by the
limiting anisotropy, rotational diffusion rate and distri-
bution of the fluorescence lifetime. In dipal-
mitoylphosphatidylcholine (DPPC)-cholesterol mixtures
the gel phase exhibited higher anisotropy and a two-fold
slower rotational diffusion rate of the probe as com-
pared to the L4 phase. On the other hand, the L, phase
exhibited higher limiting anisotropy but a rotational
diffusion rate comparable to the Ly phase. The Ly and
L, phases elicited unimodal distribution of lifetimes with
distinct mean values and their co-existence in phosp-
holipid-cholesterol mixtures was reflected as a biphasic
change in the width of the lifetime distribution. Global
analysis of the lifetimes yielded a best fit with two life-
times which were identical to those observed in single L,
or L4 phases, but their fractional contribution varied
with cholesterol concentration. Attributing the shorter
and longer lifetime components to the Ly and L, phases,
respectively, the extent of the L,/Ly phase domains in
the membranes was estimated by their fractional con-
tribution to the fluorescence decay. In ternary mixtures
of egg PC-gangliosides-cholesterol, the gangliosides in-
duced heterogeneity in the membrane but the Ly phase
prevailed. The L, phase properties were observed only in
the presence of cholesterol. Results obtained in the
plasma membrane and detergent-resistant membrane
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fractions (DRMs) isolated from U-87 MG cells revealed
that DRMs mainly possess the L, phase; however, a
substantially large proportion of plasma membrane also
exists in the L, phase. Our data show that, besides
cholesterol, the membrane proteins play a significant
role in the organization of lipid rafts and, furthermore, a
considerable amount of heterogeneity is present among
the lipid rafts.
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Abbreviations DPPC: dipalmitoylphosphatidylcholine -
DRM: detergent-resistant membrane fraction - EPC:
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Introduction

Several studies have suggested the existence of lipid
microdomains in biological membranes. Recently, it was
proposed that glycosphingolipids (GSLs) and high
concentrations of cholesterol present in the plasma
membrane could lead to the formation of lipid microd-
omains termed ‘lipid rafts” that attach specific mem-
brane proteins (Rietveld and Simons 1998; Simons and
Ikonen 1997). Lipid rafts have been implicated in
important cellular functions such as intracellular sorting
and signal transduction (Brown and Rose 1992; Kasa-
hara and Sanai 1999; Kurzchalia and Parton 1999;
Simons and Toomre 2000). The presence of lipid do-
mains enriched in GPIl-anchored proteins has been
demonstrated in the plasma membrane of intact cells
(Friedrichson and Kurzchalia 1998; Varma and Mayor
1998). Brown and co-workers proposed that lipid rafts
might originate due to organization of certain lipids into
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liquid-ordered (L,) phase domains (Ahmed et al. 1997;
Schroeder et al. 1994). The L, phase is characterized by
high order in the lipid acyl chains like the gel phase but
with fast translational and rotational mobility like the
L4 phase (Almeida et al. 1992; Vist and Davis 1990).
Owing to the co-existence of these phases under certain
conditions, phase separation may occur in the lipid
bilayers, giving rise to lipid microdomains. The specific
lipid moieties which would result in formation of the L,
phase are not yet clear. Both cholesterol and GSLs are
good candidates; however, Ostermeyer et al. (1999) have
suggested that GSLs are not essential for formation of
the L, phase.

The co-existence of liquid-disordered (L4) and L,
phases in phospholipid-cholesterol bilayers has been
demonstrated by EPR, NMR and fluorescence spectro-
scopic methods (Ipsen et al. 1987; Mateo et al. 1995;
Sankaram and Thompson 1991). Using a fluorescence
quenching method, Wang et al. (2000) have assessed the
affinity of different phospholipids and some peptides to
the L, phase. Recently, the L,/Ly phase domains in
supported lipid monolayers and giant unilamellar vesi-
cles have been visualized by confocal fluorescence
microscopy (Dietrich et al. 2001; Korlach et al. 1999).
However, the existence of L, domains in cell membranes
has not been conclusively demonstrated. It has mainly
been inferred from the facts that the lipid mixtures which
form L, domains exhibit resistance to extraction by non-
ionic detergents at low temperature (Schroeder et al.
1994) and a detergent-resistant low-density membrane
fraction enriched in cholesterol, GSLs and specific sig-
nalling proteins can be isolated from the cell membranes
(Brown and London 1997; Fra et al. 1994; Gorodinsky
and Harris 1995; Rodgers et al. 1994). Ge et al. (1999)
showed that the detergent-insoluble fractions isolated
from RBL-2H3 mast cells exhibit higher order, a char-
acteristic of the L, phase. However, there has been a
concern that detergent treatment could alter the com-
position and phase behavior of cell membranes (Brown
and London 1998). In a recent report, Gidwani et al.
(2001) showed that the plasma membrane of RBL-2H3
cells is substantially ordered.

In this study we have employed time-resolved fluo-
rescence of a lipid-specific probe, trimethylammonium-
1,6-diphenylhexatriene (TMA-DPH), to gauge the
distribution of L, and Ly phases in model and natural
membranes. As the fluorescence characteristics of
TMA-DPH are sensitive to its environment, it has been
widely used to measure the order of lipid acyl chains in
cell membranes and intact cells. In this paper we dem-
onstrate the differential fluorescence lifetime, anisotropy
and rotational diffusion of this probe in L, and L phases
of lipid bilayers and show that the relative extent of
L,/L4 phases in the membranes can be semi-quantita-
tively assessed by global analysis of the fluorescence
lifetimes. The method was used to examine the L,/Lq4
microdomains in the plasma membranes and detergent-
insoluble membrane fractions isolated from U-87 MG
cells.

Materials and methods

Materials

U-87 MG cells were obtained from the National Centre for Cell
Sciences (Pune, India). Fetal calf serum was procured from GIB-
CO-BRL Life Technologies (New Delhi, India). TMA-DPH and
Amplex red cholesterol assay kit were obtained from Molecular
Probes (Eugene, Ore., USA) and all other chemicals were from
Sigma (St. Louis, Mo., USA).

Preparation of liposomes

Unilamellar liposomes were prepared as described previously
(Sanganahalli et al. 2000). Briefly, required quantities of lipids were
dissolved in a chloroform-methanol mixture (1:1 v/v) and dried
under a stream of nitrogen gas. Subsequently, a known volume of
phosphate buffered saline (PBS) was added to the vials and kept at
37 °C for 10 min for the lipids to swell. The lipids were scraped
from the surface of the vials into the buffer and the lipid suspen-
sions were sonicated using a Vibra cell sonicator (Sonics and
Materials, Danbury, Conn., USA) at a 40% duty cycle and power
output of 20 W until the liposome suspensions became clear.
The phospholipid concentration in the samples was 0.25 mg/mL.
The bovine brain ganglioside mixture contained 19.8% GM]I,
39.6% GDla, 14.6% GDI1b and 17.6% GTl1b (Guerold et al.
1992). The concentration of individual gangliosides in the lipo-
somes was calculated accordingly and their sum was taken as the
total ganglioside concentration to estimate the phospholipid-
ganglioside molar ratio. The molar concentration of egg phos-
phatidylcholine (EPC) was calculated by taking an average
molecular weight of 760.08.

Cell culture and isolation of membranes

The cells were grown in EMEM supplemented with 1 mM sodium
pyruvate, 5% fetal calf serum, 5% bovine serum, 2.2 g/ HEPES,
50,000 units/L  benzylpenicillin, 3500 units/L. streptomycin and
2.2 mg/L nystatin at 37 °C, as described by Joshi and Mishra
(1992). Isolation of plasma membrane from cultured cells and
assessment of membrane enrichment was performed as described
earlier (Sreenivasan et al. 1997). To estimate membrane enrich-
ment, a marker enzyme for the plasma membrane, Na*-K *-ATP-
ase, was assayed. Different plasma membrane preparations were
enriched 1.8- to 2.4-fold in Na*-K *-ATPase activity compared to
the cell homogenate. This is consistent with enriched but not pure
plasma membrane preparations. Detergent-resistant membrane
fractions (DRMs) were isolated as described by Brown and Rose
(1992), with some modifications. Confluent cells (250x10°) were
washed once with PBS, scraped with a rubber policeman in PBS
and pelleted. The cells were treated with chilled lysis buffer (20 mM
Tris-HCI, pH 6.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
1 mM PMSF, 1 pg/mL each of aprotinin, leupeptin and pepstatin
A) and kept in ice for 20 min. The lysate was homogenized with
30 strokes in a Dounce homogenizer and mixed with an equal
volume of 80% sucrose in lysis buffer without detergent. Then
2 mL of this lysate were placed at the bottom of the centrifuge tube
and layered on top with 6 mL of 22% and 2 mL of 5% sucrose in
buffer, respectively. It was then centrifuged at 39,000 rpm for 12 h
at 4 °C in a TH-641 swinging rotor (Sorvall Combiplus). The
DRM was collected as the interface between the 22% and 5%
sucrose gradients. The fraction was washed with PBS, pelleted and
resuspended in the buffer.

Lipid extraction and estimation

Lipids were extracted from plasma membranes and DRMs
according to Folch et al. (1957). The membranes were pelleted and
treated with a cold chloroform-methanol mixture (2:1 v/v) and kept



in ice for 30 min. Samples were then centrifuged at 10,000 rpm for
5 min at 4 °C to separate the proteins and the clear chloroform-
methanol layer containing total lipids was collected for preparation
of liposomes and estimation of phospholipids, as described by
Bartlett (1959), and cholesterol, as described by Amundson and
Zhou (1999).

Depletion of cholesterol from the membranes

For depletion of cholesterol the membranes were incubated with
methyl-f-cyclodextrin (MBCD) for 1 h at 37 °C (Gidwani et al.
2001). Control samples were incubated in buffer without MBCD
under the same conditions. The membranes were collected by
centrifugation and washed once with PBS. The extent of cholesterol
depletion in given samples was quantified.

Labelling of liposomes and membrane vesicles with TMA-DPH

The liposomes and membrane vesicles were labelled with TMA-
DPH as described previously (Ravichandra and Joshi 1999;
Sharma et al. 1997). A working solution of TMA-DPH (4 uM)
was prepared by slowly adding a specific volume of its stock
solution in dimethylformamide to a known volume of vigorously
stirred PBS. The dispersion was allowed to stir continuously for
1 h at 25 °C. For fluorescence measurements, a known volume
of the working solution was added to a given volume of mem-
branes. The final concentration of TMA-DPH in the sample was
2 uM. We also explored another method to incorporate the
probe into the liposomes by adding the required volumes of
TMA-DPH stock solution to lipid mixtures before drying. The
samples were processed and sonicated as described above.
Identical results were obtained with these two methods, so we
subsequently followed the former procedure. Liposomes not la-
belled with the probe were used as blanks in the fluorescence
measurements.

Measurement of steady-state fluorescence

The steady-state fluorescence intensity and anisotropy were mea-
sured with a SLM 8000C spectrofluorometer. The samples were
excited at 337 nm to measure the fluorescence spectra. For
anisotropy measurements, Glan Thompson prism polarizers were
used in the optical paths. Samples were excited at 337 nm with
vertically polarized light and vertical (Z,,) and horizontal (/)
polarized fluorescence intensities were measured simultaneously
using a T-geometry optical path. The anisotropy (r) was calculated
as:

r=1Iy— Vh/[VV + 2Gly (1)

where G is the correction factor given by G = I,y/l,. Anisotropy
values were calculated after subtracting appropriate blanks.

Time-resolved fluorescence measurements and data analysis

The time-resolved fluorescence intensity and anisotropy were
measured with a FLA900 spectrofluorometer (Edinburgh Instru-
ments) using the single-photon counting mode. Each sample decay
curve data were acquired to give a peak count of 5000 and a cor-
responding lamp profile was collected using a scattering solution.
To measure the decay of fluorescence anisotropy, Glan Thompson
polarizers were placed in the excitation and emission path. Decays
of vertically, I(¢),y, and horizontally, /(¢),,, polarized fluorescence
intensities were measured by toggling the emission polarizer
between vertical and horizontal positions and simultaneously
acquiring the data in two memory segments of a multichannel
analyzer (MCA).

The fluorescence intensity decays were analyzed by multiexpo-
nential and distribution analysis using the FLA-900 software

383

(Edinburgh Instruments). The fluorescence intensity decay is rep-
resented by a sum of individual exponentials:

I(t) = Zaiexp( —t/t) (2)

where 7; are the individual decay times and o, the associated pre-
exponential factors. The fractional contribution of the ith compo-
nent to the total intensity is given by:

fi= o/ Z %Ti 3)

The distribution model fits the data to a discrete set of expo-
nentials evenly spaced in lifetime, with amplitudes determined by a
continuous distribution. The relative weighting of each lifetime is
calculated as:

fi=> Bihv;ty)/ Z Z (BjiATitji) 4)

1
where i is each amplitude within a peak and j is each peak within
the complete fit. The decay parameters are recovered using the
nonlinear least-square iterative fitting procedure based on the
Marquardt algorithm by varying the center lifetime (t.) and
the width of the distribution (Fy). The goodness of fit was judged
by the reduced %> parameter and the weighted residuals.

The decay of fluorescence anisotropy was analyzed according to
the wobbling in cone model. The fluorophore in the membrane is
considered to be in a hindered environment and the decay of flu-
orescence anisotropy is represented by:

r(1) = (ro = roo)exp( — 1/ @) +rec ()

where ry is the anisotropy at =0, r.. is the limiting anisotropy and
¢ is the rotational correlation time. The rotational rate (R) of the
fluorophore was calculated based on the equation:

1/¢ = 6R (6)

Global analysis of fluorescence lifetimes

The above analysis is useful to obtain an accurate and unbiased
representation of individual decay curves. However, the global
analysis model allows simultaneous analysis of a family of decay
curves in terms of internally consistent sets of fitting parameters.
Such analysis is useful for determining the intrinsic relationship
that may exist between the decay curves obtained under variable
conditions and is extremely useful in evaluating the manner in
which the decay parameters vary as a function of an independent
variable (Beecham et al. 1991; Rawat et al. 1997).

We obtained the fluorescence decays with varying lipid com-
position. The global analysis was done by linking the lifetimes
among data files so that they are held in common between the
decay curves, but the pre-exponentials were allowed to vary. The
data files were simultaneously analyzed by a least-square fitting
procedure using the Marquardt algorithm. The fit was judged by
the weighted residuals and the global y* parameter, which was
generally less than 1.7.

Determination of the partition coefficient of TMA-DPH
in different membranes

The partitioning of TMA-DPH in membranes of different com-
position used in this study was measured as described by Huang
and Haugland (1991). The fluorescence intensity of TMA-DPH in
liposomes was measured with an increasing lipid/probe ratio,
keeping the probe concentration constant at 2 uM. The total lipid
concentration was varied from 10 uM to 400 uM. In liposomes
constituted of mixed lipids, the ratio of mole concentration of lipids
was held constant. The fluorescence intensity (F) increases with
increasing lipid concentration (L) and finally saturates at Fy. The
partition coefficient (K,,) between lipid and water was estimated
from the x-intercept of the double reciprocal plot given by the
following equation:
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1/F = [55.6/(KpFo)|(1/L) +1/Fy (7)

Results

The existence of two fluid phases in dipalmitoyl-
phosphatidylcholine (DPPC)-cholesterol binary mixtures
is well established (Sankaram and Thompson 1991;
Vist and Davis 1990). We used this lipid system to assess
the ability of TMA-DPH to distinguish between the two
fluid phases in the lipid bilayers. The fluorescence
properties of this probe in liposomes made up of DPPC-
cholesterol mixtures representing different lipid phases
were examined under appropriate experimental condi-
tions.

Fluorescence anisotropy of TMA-DPH
in DPPC-cholesterol mixtures

In DPPC bilayers the transition from the gel to the Ly
phase occurs at about 41.5 °C; therefore we chose pure
DPPC liposomes at 25 °C and 50 °C as representatives
of the gel and L4 phases, respectively. Cholesterol
induces formation of the L, phase in DPPC bilayers
and the phase diagram for DPPC-cholesterol mixtures
as determined by NMR and EPR spectroscopy shows
that, above the phase transition temperature, lipid bi-
layers constituted by DPPC and 30 mol% cholesterol
exist in the L, phase (Sankaram and Thompson 1991;
Vist and Davis 1990). The fluorescence anisotropy of
DPH and its derivatives has been extensively used to
study the phase transition in membranes (Bernsdorff et
al. 1997; Lentz et al. 1976, 1980; Shinitzky and
Barenholz 1978). We found that the steady-state an-
isotropy of TMA-DPH in DPPC at 25 °C (gel phase)
was 0.321+0.010 and it decreased to 0.183+0.001 at
50 °C (L4 phase); in the presence of 30 mol% choles-
terol (L, phase), an intermediate value of 0.237 £0.007
was observed. These results are suggestive of the or-
dering of lipid acyl chains in the gel and L, phases.
However, no clear distinction could be made between
the two phases. Since the L, phase is characterized by
highly ordered lipid acyl chains and high rotational and
lateral mobility, we further determined the rotational
mobility of the probe in these samples by measuring
the time-resolved anisotropy. As shown in Fig. 1, the
decay of the fluorescence anisotropy in the gel phase
(curve a) was considerably slower than that observed in
the fluid phases (curves b and c). Analysis of the decay
curves (Table 1) showed that the rotational diffusion
rate of TMA-DPH was comparable in the Ly and L,
phases, but it was more than two-fold slower in the gel
phase. The limiting anisotropy was higher in the gel
and L, phases as compared to the Ly phase. Thus, the
typical characteristics of gel, Ly and L, phases are
clearly affirmed by the time-resolved fluorescence an-
isotropy measurements.

0 10 20 30 40 50

Fluorescence anisotropy

0 10 20 30 40 50
Time (ns)

Fig. 1 Decay of fluorescence anisotropy of TMA-DPH in DPPC
liposomes at (a) 25 °C, (b) 50 °C and (¢) DPPC with 30 mol%
cholesterol at 50 °C. Dots represent the experimental data and solid
lines represent the fitted curves

Table 1 Rotational rate (R) and limiting anisotropy (r..) of TMA-
DPH in DPPC-cholesterol liposomes®

Sample R (10%/s) Feo

DPPC (25 °C) 0.302+0.028 0.32+0.01
DPPC (50 °C) 0.609 +0.020 0.14+0.01
DPPC + 30 mol% chol. (50 °C) 0.704+0.017 0.21+0.00

“The lipid composition and temperatures shown here were selected
to represent gel (DPPC at 25 °C), liquid disordered (DPPC at
50 °C) and liquid ordered (DPPC-30 mol% cholesterol at 50 °C)
phases. The data are the mean+SD of three experiments

Fluorescence lifetime of TMA-DPH

The fluorescence lifetime is a good indicator of the
microenvironment of the fluorescence probe. Earlier
studies have shown that DPH and TMA-DPH exhibit
differential lifetimes in the gel and Ly phases (Barrow
and Lentz 1985; Prendergast et al. 1981). We analyzed
the decay of the fluorescence intensity for 100 lifetimes
between 0.05 and 100 ns. As shown in Table 2, the dis-
tribution of lifetimes was markedly different in three
lipid phases. DPPC at 25 °C (gel phase) exhibited a
bimodal distribution of lifetimes centered at 1.99 +0.25 ns
and 6.66+0.09 ns with a fractional contribution of
0.09 and 0.91, respectively. At 50 °C the distribution
was unimodal, with the lifetime centers located at
3.51+0.23 ns and 6.84 £0.41 ns in the absence (L4) and
presence of 30 mol% cholesterol (L,), respectively. Also
an appreciable increase was observed in F, (full width at
half maximal of distribution) in the L, phase and it
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Table 2 Distribution analysis of fluorescence life times of TMA-DPH in DPPC-cholesterol liposomes®

Sample 71 (ns) Fy1 (ns) 7, (ns) Fy (ns)
DPPC (25 °C) 1.99+0.25 (0.09+0.03) 0.4240.00 6.66+0.09 (0.91+0.03) 1.37+0.19
DPPC (50 °C) 3.51+£0.23 (1.00£0.00) 0.53+0.12 - -

DPPC + 30 mol% chol. (50 °C) - - 6.844+0.41 (1.00+0.00) 1.00£0.04

4The distribution was bimodal in the gel phase (DPPC at 25 °C)
but unimodal in the liquid disordered (DPPC at 50 °C) and liquid
ordered (DPPC-30 mol% cholesterol at 50 °C) phases. t and F,,

further increased in the gel phase (Table 2). These data
reveal that TMA-DPH exhibits differential lifetimes not
only in the gel and L4 phases but also in the L, phase.
The bimodal and broader distribution in the gel phase
indicates greater heterogeneity, possibly due to the
immobility of lipids. In some samples a short lifetime
component of 0.45+0.20 ns was observed; however, its
fractional contribution was less than 0.001, hence it was
ignored. This component is believed to occur due to the
oxidation of TMA-DPH (Straume and Litman 1987,
Williams and Stubbs 1988).

Fluorescence characteristics of TMA-DPH
in mixed Lg/L, phases

It is widely accepted that biological membranes lack the
gel phase and the L, phase is considered as the main
feature of the lipid rafts in the membrane. Our subse-
quent experiments were focused on mixed Lg4/L, phases.
DPPC liposomes were prepared with varying concen-
trations of cholesterol and experiments were performed
at 50 °C to ensure the fluid phase. As depicted in Fig. 2,
the fluorescence intensity and steady-state anisotropy of
TMA-DPH was enhanced by cholesterol in a concen-
tration-dependent manner (panels a and b). This effect
could be attributed to the increased packing of lipid
bilayers by cholesterol, which makes the membranes
more ordered and reduces the water permeability
(Bernsdorff et al. 1997). The fluorescence lifetime dis-
tributions were unimodal at all cholesterol concentra-
tions, but the center of the distribution shifted to higher
values with increasing cholesterol concentrations (panel
¢). Interestingly, upon increasing the cholesterol content,
the half-width of the lifetime distribution F,, was also
enhanced up to 20 mol%, suggesting increased hetero-
geneity in the samples which then diminished at higher
cholesterol concentrations (panel d). These data indicate
the existence of mixed phases in the liposomes.

In view of the fact that TMA-DPH exhibited distinct
lifetimes in the Ly and L, phases, we performed a global
analysis of the decay curves obtained at different cho-
lesterol concentrations. Discrete lifetimes were linked
between all the decay curves and the pre-exponential
factors were allowed to vary. The least-square analysis
yielded the best fit with two lifetimes of 3.50+0.13 ns
and 7.02+0.32 ns and the global y*=1.53. The contri-
bution of the two lifetime components varied with cho-
lesterol concentration. As shown in Fig. 3, at 0 mol%

represent the mean value and half-width of the lifetime distribution,
respectively. The numbers in parentheses show the fractional con-
tribution. The data are the mean £ SD of three experiments
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Fig. 2a—d Effect of cholesterol concentration on the fluorescence
characteristics of TMA-DPH in DPPC liposomes at 50 °C. Changes
in (a) fluorescence intensity, (b) steady-state anisotropy, (c¢) fluores-
cence lifetime and (d) half-width of lifetime distribution are shown as
a function of cholesterol concentration

cholesterol the fractional contribution of the shorter
lifetime was 0.983 +£0.024. With increasing cholesterol
concentration the contribution of the longer lifetime
component continuously increased at the expense of the
shorter lifetime component and at 50 mol% cholesterol
it was 0.983+0.022. We infer that the two lifetime
components described here arise due to the localization
of TMA-DPH in the L4 and L, phase domains and their
fractional contributions indicate the relative extent of
these two fluid phases in the membranes.

Fluorescence characteristics of TMA-DPH
in phospholipid-ganglioside-cholesterol
ternary mixtures

GSLs and cholesterol are enriched in the plasma mem-
brane and are considered to play an important role in
the formation of the L, phase domains in the natural
membranes (Harder and Simons 1997; Simons and
Ikonen 1997). Unlike DPPC, which has saturated fatty
acyl chains, most of the biological membranes contain
unsaturated fatty acyl chains and their melting temper-
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Fig. 3 Change in the fractional contribution of two fluorescence
lifetimes of TMA-DPH in DPPC liposomes with varying cholesterol
concentration. Fractional contribution of the shorter lifetime
71 =3.50 ns is represented by f| (circles) and that of the longer
lifetime 7,=7.02 ns by f> (squares). The measurements were
performed at 50 °C. The data are the mean + SD of three experiments

atures are below 0 °C. EPC contains a mixture of
phospholipids with large amounts of unsaturated fatty
acyl chains. Thus a EPC-ganglioside-cholesterol mixture
is a better representative of the natural membranes. The
results obtained in EPC-cholesterol liposomes (in the
absence of GSL) were quite similar to those observed in
DPPC-cholesterol liposomes. The fluorescence intensity
and steady-state anisotropy increased in cholesterol-
containing samples (data not shown). Figure 4 shows
the center and half-width of the lifetime distribution in
liposomes comprising EPC-ganglioside-cholesterol mix-
tures. The lifetime distributions were unimodal in all
cases. The presence of cholesterol increased the lifetime
of TMA-DPH in EPC liposomes (panel a) and also in-
creased the distribution width (panel b). Unlike DPPC-
cholesterol mixtures, the biphasic change in F,, was not
observed, possibly due to the compositional complexity
of the EPC. The presence of 5 mol% gangliosides
slightly increased the lifetime values; however, a marked
increase was seen in Fy, suggesting that gangliosides
enhance the heterogeneity in the bilayers. Increasing the
ganglioside concentration to 10 mol% did not cause
any further change in the lifetime or Fy,. Global analysis
of the fluorescence decay curves again showed the
best fit with two lifetimes of 7;,=3.25+0.21 ns and
7,-6.54+0.26 ns with a global 3 value of 1.44. In EPC-
cholesterol liposomes the fractional contribution of
the longer lifetime (f5) increased from 0.08 at 0 mol%
cholesterol to 0.94 at 50 mol%. These data show that
cholesterol creates L, domains in EPC bilayers also. The
change in f; observed in EPC-ganglioside-cholesterol
liposomes of varied composition is depicted in Fig. 5. In
the absence of cholesterol, gangliosides (10 mol%)
slightly increased f>. In the presence of 5-20 mol%
cholesterol, gangliosides did not cause any significant
change; however, at higher cholesterol concentrations a
small but significant reduction in f, was observed.
We further examined the effect of gangliosides by

Mean lifetime (ns)

S = N W A N2
CIIIIIIIIIIIIIIIIIIIIIS

_
i

Cholesterol Conc. (mol%)

Fig. 4 The fluorescence lifetime (a) and half-width of lifetime
distribution Fy, (b) of TMA-DPH in EPC-ganglioside-cholesterol
mixtures at 25 °C. Liposomes were prepared with DPPC in the
absence (slanted lines) or presence of approximately 5 mol% (filled
bars) and 10 mol% (horizontal lines) of mixed gangliosides and
varying concentrations of cholesterol. The data are the mean = SD
of three experiments

Cholesterol Conc. (mol %)

Fig. 5 Changes in the fractional contribution f> of the longer
fluorescence lifetime component (t,=6.54 ns) in EPC liposomes
containing 0 mol% (slantedlines),5 mol% (filled bars)and 10 mol %
(horizontal lines) gangliosides at varying concentrations of choles-
terol. The fractional contribution of the shorter lifetime component

/1 changed in a complimentary manner but only f; is shown for

clarity. Measurements were performed at 25 °C. The data are the
mean = SD of three experiments

time-resolved fluorescence anisotropy measurements
and the data are given in Table 3. The limiting anisot-
ropy was slightly higher in EPC liposomes containing
5 mol% and 10 mol% gangliosides. In liposomes con-
taining 30 mol% cholesterol, the limiting anisotropy
was markedly higher and gangliosides did not bring
about any appreciable change. The rotational diffusion
rate was unaffected by the presence of cholesterol or
gangliosides. These results clearly demonstrate the in-
duction of L, domains by cholesterol and gangliosides
do not appear to facilitate this process.



Fluorescence characteristics of TMA-DPH
in natural membranes

After establishing the method to identify the L,/Lq4
microdomains in liposomes, it was further used in the
detergent-insoluble membrane fraction (DRM) and en-
riched plasma membrane (PM) isolated from U-87 MG
cells. As given in Table 4, the DRM exhibited a high
limiting anisotropy (0.240+0.008) and rotational rate
(0.607x10%/s), indicative of the L, phase. The limiting
anisotropy in the plasma membrane (0.225+0.005) was
considerably higher than that observed in the Ly phase
in liposomes, suggesting that a considerable amount of
order exists in the plasma membranes. Depletion of
cholesterol from the membranes by MBCD treatment
caused a decrease in the fluorescence anisotropy without
a significant change in the rotational rate, indicating

Table 3 Rotational rate (R) and limiting anisotropy (r..) of TMA-
DPH in EPC-ganglioside-cholesterol liposomes®

Sample R (10%/s) Teo

EPC 0.428 £0.037 0.15+0.01

EPC + 30 mol% chol. 0.480+£0.000 0.21+0.01

EPC+ 5 mol% GSL 0.468 £0.022 0.16+0.00

EPC+ 5 mol% GSL+ 30 mol %chol. 0.453+0.042 0.21+ 0.00
EPC+ 10 mol% GSL 0.445+£0.070 0.16%0.00

EPC+ 10 mol% GSL +30 mol %chol. 0.428+0.065 0.22+0.01

4The data are the mean=+SD of three experiments

Table 4 Time-resolved analysis of limiting anisotropy (r..) and
rotational rate (R) of TMA-DPH in membranes®

Sample R (10%/s) Feo

DRM 0.607 +0.080 0.240 +0.008
DRM, MBCD treated 0.520 +0.067 0.201+0.011
DRM, lipid extract 0.534+0.034 0.240+0.010
PMP 0.537+0.047 0.225+0.005
PM, MBCD treated® 0.449 +0.035 0.18040.010
PM, lipid extract® 0.525+0.046 0.205 4 0.005

“The data represent the mean = SD of three experiments

°PM denotes enriched plasma membrane preparation and not pure
plasma membranes as mentioned in the Materials and methods
section
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decreased order in the membranes. Under the given ex-
perimental conditions, the cholesterol concentration was
decreased by 45% and 52% in the DRM and PM, re-
spectively.

The results of the distribution analysis of the fluo-
rescence lifetimes in the DRM and PM are given in
Table 5. The DRM exhibited a unimodal distribution of
lifetimes with a mean value of 6.54 +0.32 ns (3> = 1.489),
whereas the plasma membrane showed a bimodal dis-
tribution with mean lifetimes of 1.56+0.08 ns and
5.66+0.11 ns (3*=1.357). The half-width of the longer
lifetime components in the DRM (1.42 ns) and PM
(1.56 ns) was quite large as compared to pure L, (1.0 ns)
or Ly (0.53 ns) phases in model membranes, indicating
greater heterogeneity in the natural membranes. Deple-
tion of cholesterol drastically decreased F,, and shifted
the mean lifetime towards slightly lower values both in
the DRM and PM, suggesting disordering of the mem-
branes. The origin of the shorter lifetime component in
the plasma membrane is not known at present.

In liposomes prepared with lipid extracts from the
DRM, the limiting anisotropy was comparable to that
observed in the DRM, whereas the fluorescence lifetime
was decreased to 5.88+0.04 and F, decreased to
0.76+0.11 (5 =1.291). In the case of liposomes prepared
from PM lipid extract, a significant decrease was observed
in the limiting anisotropy (0.205 £ 0.0095), lifetime and Fi;
however, the distribution remained bimodal with mean
lifetimes of 1.1140.25 ns and 4.05+0.01 ns (°=1.34).
These results are contrary to the effects expected due to
the dynamic quenching of TMA-DPH by membrane
proteins and thus imply that proteins also contribute to
the ordering of microdomains in the membranes.

To estimate the L,/Ly phases in these membranes, a
global analysis of the fluorescence decay curves was per-
formed by linking the lifetimes. The analysis yielded the
best fit with two lifetimes of 2.395+0.13 ns and
5.92+0.28 nsand the global * value was 1.673. As shown
in the last column of Table 5, the percentage of 7,, which is
indicative of the extent of L, domains in the membrane,
was 89 +2% in the DRM and 71 4% in the PM. MBCD
treatment decreased it to 63+3% and 40+5% in the
DRM and PM, respectively. Membranes prepared with
lipid extracts from the DRM and PM showed a 74+2%
and 41 + 1% contribution of t,, respectively.

Table 5 Distribution analysis of fluorescence lifetimes of TMA-DPH in membranes®

Sample 71 (ns) Fy1 (ns) 7, (ns) Fy (ns) /1> (global analysis)
DRM - - 6.54+0.32 (1£0.0) 1.42+0.21 0.89+0.02
DRM, MBCD treated - - 5.56+£0.11 (1£0.0) 0.75+0.16 0.63+£0.03
DRM, lipid extract - - 5.88+0.04 (1£0.0) 0.76£0.11 0.74+0.02
PM® 1.56£0.08 (0.07+0.01) 0.38+0.06 5.66+0.11 (0.93+0.01) 1.56+£0.08 0.71£0.04
PM, MBCD treated” 1.66£0.24 (0.15+0.02) 0.40+0.05 4.07+0.03 (0.85+0.2) 0.71£0.07 0.40+£0.05
PM, lipid extract® 1.11+0.25 (0.17+0.03) 0.09+0.01 4.05+0.01 (0.83+0.03) 0.78+£0.23 0.41+0.01

“Numbers in parentheses show the fractional contribution. The last
column shows the fractional contribution (f>) of the longer lifetime
component (5.92+0.28 ns) obtained by global analysis of the flu-
orescence decays.The data are the mean +SD of three experiments

®PM denotes enriched plasma membrane preparation and not pure
plasma membranes as mentioned in the Materials and methods
section
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Discussion

The results presented in this paper demonstrate the sen-
sitivity of the fluorescence characteristics of TMA-DPH
to different lipid phases. Partitioning of amphiphilic
probes in different lipid membranes can vary, which in
turn may influence their fluorescence characteristics.
Therefore it is important to consider the partitioning
behavior of TMA-DPH in different membranes used in
the present study. As given in Table 6, the partition
coefficient of TMA-DPH was comparable in liposomes
representing L, and L4 phases. The ratio of partition co-
efficients in the L, to L4 phases was 1.06 and 1.14 in the
case of DPPC and EPC, respectively, suggesting that
TMA-DPH would be distributed equally in coexisting
L,/Lq4 phases. Also the presence of gangliosides did not
alter the partition coefficient appreciably. Similar parti-
tioning behavior has been reported for DPH-PC by
Gidwanietal. (2001). Thus the changes in the fluorescence
properties of TMA-DPH described here are true reflec-
tions of the characteristics of the lipid phases.

The initial experiments were performed with well-
characterized DPPC-cholesterol binary mixtures. Pure
DPPC liposomes exhibited markedly higher fluorescence
intensity, lifetime and steady-state anisotropy of TMA-
DPH in gel phase (at 25 °C) as compared to the Ly
phase (at 50 °C). Inclusion of cholesterol into the
liposomes also increased the intensity, lifetime and
steady-state anisotropy, indicating the ordering of the
lipid bilayer by cholesterol. Lowering the temperature or
increasing the cholesterol concentration had a similar
effect on these fluorescence parameters; thus no
distinction could be made between the gel phase and the
L, phase expected to be present under the respective
conditions. Nonetheless, the time-resolved fluorescence
anisotropy data revealed that the rotational diffusion
rate of the probe in the gel phase (DPPC at 25 °C) was
two-fold slower as compared to that in the Ly phase
(DPPC at 50 °C). In the L, phase (DPPC + 30 mol%
cholesterol at 50 °C) the rotational diffusion rate was as
high as in the L4 phase (Table 1). The limiting anisot-
ropy value, an indicator of the order in the lipid acyl
chains, was 0.32 and 0.14 in the gel and L4 phases,
whereas an intermediate value of 0.21 was observed in
the L, phase. These data conform to the characteristics
of the L, phase in DPPC-cholesterol mixtures. The
lifetimes of TMA-DPH in the L4 phase liposomes were
distributed around the peak at about 3.51 ns with a half-

Table 6 Partition coefficient (K;) of TMA-DPH in different lipid
membranes

Sample K,

DPPC 9.45x10°
DPPC + 30 mol% chol. 8.90x10°
EPC 8.90x10°
EPC + 30 mol% chol. 7.78x10°
EPC+ 10 mol% GSL 7.78x10°

width of 0.53 ns. In the L, phase the center of lifetime
distribution increased to 6.84 ns with a half-width of
1.0 ns. The ordering of lipid bilayers in the L, and gel
phases restricts water permeation into the membrane
and thus enhances the fluorescence intensity and life-
time of the probe (Bernsdorff et al. 1997). We further
examined the mixed L,/Lq phases by varying the cho-
lesterol concentration in DPPC liposomes. Careful
analysis of fluorescence decay curves in different samples
revealed interesting results. The fluorescence lifetime
continuously increased upon increasing the cholesterol
concentrations from 5 to 50 mol%. Notably, the half-
width of the distribution changed in a biphasic manner
(Fig. 2, panel d). The width of the lifetime distribution
indicates the heterogeneity in the microenvironment of
the probe. Such heterogeneity arises due to composi-
tional and organizational factors or the solvent effect
(Williams and Stubbs 1988). We infer that under the
given experimental conditions the biphasic change in the
distribution width arises due to the co-existence of Ly/L,
phases in the liposomes. The heterogeneity was a max-
imum at 20 mol% cholesterol and it diminished at
higher or lower concentrations, indicating the predomi-
nance of one phase over the other. Narrowing of the
distribution at 30 mol% and above indicates the pre-
dominance of the L, phase. These data are consistent
with the previously described phase behavior of DPPC-
cholesterol (Sankaram and Thomson 1991; Huang et al.
1993; Xiang and Anderson 1998). Since the fluorescence
lifetimes of TMA-DPH were unambiguously distinct in
the L, and L4 phases (Table 2), we explored the possi-
bility of assessing the extent of two fluid phases in the
liposomes by global analysis of the decay curves
obtained with different cholesterol concentrations. The
experiments were done at 50 °C to ensure the fluid
phases in the liposomes. Global analysis of the decay
curves by linking the lifetimes yielded best fits with two
lifetimes of 3.50+0.13 ns and 7.02+0.32 ns. Within
experimental error limits, these values were almost the
same as those obtained by distribution analysis. These
lifetimes can be attributed to the Ly and L, phases,
respectively, as they were approximately the same as the
centers of lifetime distributions obtained by individual
analysis of the decay curves obtained without and with
50 mol% cholesterol. The fractional contributions of the
two lifetime components in liposomes containing dif-
ferent concentrations of cholesterol were in conformity
to our contention. In the absence of cholesterol the
contribution of 7; was 98.3% and with increasing cho-
lesterol concentration the fractional contribution of 7,
increased, finally reaching 98.4% at 50 mol% choles-
terol. Thus it is evident that the relative extent of the two
fluid phases in the membranes can be semi-quantita-
tively estimated by the global analysis method. It should
be noted that the presence of two lipid phases was
established by other parameters, such as rotational dif-
fusion rate and half-width of the lifetime distributions.
The study was extended to liposomes constituted with
ternary mixtures of EPC-gangliosides-cholesterol, a



system that mimics the lipid composition of the plasma
membrane. Like the natural membranes, EPC contains a
mixture of phospholipids with a large amount of un-
saturated fatty acyl chains and gangliosides, the major
glycosphingolipids of the neuronal cell membranes, can
constitute up to 10% of the total lipids (Derry and
Wolfe 1967). The mole fractions of gangliosides and
cholesterol used in our experiments are in the physio-
logical range. The fluorescence anisotropy and lifetime
of TMA-DPH show that EPC liposomes at room tem-
perature exist in the Ly phase. Incorporation of choles-
terol increased the fluorescence intensity, anisotropy and
lifetime of the probe, reflecting the ordering of fatty acyl
chains by cholesterol. Global analysis of fluorescence
lifetimes also showed the increase in the L, domains, as
reflected in the fractional contribution of the two life-
times. Earlier studies have reported the existence of or-
dered microdomains in unsaturated PC-cholesterol
mixtures (Mateo et al. 1995; Mitchell and Litman 1998;
Straume and Litman 1987). Gangliosides caused a very
small rise in the mean lifetime value and a modest
increase in the fluorescence anisotropy. These results are
consistent with earlier studies, which showed that, at low
mole fractions (<24%), gangliosides are randomly
mixed in phospholipid bilayers and do not form micellar
structures (Bunow and Bunow 1979; Sillerud et al. 1979;
Hinz et al. 1981). Global analysis of the lifetimes did not
elicit any appreciable shift in the fractional contributions
of the two lifetimes in liposomes containing ganglio-
sides, implying that the lipid bilayer maintains the Ly
phase. The orderliness was inducted by cholesterol,
which was manifested as the drastic increase in the
anisotropy and fractional contribution of the longer
lifetime component. Notably, a 2.5-fold increase was
observed in Fy, in the presence of 5 mol% and 10 mol%
gangliosides. Such extensive broadening of the lifetime
distribution is suggestive of a greatly heterogeneous
microenvironment for the fluorescence probe.

Several spectroscopic methods have been employed
previously to characterize the L, phase domains in
model membranes. These methods invariably involve
incorporation of labelled phospholipids in the bilayer
that limits their applicability in the natural membranes.
Our study has put forward a novel method for semi-
quantitative detection of fluid phase microdomains in
the membranes. We have used this method to examine
the fluid phase domains in the cell membranes and
detergent-resistant membrane fractions isolated from
U-87 MG cells. The high fluorescence anisotropy and
rotational rate of TMA-DPH in DRMs were charac-
teristic of the L, phase. The role of cholesterol and
proteins in the organization of phase domains was
examined by depletion of cholesterol or by extraction of
lipids from the membranes. The anisotropy and lifetime
values decreased appreciably in cholesterol-depleted
DRMs, whereas removal of proteins did not have a
significant effect. These results confirm that cholesterol
is the major player in the packing of L, domains in
DRMs. Plasma membranes showed anisotropy values
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lower than DRMs, but it was considerably higher than
the values obtained in the Ly phase in DPPC or EPC
liposomes. Depletion of cholesterol from PMs decreased
the anisotropy. Removal of proteins also caused a
reduction in the anisotropy value. The differences in the
membrane order elicited as the changes in the limiting
anisotropy were also reflected in the fluorescence life-
time. The lifetime of the probe in more ordered mem-
branes was enhanced. Analysis of fluorescence decays
showed a very wide distribution of lifetimes in the PMs,
eliciting the heterogeneity in the membrane. Interest-
ingly, even the DRMs, exhibiting the characteristics of
L, phase, showed a large heterogeneity. Global analysis
of fluorescence decay curves was performed to estimate
the contribution of the L,/L4 phases in natural mem-
branes. As shown in the last column of Table 5, the
extent of the L, domains in the membrane varied greatly
between different samples. Our analysis showed that the
DRMs exist largely as the L, phase (89% L,); never-
theless, 71% of the PMs also exist in the ordered phase.
We would like to mention here that the purity of the
PM may have some bearing on the results. In case of
contamination with other intracellular membranes,
which would most likely be in the Ly phase, the mea-
sured values in the PM would be an underestimation of
the L, phase. We cannot completely rule out the residual
presence of intracellular membranes in our PM prepa-
rations; however, as described in the Materials and
methods section, the membrane preparations were rea-
sonably enriched in marker enzyme activity and the
contamination is expected to be minimal. Depletion of
cholesterol drastically diminished the L, domains in
both in the PM and DRM. Quantitative measurement of
phospholipids and cholesterol in our samples revealed
that the PM and DRM contained 27.91+£0.12 and
47.90+2.20% cholesterol, respectively. After MBCD
treatment it reduced to 13.39+0.06% in the PM and
26.34+1.20% in DRM, which is incidentally compara-
ble to that obtained in the untreated PM. However, the
limiting anisotropy and the fraction of the long lifetime
component was considerably lower in MBCD-treated
DRMs as compared to PMs (Tables 4 and 5). There are
gross differences in lipid and protein composition of
these two membranes; even so, the lipids sorted into
DRMs are expected to favor the L, phase. On the
contrary, the order was relatively higher in PMs as
compared to DRMs containing comparable amounts of
cholesterol (after MBCD treatment). These observations
lead us to infer that besides cholesterol, membrane
proteins could also be involved in ordering the L,
microdomains. Furthermore, the L, phase drastically
diminished in liposomes prepared with lipid extracts of
PMs and DRMs. Since the lipid bilayers prepared from
lipid extracts are expected to be bilaterally symmetric
and thus different from the bilaterally asymmetric PM
bilayer, a quantitative comparison was not attempted
in this case. Nevertheless, these results support our
notion that a considerable amount of order is brought
about by membrane proteins.
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Glycosphingolipids and cholesterol are considered as
the basic molecular units responsible for assembly of
lipid rafts (Simons and Ikonen 1997). However, Oster-
meyer et al. (1999) have shown that GSLs are unneces-
sary for the formation of detergent-insoluble membrane
domains and proposed that detergent-insoluble L,
domains are formed by phospholipids containing long
saturated fatty acyl chains and cholesterol. Subse-
quently, Wang et al. (2000) have reported that mono-
unsaturated and shorter chain saturated phospholipids
also partition into the L, phase. Our data confirm that
cholesterol is the key component responsible for the
formation of L, domains in the membrane. Undisput-
edly, GSLs are enriched in the detergent-insoluble
membrane fractions and these fractions elicit the char-
acteristics of the L, domains. The precise reasons for
this partitioning of GSLs into the lipid rafts are yet to be
established. We observed that GSLs bring about heter-
ogeneity in the membranes and a considerable hetero-
geneity exists among the L, domains in the DRM (as
revealed by large F,, values). It is likely that specific
GSLs segregate into separate microdomains, giving rise
to functionally distinct lipid rafts. Recently, Schnaar and
co-workers (Vyas et al. 2001) probed the distribution of
gangliosides GM1 and GD3 in artificial supported
monolayers and neuronal membranes using immuno-
cytochemical labelling and fluorescence resonance ener-
gy transfer. They found that GM1 does not co-localize
with GD3 and the membrane raft resident proteins Lyn
and caveolin both co-localize with GD3.

In conclusion, our data demonstrate that in the
presence of high cholesterol concentrations the bulk of
the PM can exist in the L, phase. Although cholesterol is
the key component responsible for the formation of L,
domains, membrane proteins and GSLs play a signifi-
cant role in the organization of these microdomains.
Furthermore, it reveals that lipid rafts are heteroge-
neous. Such heterogeneity may have implications in the
functional fine-tuning of lipid rafts.
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