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Fluorescence Resonance Energy Transfer between Lipid Probes Detects
Nanoscopic Heterogeneity in the Plasma Membrane of Live Cells

Prabuddha Sengupta, David Holowka, and Barbara Baird
Department of Chemistry and Chemical Biology, Cornell University, lthaca, New York 14853-1301

ABSTRACT Fluorescence resonance energy transfer (FRET) between matched carbocyanine lipid analogs in the plasma
membrane outer leaflet of RBL mast cells was used to investigate lateral distributions of lipids and to develop a general method
for quantitative measurements of lipid heterogeneity in live cell membranes. FRET measured as fluorescence quenching of
long-chain donor probes such as DiO-C,g is greater with long-chain, saturated acceptor probes such as Dil-C4g than with
unsaturated or shorter-chain acceptors with the same chromophoric headgroup compared at identical concentrations. FRET
measurements between these lipid probes in model membranes support the conclusion that differential donor quenching is not
caused by nonideal mixing or spectroscopic differences. Sucrose gradient analysis of plasma membrane-labeled, Triton X-100-
lysed cells shows that proximity measured by FRET correlates with the extent of lipid probe partitioning into detergent-resistant
membranes. FRET between DiO-C5 and Dil-C+4 is sensitive to cholesterol depletion and disruption of liquid order (Lo) by short-
chain ceramides, and it is enhanced by cross linking of Lo-associated proteins. Consistent results are obtained when homo-
FRET is measured by decreased fluorescence anisotropy of Dil-C,¢. These results support the existence of nanometer-scale

Lo/liquid disorder heterogeneity of lipids in the outer leaflet of the plasma membrane in live cells.

INTRODUCTION

The existence of lateral inhomogeneities or domains in the
lipid portion of the plasma membrane is an issue of substantial
interest and controversy (1-3). Studies on detergent-resistant
membranes (4,5) led to the hypothesis that lateral segregation
of liquid ordered (Lo) and liquid disordered (Ld) lipids in the
plasma membrane plays an important role in signal transduc-
tion, protein sorting, and membrane transport (1,2,6). These
cholesterol-dependent ordered membrane domains that se-
lectively contain lipids and proteins are commonly called lipid
rafts. However, the difficulty in observing lipid membrane
domains at optical resolution has made it challenging to relate
biochemical evidence for lipid heterogeneity, such as that
from detergent-dependent fractionation, to properties in live
cells. Detecting segregated membrane domains in live cells
usually requires large-scale cross-linking of lipid raft compo-
nents and/or low temperature (7-9). Some advanced methods
with high spatial (nanometer) and temporal (millisecond)
resolution, such as single particle tracking and video micros-
copy (10-12), nanosecond depolarization homo-FRET (13),
and high-resolution electron microscopy (14,15), have pro-
vided evidence for membrane domains in intact plasma mem-
branes. However, direct evidence for the existence of lipid rafts
in live cells is largely based on measurements of clustering or
diffusion of putative raft proteins rather than on measure-
ments of the lipids themselves. A recent exception is the de-
tection of the ordered and disordered lipid phases in live cells
with ESR measurements of spin-labeled lipid probes (16).
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The ordered state of lipid rafts is based on preferential
interactions between cholesterol and phospholipids with long
saturated acyl chains such as sphingolipids. Correspondingly,
lipid probes with different acyl/alkyl chains are expected to
partition differently between ordered domains and disordered
regions of the bilayer. In our study, we investigated the lateral
distributions of fluorescent lipid probes in the outer leaflet of
live cell membranes using FRET between carbocyanine
derivatives with differing alkyl chains. Carbocyanines label
the outer leaflet of cell membrane with negligible transbilayer
flip-flop (17), making them ideal outer leaflet probes. Fur-
thermore, their high photostability, large extinction coeffi-
cients, and partition coefficients that strongly favor lipid over
aqueous environments (K, ~ 10*~* for DiO-Cy) (18) make
them highly suitable for fluorescence measurements in live
cell membranes. FRET is particularly useful for monitoring
inhomogeneities in the lateral organization of lipid bilayers on
a spatial scale intermediate between the ~300-nm scale of
light microscopy and the nearest neighbor (0.1 nm) scale of
Stokes quenching of fluorescent or brominated lipids by spin
labels (19,20). Previous measurements of FRET between lipid-
anchored fluorescent proteins at the inner leaflet of plasma
membranes provided evidence for inhomogeneity on the scale
of tens of nanometers (21), illustrating the value of this non-
invasive technique for studying membrane domains with
dimensions below optical resolution.

Our measurements of FRET between carbocyanine lipid
probes in the plasma membrane of live cells provide strong
evidence for lateral lipid inhomogeneities that are sensitive
to perturbations that enhance or reduce Lo/Ld segregation.
These results correlate well with lipid partitioning as measured
by detergent resistance. The method we describe provides a
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novel approach to studying membrane lipid heterogeneity in
live cells that is relevant to cell functions.

MATERIALS AND METHODS
Cell labeling with lipid probes

RBL-2H3 cells were maintained in monolayer cultures and harvested with
trypsin-EDTA (Life Technologies, Rockville, MD) 3-5 days after passage,
as described (22), then resuspended in buffered salt solution (BSS: 135 mM
NaCl, 5.0 mM KCl, 1.8 mM CaCl,, 1.0 mM MgCl,, 5.6 mM glucose, 20
mM HEPES, 1 mg/mL BSA) at 5 X 10° cells/mL. Carbocyanine lipid probes
or 2-(3-(diphenylhexatrienyl)propanoyl)-1-hexadecanoyl-sn-glycero-3-phos-
phocholine (DPH-HPC) (Invitrogen, Eugene, OR) in methanol was added to
cells at room temperature; cells were mixed immediately and placed on ice
for 10 min to facilitate probe incorporation without internalization. Probe
concentration varied from 0.2 to 7.0 uM, and solvent was between 0.2% and
1% (v/v). The labeled cells at 4°C were washed twice by centrifugation and
resuspended in BSS at 5 X 10° cells/ml. For double labeling with donor
and acceptor carbocyanine probes, cells were first labeled with donor,
washed, divided, then subsequently labeled or not with acceptor probes to
ensure that all the samples have equal amount of donor probe.

The absolute concentrations of donor and acceptor probes incorporated
into the plasma membrane were estimated by comparing the fluorescence of
cell samples treated with 26 mM octyl glucoside (Ig(og) R 13@) ,and IADf})g); see
Egs. 1 and 2) with standard curves. These curves were generated from
known amounts of donor and acceptor lipid probes in BSS containing 26
mM octyl glucoside. Approximating the cell surface area as 1000 /.Lm2 (24)
and probe area as 4 X 1077 uwm? /carbocyanine molecule (27), we determined
that incubating 5 X 10° cells/ml with 0.2-7.5 uM probes (as described
above) yields dye incorporation in the range of 0.02—0.5% (respectively) of
the total plasma membrane surface area. This corresponds to a surface den-
sity of 10°~10° probes/um? membrane. As a check on this estimation, we
also evaluated the fluorescence of the lipid probes in the supernatant after
sedimentation of labeled cells in comparison to a standard curve of lipid
probes added to BSS in the absence of cells. Subtracting these values from
the total dye incubated yielded consistent results for the amounts of dye
incorporated in the plasma membrane.

Liposome preparation

Donor and acceptor carbocyanine lipid probes in methanol were added to
chloroform solution of DOPC or DOPC/cholesterol (1:1) (Avanti Polar Lipids,
Alabaster, AL), and the mixture was dried under high vacuum at room tem-
perature. The lipid film was redissolved in chloroform, and liposomes were
prepared by rapid solvent exchange (23).

Hetero-FRET between lipid probes
FRET between common donor and two different acceptors

Each sample contained 2 ml of a labeled cell suspension at 2 X 10° cells/ml in
BSS or a liposome suspension (25 nmol DOPC or 12.5 nmol DOPC + 12.5
nmol cholesterol) in phosphate-buffered saline (PBS). Cells and liposomes
were labeled with donors (D) or donors + acceptors (DA), as described above.
For FRET measurements, each sample was stirred continuously at 18°C in an
acrylic cuvette placed in a thermostatic sample chamber. Donor fluorescence
quenching was monitored with excitation and emission wavelengths of 484
nm and 506 nm, respectively. Under these conditions, directly excited
emission of the acceptor probes is negligible. For all samples, background
fluorescence from unlabeled cells or liposomes and buffers was subtracted.
After measurement of cell- or liposome-associated fluorescence, the samples
were treated with 26 mM octyl glucoside to solubilize membranes. The
intensity of donor fluorescence after octyl glucoside treatment was used as a
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measure of the absolute amount of donor fluorophore incorporated in D and
DA samples. Within a given set, this varied <*5%, primarily because of
pipetting variation. Donor fluorescence in D and DA samples were converted
to normalized values (Fpp) by dividing the intensity of each sample before
addition of octyl glucoside by the intensity measured after this treatment:

=1 /1§<Og) (1a)
DA DA DA
Fy =1, /ID(og)' (1b)

A normalized acceptor fluorescence value (FEA) was used as a measure
of the relative acceptor surface density in the DA samples. For this purpose
the acceptor fluorescence (excitation 545 nm, emission 565 nm) after octyl
glucoside treatment of each sample, / AD(AOg) , was divided by the donor fluores-
cence (excitation 484 nm, emission 506 nm) of the same sample measured
after octyl glucoside treatment, IB’?) . This conversion corrects for pipetting
variation and resulting small differences in cell number in different samples:

DA DA DA
FA = IA(og)/[D(og)' (1C)

For experiments with a single donor and two different acceptors (see
Figs. 3 and 4), the percentage FRET efficiency was calculated from the
steady-state donor emission of each sample:

% FRET efficiency = Q% = {1 — F"/Fp} X 100.  (2)

For experiments with two different donors and a single acceptor (see Fig.
5), it was not possible to normalize in the same way. Aliquots with the same
measured number of cells were evaluated, and FRET was calculated according
to Eq. 2 except that normalized Fp values were replaced by measured
Ip values.

Fitting of FRET data

For experiments with a single donor and two different acceptors (see Figs. 3
and 4), the FRET data from each set of experiments were separately fitted
by a least-squares method to Eq. 3a, where percentage donor quenching,
Q% (Eq. 2), is a hyperbolic function of C,, the relative concentration of
acceptor in the membrane (Eq. 3b):

0% = (Q%max X Cr)/(Cr +K) (3a)

Ca = F (F): (3b)

(FRA ) is the highest normalized acceptor intensity measured in a given
experiment, in which there is a single donor concentration and multiple
acceptor concentrations (represented by FR) for two different acceptors
(i.e., the higher F’ EA of the two). Note that although a measured C for each
sample cannot exceed the value of 1, extrapolated values can be larger and
approach infinity in the limit that the acceptor/donor ratio approaches infin-
ity. The parameter Q%;,.x represents the maximum quenching in this limit.
In our standard fitting procedure, we assumed Q%.x is the same for both
acceptors in a given set of measurements, based on spectral equivalence.
However, allowing Q%,.x to be different resulted in similar values for this
parameter and no significant effect on the determined value of the parameter
K. The value for K (corresponding to Co at Q% = Q%max/2) represents
proximity: a smaller value indicates an average closer distance between
donors and acceptors, corresponding to a greater amount of FRET. The K
values are relative and can be compared only for a single donor with
different (spectrally equivalent) acceptors in the same set of measurements.
Ratios of two K values from the same experiment can be compared to ratios
of K values from other experiments.

FRET between common acceptor and two different donors

Cells were labeled with either one of the donor probes and washed. Steady-
state donor fluorescence was monitored at 18°C as the acceptor probe

Biophysical Journal 92(10) 3564-3574



3566

was added in successive increments. FRET efficiency, measured as donor
quenching as a function of acceptor concentration, was quantified according
to Eq. 2 except that normalized Fp values were replaced by measured
Ip values as described above.

Sucrose gradient analysis

Sucrose gradient analysis was performed as described previously (25), with
a final concentration of 0.04% Triton X-100 (Pierce, Rockford, IL) during
lysis of 8 X 10° cells/ml and a 50% sucrose layer in place of the 60% layer.
Cells were labeled with various lipid probes as described above to yield
probe densities in the range of 10* to 5 X 10* probes/um® membrane.
Fluorescence emission of isolated fractions was measured in an SLM 8100
fluorescence spectrophotometer (SLM instruments), and background signal
caused by buffer alone was subtracted.

Membrane perturbations

Cells were initially labeled with donor, washed, and labeled with varying
concentrations of acceptor, as described above. The cells were then sub-
jected to one of the following treatments, and percentage change in FRET
efficiency was quantified according to Eq. 4. Before each experiment, the
labeled cells were examined in a fluorescence microscope to confirm uni-
form plasma membrane staining and little or no internalized fluorescence.

% change in FRET ={1 — I°(I] — I>*) /1> (I° — I"*)}
X100, 4)

where steady-state fluorescence values are as follows: I and 1:,3 are donor
intensities (excitation 484 nm, emission 506 nm) of D-only labeled cells
before and after membrane perturbation, respectively; /°* and Il?A are donor
intensities of DA-labeled cells before and after membrane perturbation,
respectively.

Cholesterol depletion with mBCD

Labeled, suspended cells (24 X 10° cells/ml) were incubated for 45 min at
4°C in the presence of 10 mM methyl-B-cyclodextrin (mBCD) (Sigma, St.
Louis, MO) in BSS, then washed and resuspended in BSS for measurement
of IpD and /PA. For measurement of I° and IP?, cells were incubated in BSS
without mBCD under the same conditions. After completion of FRET
measurements, mBCD-treated and nonperturbed cells were washed and then
incubated with 26 mM octyl glucoside. Comparative measurements of donor
and acceptor fluorescence in these two washed samples showed that loss of
lipid probes because of cholesterol depletion was <6%.

Addition of filipin Ill and ceramide

Steady-state fluorescence for D and DA cells was measured before and
after addition of perturbants filipin III (Sigma) or C2-ceramide, or dihydro
C2-ceramide (Calbiochem, San Diego, CA) in DMSO or ethanol stock
solutions. Control experiments showed that the solvents added (<1% v/v
total) had negligible effects on the steady-state fluorescence emission.

Large-scale clustering of cell surface molecules

Before labeling with donor and acceptor probes, suspended cells were
presensitized by incubation with excess anti-DNP IgE for at least 1 h at 37°C
and washed. Labeled, sensitized cells were incubated with 5 ug/ml of OX-7
(mAb specific for Thy-1; PharMingen, San Diego, CA) for 45 min at
4°C and washed, followed by 10 ug/ml of secondary anti-mouse-IgG
(Invitrogen, Eugene, OR) at 4°C for 1 h. Alternatively, labeled cells were
incubated with 5 ug/ml of biotinylated cholera toxin B subunit (Invitrogen)
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for 45 min at 4°C and washed, followed by 10 ug/ml of streptavidin for
1 h at 4°C. Steady-state fluorescence was measured for D- and DA-labeled
cells before and after the perturbation of cross-linking (Eq. 4).

Homo-FRET

Cell suspensions were labeled with varying concentrations of Dil-C,¢ and
incubated with either mBCD or buffer under identical conditions. The cells
were washed and resuspended in BSS. For each experiment, 2 ml of cell
suspension (2 X 10° cells/ml) in BSS was stirred continuously in an acrylic
cuvette placed in a thermostatic sample chamber. Steady-state fluorescence
anisotropy (r) of cholesterol-depleted cells and control cells was measured
according to Eq. 5, as described previously (26):

r= (lvv _GXIVH)/(IVV+2G><IVH)7 5)

where Iyy, Iyh, Iy, and Igy correspond to fluorescence intensities
measured with excitation and emission polarizers, respectively, oriented in
vertical (V) or horizontal (H) positions; G is the monochromator grating
correction factor given by G = Iyy/Iyy. For all samples, background
fluorescence caused by unlabeled cells and buffer was subtracted.

In other experiments, cells were first labeled with Dil-C;, and steady state
anisotropy was measured before and after 2,4,6-trinitrobenzene sulfonate
(TNBS), C6-ceramide, C2-ceramide, or dihydro C2-ceramide was added in
successive increments from stock solutions in ethanol or DMSO. Control
experiments showed that the solvents added (<1% v/v total) had negligible
effects on anisotropy values.

To normalize concentrations in the homo-FRET experiments, the fluo-
rescence intensity of each sample after addition of octyl glucoside, /(og), Was
determined. This value was used as a measure of probe surface density and
expressed as a fraction of the surface density at the maximal concentration
tested ([1og)]™™). Absolute densities of the incorporated probes were esti-
mated by comparison to a standard curve as described above.

RESULTS
Cell surface FRET

To investigate plasma membrane lipid heterogeneity in live
cells, we introduced fluorescent carbocyanine lipid analogs
into the outer leaflet of RBL cell plasma membranes using a
labeling method previously described (27). For FRET experi-
ments, DiO carbocyanine lipid probes served as donors, and
Dil carbocyanine lipid probes served as acceptors. Locali-
zation of DiO-C 4 to the plasma membrane is illustrated in
Fig. 1. Carbocyanine probes are particularly advantageous
for this study because they remain localized to the plasma
membrane at 18°C for extended periods of time and because
the fluorophore moieties are structurally homologous to each
other. Thus, these FRET donors and acceptors with variable
alkyl chains have the potential to undergo differential par-
titioning into Lo/Ld environments and are spectroscopically
similar, allowing direct comparisons.

In one type of experiment, suspended cells were labeled
with the donor probe DiO-C;¢ and then divided into two
aliquots, one of which was then labeled with acceptor probe
Dil-C,¢4. As shown in Fig. 2 A, the emission spectrum (exci-
tation 480 nm) of cells labeled with DiO-C,¢ alone shows a
peak at 506 nm, and that for cells labeled with DiO-C,4 and
Dil-C,4 shows decreased fluorescence in the region of the
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FIGURE 1 Confocal micrograph showing plasma membrane labeling
of RBL cells by donor DiO-C¢ in RBL cells. Average diameter of cells is
10 wm.

DiO-C¢ peak emission and a second peak with a maximum
emission at 565 nm. A parallel cell sample containing the
same amount of Dil-C,¢ in the absence of DiO-C;4 shows no
significant fluorescence at 506 nm and a peak with much less
fluorescence emission at 565 nm, indicating that most of the
increased fluorescence intensity in the 565 nm peak when
DiO-C¢ is present is sensitized emission caused by FRET.
To evaluate whether donor quenching and sensitized acceptor
emission result from proximity of these probes in the plasma
membrane, the same cell samples were solubilized in 26 mM
octyl glucoside, and emission spectra were again compared.
Under these conditions, the spectrum of the sample con-
taining both donor and acceptor is the simple sum of the
spectra of samples with donor only or acceptor only (Fig. 2
B), as expected for the absence of FRET.

We monitored FRET by donor quenching (excitation
480 nm, emission 506 nm), as this provides a more direct,
quantitative measurement of transfer efficiency. The relative
concentration of the acceptor probe was assessed for each
sample at the end of the measurement by adding octyl glu-
coside to solubilize cellular membranes and measuring the
fluorescence intensity of the directly excited acceptor (ex-
citation 545, emission 565 nm; Eq. 1b). Fig. 3 shows an
example of an experiment of this design, in which FRET is
measured in matched samples between donor DiO-C,g and
either Dil-C,¢ or Dil-C g.149, Which contains a single double
bond in each alkyl chain at position 9. In a direct comparison,
increasing concentrations of Dil-C;¢ cause a larger amount
of donor quenching (i.e., higher efficiency of energy transfer,
Eq. 2) than for equal concentrations of Dil-C;g.1a9. Assum-
ing the two acceptor probes are spectroscopically identical,
these results indicate that the acceptor with saturated alkyl
chains has a greater probability of being close to DiO-Cg,
the donor with saturated alkyl chains, than does the acceptor
with unsaturated alkyl chains.
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FIGURE 2 Spectroscopic evidence for FRET between carbocyanine
probes DiO-C;4 and Dil-C;4 when incorporated into the plasma membrane
of live RBL cells. Emission spectra of cells labeled with both donor DiO-C¢
and acceptor Dil-Cy¢ (circles), acceptor Dil-C¢ alone (triangles), and donor
DiO-C¢ alone (squares) before (A) and after (B) treatment with 26 mM
octyl glucoside. Samples were excited at 480 nm, and fluorescence
intensities in A and B are separately normalized to the peak of the donor-
only spectra.

To quantify the differences observed in these FRET ex-
periments, we used a simple model where percentage donor
quenching, Q%, is a hyperbolic function of Cj, the relative
membrane concentration of acceptor (Eq. 3). The parameter
Q% max 18 a hypothetical value corresponding to the limit of
infinite acceptor concentration. The parameter K provides
information about the tendency of the donors and acceptors
to occupy the same region of the membrane at low probe
concentrations. K corresponds to the value of C, at which
there is half-maximal quenching (Q%m.x/2), with a smaller
value of K indicating closer proximity between donors and
acceptors. As shown by the representative experiment in Fig.
3, Eq. 3 provides good fits to the data, and the ratio of K
values for DiO-C,g/Dil-C;g.1po9 compared to DiO-C,g/Dil-
Ci6 1s 2.1, indicating significantly closer proximity of the
latter donor/acceptor pair. In multiple experiments (n = 4)
with this set of probes, the average K ratio is 2.3 = 0.3.
Similar evaluations were made in experiments with a single
donor and two acceptors with different tendencies to occupy
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FIGURE 3 FRET from long-chain, saturated donor DiO-Cg is greater to
long-chain, saturated acceptor Dil-Cy¢ (solid circles) than to unsaturated
Dil-Cig.1a9 (open triangles). FRET is measured as donor quenching by
different concentrations of acceptors in the plasma membrane of RBL cells
at 18°C. For this experiment, cells were labeled with 1 uM DiO-C,¢ and
0.2-7 uM acceptor probes, and the relative acceptor concentrations (Ca)
were determined using Eq. 3b. Curves represent the least-squares fits of
the experimental data to Eq. 3a to obtain K values. For this set of curves,
Q%max=10.

Lo/Ld regions. We found that the K ratio for DiO-C,g/Dil-
C, compared to DiO-C;g/Dil-C 515 2.0 = 0.2 (n = 4); the K
ratio for DiO-C,4/Dil-Cg.1 a9 compared to DiO-C,4/Dil-C¢
is 2.1 £ 0.3 (n = 3); and the K ratio for DiO-C,¢/Dil-C,,
compared to DiO-C;4/Dil-Cyg4 is 1.8 = 0.2 (n = 3). In all of
these comparisons, Dil acceptor probes with longer or more
saturated alkyl chains exhibit greater proximity to DiO donor
probes with saturated alkyl chains than do Dil acceptor probes
with shorter or unsaturated alkyl chains.

To test whether spectroscopic differences between the Dil
analogs or nonideal mixing of the carbocyanine probes could
contribute to the difference in FRET observed in plasma mem-
brane of cells, we carried out similar FRET experiments in
homogeneous liposomes (23) containing either pure DOPC or
1:1 DOPC:cholesterol. According to published phase dia-
grams, both DOPC and DOPC/cholesterol liposomes are in a
single phase (28,29), but the potential exists for suboptical
nonideal mixing of the fluorescent lipid probes. Fig. 4 shows
that, when evaluated with the common donor DiO-Cis,
equimolar concentrations of the acceptor Dil-C;4 with long,
saturated alkyl chains and the acceptor Dil-Cig.1a9 With
unsaturated alkyl chains undergo comparable FRET yielding
similar K values (K ratio ~1) in both DOPC (Fig. 4 A) and
DOPC/cholesterol (Fig. 4 B) liposomes. These results support
our assumption that the Dil analogs used are spectroscopi-
cally identical and have similar proximity to acommon donor,
DiO-C g, in these single-phase systems. Thus, the difference
in FRET between the Dil analogs in live cells can be attributed
to the presence of nanoscopic heterogeneities.

In a complementary set of experiments, cells were first la-
beled with either DiO-C;¢ or with DiO-Cjg.5a9.12 as donor
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FIGURE 4 Long-chain, saturated acceptor Dil-C;¢ and unsaturated
acceptor Dil-Cyg.149 show comparable FRET with the long-chain, saturated
donor DiO-C,g in single-phase model membranes containing DOPC (A) or
DOPC/cholesterol (1:1) (B). Quenching of DiO-C;g fluorescence as a
function of acceptors Dil-C 4 (solid circles) or Dil-Cig.159 (0pen triangles)
in (A) DOPC and (B) DOPC/cholesterol (1:1) model membranes as fitted by
Eq. 3 to obtain K values. For A, Q%max = 78; for B, Q%max = 95.

probes. Dil-C,4, the common acceptor, was titrated into the
donor-labeled cells as donor fluorescence quenching was
monitored. Samples contained the same measured number of
cells, and the relative concentration of each donor probe
incorporated was determined by measuring fluorescence in-
tensity after solubilization of an aliquot with octyl glucoside.
Two samples of DiO-C¢-labeled cells were prepared such
that their respective concentrations bracketed the concentra-
tion of DiO-Cyg.2a9,12 in the third sample. Fig. 5 shows a
representative experiment in which these three samples were
titrated with Dil-C,4. These data show that FRET is greater
for acceptor Dil-C, when the donor contains long, saturated
alkyl chains (DiO-C;) than when the donor contains
unsaturated alkyl chains (DiO-C;g.a9,12). The results from
experiments of this type support those described above for
comparisons between two acceptors and a single donor.
These quantitative differences observed in FRET experiments
provide a consistent picture of a heterogeneous distribution
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FIGURE 5 Long-chain, saturated donor DiO-C;¢ shows greater FRET
than unsaturated donor DiO-Cig.2a9,12 With long-chain acceptor Dil-Cyg.
Quenching of fluorescence of DiO-C¢ (black and light gray bars) and DiO-
Cis:2a0.a12 (dark shaded bars) by acceptor Dil-Cy¢. For this experiment,
cells were labeled with 0.5-1 uM donor probes. To determine relative
concentrations, the donor fluorescence intensity of each sample after octyl
glucoside addition (Igg)) was measured and expressed as a fraction of the
highest donor concentration ([I] gg)]m“x) evaluated. %Q was determined from
Eq. 2, except that Fp values are replaced by I values.

of lipids in the plasma membrane. More FRET between
lipids with similar alkyl chains implies that the alkyl chain
structure plays a significant role in the relative partitioning of
these lipid probes in the plasma membrane of living cells.

Sucrose gradient analysis

To compare FRET results between lipid probes on live cells
to a common biochemical analysis of lipid raft association,
we carried out sucrose gradient fractionation of Triton X-100
(0.04%)-lysed cells that had been labeled with carbocyanine
lipid probes. Fig. 6 A shows representative gradient distri-
butions of several DiO and Dil lipid probes used in our
FRET measurements. We also compared the phospholipid
analog DPH-HPC, which we showed previously to partition
nearly equally between Lo and Ld regions of model mem-
branes (26). Within the gradients, fractions 2—7 contain com-
ponents associated with detergent-resistant Lo regions of the
membrane. Solubilized proteins and lipids associated with
Ld regions of membranes are found in fractions 10—16 (8,30).
In this analysis, carbocyanine lipid probes with longer, satu-
rated alkyl chains (C;4, Cig) are more abundant in the Lo
fractions, whereas probes with a shorter alkyl chain (C;;) or
unsaturated alkyl chains (C;g.1a9, Cis:2a0,12) preferentially
fractionate to the Ld region of the gradients. DPH-PC shows
a fractionation pattern that is very similar to that for DiO-C;s.
DPH-PC also shows considerable partitioning into Lo phase
in the presence of coexisting fluid phases in giant unilamellar
vesicles (T. Baumgart and G. Feigenson, unpublished results)
as detected by fluorescence imaging, consistent with other
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FIGURE 6 Distributions of the carbocyanine lipid probes from labeled
cells after sucrose gradient fractionation of TX-100-lysed cells are consistent
with FRET results. (A) Percentage of DiO-C,g (solid circles), DiO-Cg.2a9,12
(open triangles), Dil-C ¢ (solid squares), Dil-C g.1 a9 (open diamonds), Dil-
C, (solid triangles), and DPH-HPC (open hexagons) in different fractions
from a representative experiment. (B) Percentage of DiO-C;¢ and Dil-Cyq
before (filled circles and squares) and after (open triangles and diamonds)
treatment with 10 mM methyl B-cyclodextrin in different fractions.
Fractions 2—7 (~10-20% sucrose) represent the DRMs, whereas fractions
10-16 (~40% sucrose) contain the solubilized proteins and lipids. Cells
were labeled with 1-3 uM carbocyanine probes or 5 uM DPH-HPC.

evidence that DPH-PC has significant affinity for ordered
phases.

To evaluate the carbocyanine dye distributions further,
labeled cells were depleted of cholesterol using methyl
B-cyclodextrin (mBCD), and sucrose gradient fractionation
of TX-100-lysed cells was carried out. As shown in Fig. 6 B,
both DiO-C;¢ and Dil-C¢ exhibit a lower ratio of
Lo-associated probe to Ld probe after cholesterol depletion.
Taken together with previous studies on detergent resistance
of cellular phospholipids (31) and model membranes (32),
these sucrose gradient data support the view from our FRET
measurements that carbocyanine lipid analogs with longer,
saturated alkyl chains have a greater preference for Lo mem-
brane domains than carbocyanine probes with unsaturated or
shorter alkyl chains, which prefer Ld regions.
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Changes in FRET caused by
membrane perturbations

To characterize further the relationship of FRET between
carbocyanine lipid probes to Lo regions in live cells, we
monitored the quenching of donor DiO-C,¢ by acceptor Dil-
C,6 under different conditions of plasma membrane pertur-
bation. As calculated with Eq. 4 and shown in Fig. 7 A, cells
labeled with DiO-C;¢ and Dil-C;4 exhibited an average
decrease of 47% for FRET between these lipid probes after
depletion of cholesterol with mBCD. Addition of 10 uM
filipin III to sequester cholesterol (33,34) caused a decrease
of 22%. Short-chain ceramides also have been shown to
disrupt the Lo phase of model membranes and decrease the
lipid order of plasma membrane vesicles (35,36). Because of
its allylic trans double bond, C2-ceramide has a more rigid
and bulkier headgroup than dihydro C2-ceramide, with two
rigid planes of H-bonded atoms, and the resulting cone-
shaped lipid can disrupt the packing of saturated lipids and
cholesterol in ordered bilayers. As shown in Fig. 7 A, the
FRET efficiency between DiO-C¢ and Dil-C¢ in the plasma
membrane of live cells was found to be reduced by 16%
when 32 uM C2-ceramide was added. Dihydro C2-ceramide,
which does not affect lipid order (35), caused <5% inhi-
bition of FRET at the same concentration. These results with
a variety of perturbants are consistent with the view that
enhanced FRET between DiO-C,4 and Dil-C,¢ is dependent
on Lo structure in the plasma membrane of live RBL cells.

We examined the sensitivity of FRET between these
carbocyanine probes to cross-linking of cell surface proteins.
Previously, we showed that cross-linking of IgE receptor
complexes and the GPI-linked protein Thy-1 at 4°C induces
large-scale coclustering of characteristic lipid raft compo-
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FIGURE 7 FRET between DiO-C,4 and Dil-C,4 in the plasma membrane
of live cells is sensitive to membrane perturbations that reduce the L,
membrane structure. Percentage decrease in FRET efficiency (Eq. 4) after
treatment with 10 mM methyl-B-cyclodextrin (solid bar), 10 um filipin III
(light gray bar), 32 uM C2 ceramide (dark shaded bar), or 32 uM
C2-dihydro ceramide (off-white bar). For these experiments, cells were
labeled with 1 uM DiO-C,¢ and 2.5-3.5 uM Dil-C 4.
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nents on the surface of RBL cells (37). Under conditions of
simultaneous cross-linking of these proteins, we find that the
FRET efficiency between DiO-C,4 and Dil-C; increases by
35%. Cross-linking of GM; by biotinylated cholera toxin,
followed by streptavidin, causes an increase in FRET of 10%
between these carbocyanine lipid probes. These results indi-
cate that large-scale plasma membrane segregation caused by
cross-linking of cell surface proteins can increase proximity of
these carbocyanine lipid probes in the plasma membrane.
From these results, we conclude that FRET between these
carbocyanine lipid probes is sensitive to optically detectable
heterogeneity in cells caused by large-scale clustering (mi-
crometer) as well as perturbations that are optically unde-
tectable (tens of nanometers).

Homo-FRET

FRET measurements between DiO and Dil lipid analogs
require sequential labeling of cells and multiple samples to
provide adequate controls for accurate quantification and
interpretation. An alternative method for FRET-based detec-
tion of lipid probe proximity utilizes fluorescence depolari-
zation of a single type of probe acting as both donor and
acceptor, commonly called homo-FRET (13). In these mea-
surements, FRET between probes results in decreased fluores-
cence anisotropy (Eq. 5). Carbocyanine lipid probes have
relatively short lifetimes of ~1 ns (38), and their fluorescence
is highly polarized (39), making them suitable candidates for
homo-FRET measurements. Furthermore, their small Stokes
shift and overlap between absorption and emission spectra
result in efficient homo-FRET over nanometer distances.
Thus, we investigated the self-proximity of carbocyanine
lipid probes with saturated acyl chains in live cell membranes
by measuring the extent of homo-FRET between Dil-Cq
molecules.

As shown in Fig. 8 A, we found that steady-state anisotropy
of Dil-C ¢ in the plasma membrane decreases monotonically
with increased surface density of this probe, consistent with a
FRET-dependent mechanism. Dil-C,4 anisotropy is signifi-
cantly increased by cholesterol depletion (Fig. 8 A), indicating
a decrease in probe proximity under these conditions. These
results are consistent with results from hetero-FRET mea-
surements with DiO-C, 4 donors and Dil-C,¢ acceptors (m3CD
effect in Fig. 7). We found that cholesterol depletion does not
alter significantly the concentration of cell-associated Dil-
Cis, as tested by washing the cells before and after mBCD
treatment and measuring fluorescence in the presence of octyl
glucoside. As shown in Fig. 8 B, collisional quenching of Dil-
C;6 by membrane-impermeant TNBS (17) causes increased
fluorescence anisotropy that is more sensitive to TNBS at
higher concentrations of the lipid probe for two different
densities of Dil-C¢. In this experiment, collisional quenching
with TNBS decreases the effective density of fluorescent Dil-
C ¢ at the cell surface, and the observed increase in anisotropy
is consistent with an expected decrease in homo-FRET. This



FRET between Lipid Probes on Live Cells

0.31

& —&— Untreated cells
0.30 1 g —o— Cells treated with mpCD

0.29 v\f

0.28 -
0.27 A
0.26 -
0.25 {

0.24

Mean steady state anisotropy 1>

0.23 T .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Normalized concentration of Dil-C16

0.36 1

' —&— Sample 1
—/— Sample 2
0.35 - :

0.29 T T T T :
0 1 2 3 4

TNBS (uM)

Mean Steady State Anisotropy of Dil-C16 T3

0.230

0.225

0.220 —@— C2-ceramide
—— C2-dihydro

ceramide

0.215

Mean steady state anisotropy

0.210 14 . =
Y 1§ Y i ———— | °
0.205 - -
0.200 : ; i
0 5 10 15 20 25 30 35
Ceramide (uM)

FIGURE 8 Steady-state anisotropy of Dil-C;¢ incorporated in the plasma
membrane of RBL cells is used as a measure of homo-FRET between the lipid
probes. Results are averages of replicate samples with standard deviations
from a single representative experiment. (A) Concentration-dependent homo-
FRET detected by steady-state anisotropy in the plasma membrane of live
cells in the absence (solid circles) and presence of (open triangles) methyl-
B-cyclodextrin. For these experiments, cells were labeled with 1-6 uM of
Dil-C g, and the Dil-C ¢ concentration is expressed as a fraction of the highest
Dil-C,4 concentration evaluated. (B) Homo-FRET between Dil-C;¢ mole-
cules is substantially reduced on treatment with the cell-impermeable quencher
TNBS. Cells were labeled with 1.5 uM (sample I) or 0.5 uM (sample 2) Dil-
C¢. The amount of Dil-C,4 incorporated in the plasma membrane in sample
1 was 2.4 times more than that in sample 2 as evaluated after treatment with
octyl glucoside (/(og)). (C) C2-ceramides reduce homo-FRET of Dil-Cy6-
labeled cells (solid circles), whereas C2-dihydroceramide (open triangles)
does not. For this experiment, cells were labeled with 6.5 uM Dil-Cy6.
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increase in anisotropy is more pronounced at higher concen-
trations of Dil-C,¢, where more FRET occurs in the absence
of a quenching reagent.

Similar to results from hetero-FRET measurements, we
find that C2-ceramide increases the steady-state anisotropy
of Dil-C¢ (corresponding to decreased homo-FRET), and
dihydro C2-ceramide has no significant effect (Fig. 8 C).
These results indicate that disruption of Lo membrane struc-
ture by short-chain C2-ceramide (or by cholesterol depletion,
Fig. 8 A) decreases the effective probe proximity in the
plasma membrane. Thus, the homo-FRET results support
the view that segregation of ordered and disordered regions
contributes to lateral partitioning of Dil-C,¢ molecules in the
plasma membrane of live cells.

DISCUSSION

Ordered regions of the plasma membranes, often called lipid
rafts, are widely recognized to be important in cellular func-
tion. Rafts have been notoriously difficult to characterize
because they are not distinctive by optical microscopy, and
relating these diverse, dynamic structures to biochemical
preparations from lysed cells is problematic. We utilized
FRET between carbocyanine probes in several different
types of experiments to evaluate the relevant lateral organi-
zation of lipids in the heterogeneous plasma membrane of
live cells. We observed higher FRET efficiency between
carbocyanine probes with similar alkyl chain structure,
indicating differential partitioning of lipid molecules into
segregated plasma membrane domains that correlates with
preferential Lo/Ld partitioning (Figs. 3 and 5). The capacity
of FRET measurements to discriminate between laterally
separated molecules is predicted to be greatest when the
dimensions of the separation are one to four times the R, for
a particular donor/acceptor pair (40,41). The R, for FRET
between DiO and Dil carbocyanine probes is ~5-6 nm (42),
making them sensitive to lateral segregation with dimensions
of tens of nanometers as has been implicated for lipid rafts by
a variety of studies with different experimental approaches
(10-15). Our results provide strong evidence that although
these carbocyanine derivatives appear homogeneous in the
plasma membrane at optical resolution, nanoscopic lateral seg-
regation of these probes occurs, even in unstimulated cells.
With fluorescence microscopy, we recently visualized
micrometer-scale Lo/Ld phase separation in giant plasma
membrane vesicles that pinch off from RBL cells after cyto-
skeletal detachment. In these vesicles, endogenous proteins
and lipids exhibit preferential Lo/Ld partitioning as can be
distinguished by selective probes (43). Consistent with pre-
vious studies of detergent-resistant membranes, these results
demonstrate that compositionally complex biological mem-
branes have the intrinsic capacity to segregate into Lo/Ld
phases. Thus, the submicroscopic heterogeneities detected by
our FRET measurements in live cells may represent nanoscopic
phase separation or Lo/Ld-based concentration fluctuations
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in the plasma membrane that are prevented from assuming
optically distinctive dimensions in live cells by the underlying
cellular cytoskeleton and associated proteins. The temporal
resolution of FRET depends on the excited state lifetime of
the fluorophores, and, as the carbocyanine probes have life-
times in the order of nanoseconds (38), it is not yet known
whether the heterogeneities detected are transient or stable
on longer time scales.

To address whether addition of exogenous lipid probes to
the cell membrane causes confounding perturbations, we
compared FRET measurements using single donor DiO-C,g
on cells and simple liposomes. For cells, FRET to acceptors
Dil-C,4 and Dil-C g. a9 is distinctive (Fig. 3), whereas for
liposomes, the FRET is the same (Fig. 4). These results
support our conclusion that heterogeneities detected in cell
plasma membranes are not caused by nonideal interactions
of probe molecules. We can calculate the surface density of
dyes incorporated into the plasma membrane by comparing
the fluorescence of washed cells after octyl glucoside treat-
ment with a standard curve. Initial incubations of cells (2 X
10%ml) with 0.2- to 7-uM probes resulted in incorporation
of 10°~10° dyes/um?, corresponding 0.02-0.5% of the total
lipids of the plasma membrane (based on surface area). Al-
though we cannot rule out some perturbing effects of the probes,
we believe these are not substantial because of our use of low
concentrations and the liposome results.

RBL-2H3 cells are known to laterally segregate carbocya-
nine lipid probes into optically visible, micrometer-size
domains as a result of IgE-FceRI cross-linking at the cell
surface or during phagocytosis of micrometer-sized, antigen-
coated beads (22,27). Induced clustering at 4°C of a minor cell
surface component such as FceRI, which comprises ~1-2%
of cell surface proteins, causes dramatic and selective
coredistribution of Dil-C;¢ and other lipid probes present at
much higher concentrations (27). Similarly, RBL cells effec-
tively segregate several different membrane proteins and
lipids in the plasma membrane during phagocytosis, such that,
for example, saturated Dil-C,, but not unsaturated Dil-
Ci8:240.12, 18 substantially excluded from the forming phag-
osomes (22). These results are consistent with the hypothesis
that lipid probes such as Dil-C¢ preferentially partition into
submicrometer membrane domains in the plasma membrane
of resting cells and are then gathered together into large, stable
domains during cross-linking-induced stimulation or endo-
cytosis. Mukherjee et al. found that Dil derivatives differing
solely in the composition of their alkyl chains show differ-
ential trafficking after internalization from the cell surface into
sorting endosomes (44). The Dil analogs with long and
saturated tails preferentially enter the late endocytic pathway,
whereas those with shorter or unsaturated chains are recycled
via the endocytic recycling compartment, indicating that
sorting of lipids is driven in part by their alkyl chain structure.

Perturbation of FRET between DiO-C;¢ and Dil-C;¢4 by
reagents that are known to affect cholesterol content or in
other ways disrupt Lo structure provides further evidence for
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lateral segregation of ordered and disordered regions in live
cell membranes. As described above, FRET-detected prox-
imity of probes that have long, saturated alkyl chains pro-
vides strong evidence for their preferential partitioning (Figs.
3 and 5). The disruption of the lateral heterogeneity by agents
such as mBCD and short-chain ceramides can cause local
dilution of the probe molecules and consequently a decrease
in FRET efficiency (Fig. 7). The observed increase in FRET
between carbocyanine probes with saturated alkyl chains that
occurs after cross-linking of lipid raft-associated FceRI and
GPI-linked Thy-1 (35%, see Results) indicates that such
redistributions are accompanied by changes in the spatial
distributions of membrane lipids. Thus, these carbocyanine
donor/acceptor pairs can be utilized as sensitive probes for
detecting such induced membrane reorganization.

Because sucrose gradient analysis of detergent-extracted
cells is often used to distinguish ordered (Lo) from disordered
(Ld) regions of the plasma membrane, we compared this
rough measure of lipid heterogeneity to our FRET measure-
ments in live cells (Fig. 6). Our low-detergent condition for
cell lysis (0.04% Triton X-100 for 8 X 10° cells/ml) was
shown in previous studies to separate detergent-resistant
membranes (Lo) such that the association of cross-linked and
of monomeric IgE-FceRI are distinguished (25). We find that
differential partitioning in the detergent-resistant membrane
fractions of the carbocyanine probes based on their alkyl chain
structure is consistent with differential partitioning of endog-
enous lipids (31) and is also consistent with differential par-
titioning into Lo versus Ld domains in the plasma membranes
of live cells as observed with our FRET measurements.
Selective partitioning of carbocyanine probes that differ only
in their alkyl chain structures strongly supports the view that
lipids segregate in the two-dimensional plane of the cell mem-
brane depending on the capacity of their alkyl/acyl chains to
pack together into cholesterol-dependent ordered regions. The
decrease in association of the long-chain, saturated carbo-
cyanine lipids with detergent-resistant membranes on cho-
lesterol depletion (Fig. 6 B) is also consistent with the FRET
measurements of membrane heterogeneity (Fig. 7). The lipid
probe DPH-HPC shows approximately the same partitioning
as DiO-Cyg, the carbocyanine probe that associates most
preferentially with the DRMs. We showed previously with
anisotropy measurements that DPH-HPC partitions roughly
equally between Lo and Ld regions in model membranes (26),
but it is possible that this partition coefficient is altered in
the more complex plasma membrane milieu. Nevertheless,
the presence of a large fraction of this probe and the long-
chain saturated carbocyanine probes in the detergent-resistant
membranes (up to 60-65%) is consistent with previous
findings that a substantial fraction of the plasma membrane is
ordered (26). Partition coefficients of the carbocyanine probes
for Lo/Ld region of plasma membranes are also expected to
affect their distributions, but these values are not known.

In a recent study, fluorescence recovery after photo-
bleaching of various membrane proteins at the apical surface
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of epithelial cells indicated that Lo is the percolating phase,
occupying the major fraction of the plasma membrane in this
region at 25°C; at 37°C, Ld becomes the percolating phase in
this region (45). Recent electron spin resonance measurements
in live RBL cells measured over temperatures of 5-37°C (16)
are also consistent with the view that a large fraction of the
plasma membrane is in an ordered state. These results chal-
lenge a common assumption that lipid rafts represent a small
fraction of the membrane surface and serve to concentrate
associating signaling components. However, current results
are consistent with the view that Lo/Ld segregation partici-
pates in separating key signaling proteins from each other,
regardless of the relative amount of each type of domain (6).
For example, we showed recently that segregation of a trans-
membrane phosphatase in disordered regions of the mem-
brane from the lipid-anchored Lyn kinase in ordered regions
of membrane plays an important role in regulating the initial
signaling steps triggered by cross-linking IgE-FceRI (46).

Homo-FRET between carbocyanine lipid probes provides
a complementary approach to evaluate probe clustering
based on lateral heterogeneity in live cell membranes (Fig.
8). These experiments require labeling the cells with only a
single fluorophore that acts as both donor and acceptor. Homo-
FRET is more sensitive to the presence of small clusters and
lateral segregations than hetero-FRET because of the high
probability of transfer back and forth between the same
fluorophore as donor and acceptor. Such back-transfer can
occur multiple times and over many nearest-neighbor dis-
tances, further reducing the measured anisotropy and increas-
ing the sensitivity. The highly efficient homo-FRET observed
with carbocyanine probes such as Dil-Cg in live cell mem-
branes makes them particularly useful for investigating
changes in lateral heterogeneity with this approach.

We found our homo-FRET measurements to be sensitive to
Lo perturbing agents such as mBCD and short-chain
ceramides (Fig. 8, A and C), wholly consistent with results
from hetero-FRET experiments (Fig. 7). Regarding the homo-
FRET anisotropy experiments, we note that these perturbants
could cause changes in membrane viscosity, which could in
turn affect the rotational correlation times of probes located
there. However, changes in membrane viscosity are not ex-
pected to significantly affect the measured anisotropy of
carbocyanine probes, which have their transition dipole mo-
ment parallel to the plane of the membrane (39), because
rotation of these probes around their principal axis, perpen-
dicular to the plane of the membrane, is not expected to be
different for a wide range of Lo versus Ld environments. In
contrast, our previous anisotropy measurements in model mem-
branes showed that DPH-HPC, with a transition dipole moment
along the length of its acyl chains, is very sensitive to ordering
caused by cholesterol content (26). Our current results are
consistent with these: cholesterol depletion causes a decrease
in the homo-FRET of Dil-C ¢, corresponding to an increase in
average distance between the probe molecules. The caveat
remains that potential multiple effects of cholesterol depletion
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and other perturbations on the plasma membrane (and incor-
porated probes) are not completely known and could cause
additional changes in Dil-C,4 anisotropy.

Decreasing the concentration of fluorescent probe mole-
cules in the excited state by the chemical quencher TNBS
causes attenuation of homo-FRET and consequently in-
creased anisotropy (Fig. 8 B). These results provide additional
evidence that Dil-C;¢ molecules preferentially partition into
ordered regions in the cell membrane, such that efficient
homo-FRET between the Dil-C;4 molecules decreases the
steady-state anisotropy. The disruption of the lateral segre-
gation of Lo/Ld phases by cholesterol depletion causes
decreased homo-FRET efficiency and recovery of fluores-
cence anisotropy as a result of increased average distance
between the probe molecules (Fig. 8 A). Thus, our homo-
FRET and hetero-FRET results consistently support the hy-
pothesis of heterogeneous distribution of lipid molecules based
on Lo/Ld phase separation in live cell membranes.

In summary, carbocyanine probes and FRET measure-
ments are shown to be valuable for investigating lateral
distributions of lipids in the plasma membrane of live cells.
We obtained strong evidence for nanoscopic, laterally segre-
gated, ordered and disordered regions of this membrane. The
observed lateral heterogeneity is sensitive to the cholesterol
content of the cell membrane as well as to other agents that
disrupt the Lo phase such as short-chain ceramides. FRET
between the carbocyanine probes is also sensitive to cross-
linking of cell surface proteins and thus can be used to probe
membrane redistributions in real time that may accompany
various signaling processes.
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