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Segregationof Bad from Lipid Rafts Is Implicated in the
Induction of Apoptosis1

Verónica Ayllón,* Aarne Fleischer,* Xavier Cayla,† Alphonse Garcı́a,‡ and Angelita Rebollo2*

Many molecules relocate subcellularly in cells undergoing apoptosis. Using coimmunoprecipitation experiments we demonstrate
that Bad is not associated to 14-3-3 protein, suggesting a new mechanism for the control of the proapoptotic role of Bad. Here we
show, by confocal microscopy and cellular fractionation, that Bad is attached to lipid rafts in IL-4-stimulated cells and thymocytes
while associated with mitochondria in IL-4-deprived cells. Disruption of lipid rafts by methyl-�-cyclodextrin treatment induces
segregation of Bad from rafts, which correlates with apoptosis. Our results suggest that the interaction of Bad with rafts is a
dynamic process regulated by IL-4 and involved in the control of apoptosis. The Journal of Immunology, 2002, 168: 3387–3393.

A poptosis is a highly conserved and essential feature of de-
velopment and homeostasis in higher organisms. Progress
has been made in identifying extracellular, intracellular,

and cell surface molecules that regulate apoptosis. Interestingly, pos-
itive and negative regulators have been identified at each level.

The Bcl-2 family proteins act as a decision point in the apoptotic
pathway. The family is divided into two functional groups: antiapop-
totic members and proapoptotic members, including the BH3-only
member Bad, which promote apoptosis (1). Bad shares identity only
in the BH3 domain and forms heterodimers with Bcl-2 and Bcl-x.
Upon stimulation of cells with IL-3 and NGF, Bad becomes serine
phosphorylated, resulting in association with 14-3-3 protein (2, 3). It
has been shown that the association of 14-3-3 protein with Bad is
dependent on serine 155 phosphorylation of Bad. In agreement, IL-
2-stimulation of a murine T cell line induces serine 112 and 136
phosphorylation of Bad without association with 14-3-3 protein (4).

Localization of proteins to distinct subcellular compartments, in-
cluding membranes, is a critical event in multiple cellular pathways
such as apoptosis. Plasma membranes of many cell types contain mi-
crodomains, commonly referred to as lipid rafts, that are biochemi-
cally distinct from bulk plasma membranes (5). These domains are
enriched in sphingolipids and cholesterol, and they can be isolated by
density gradient ultracentrifugation. In T cells, a number of proteins
involved in signal transduction copurify with lipid rafts isolated on
sucrose gradient (6, 7). Lipid rafts were visualized in intact cells by
confocal microscopy using fluorescently labeled cholera toxin (CTx)3

subunit B, which binds to the ganglioside GM1 (8). Disruption of raft

integrity by a variety of methods inhibits early activation events, sup-
porting a critical role for these domains in signaling.

Lipid rafts appear to play a central role in B cell activation. In
mature B cells, signaling through the B cell Ag receptor is initiated
from rafts and leads to activation. In immature B cells, B cell Ag
receptor is excluded from rafts, and signaling leads to apoptosis
(9–11). It has been shown that translocation and clustering of Fas
into rafts triggers apoptosis in leukemic cells treated with the ether
lipid ET-18-OCH(3) (12). In addition, Fas clustering in lipid rafts
is a prerequisite for signaling and death (13, 14). CD24 induces
apoptosis in human B cells via a raft-mediated signaling system
(15). Finally, many receptors are inducibly localized in lipid rafts,
which have been shown to function as platforms coordinating the
induction of signaling pathways. The sequestration of IL-2R
�-chain within lipid rafts restricts its intermolecular interactions
and regulates IL-2R signaling through impeding its association
with IL-2R �- and �-chains (16). In this manuscript we identify for
the first time the attachment sites in the plasma membrane for the
apoptotic molecule Bad. We also show that interaction of Bad with
rafts is an active process regulated by IL-4. We propose that seg-
regation of Bad from rafts is involved in the induction of apoptosis.

Materials and Methods
Cells, lymphokines, and reagents

TS1�� is a murine T cell line that can be propagated independently in IL-2,
IL-4, or IL-9. Cells were cultured in RPMI 1640 as previously described
(17). Murine rIL-4 or supernatant of a HeLa subline transfected with
PKCRIL-4.neo was used as a source of murine IL-4. FITC-labeled CTx B
subunit, CTx-biotin, and methyl-�-cyclodextrin (M-�-CD) were obtained
from Sigma-Aldrich (St. Louis, MO). Cy3- and Cy2-conjugated secondary
Abs were purchased from Molecular Probes (Eugene, OR). Anti-mitochon-
dria serum (mito 2813, pyruvate dehydrogenase) was a gift from Dr. A.
Serrano (Centro Nacional de Biotecnologia, Madrid, Spain).

Immunoprecipitation and Western blot

Cells (1 � 107) were IL-4-stimulated or -deprived and lysed for 20 min at
4°C in lysis buffer (50 mM Tris-HCl (pH 8), 1% Nonidet P-40, 137 mM
NaCl, 1 mM MgCl2, 1 mM CaCl2, 10% glycerol, and protease inhibitor
mixture). Lysates were immunoprecipitated with the corresponding Ab.
Protein A-Sepharose was added for 1 h at 4°C, and after washing, immu-
noprecipitates were separated by SDS-PAGE. Alternatively, cells were
lysed in Laemmli sample buffer, and protein extracts were separated by
SDS-PAGE, transferred to nitrocellulose, blocked with 5% nonfat dry milk
in TBS (20 mM Tris-HCl (pH 7.5) and 150 mM NaCl) and incubated with
primary Ab in TBS/0.5% nonfat dry milk. Membranes were washed with
0.05% Tween 20 in TBS and incubated with peroxidase-conjugated sec-
ondary Ab. After washing, proteins were developed using the ECL system.
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Cell cycle analysis

A total of 2 � 105 IL-4-stimulated cells treated with or without M-�-CD
were washed, resuspended in PBS, permeabilized with 0.1% Nonidet P-40,
and stained with 50 �g/ml propidium iodide. At different times, samples
were analyzed using an EPICS XL flow cytometer (Coulter, Hialeah, FL).
Apoptosis was measured as the percentage of cells in the sub-G1 region of
the fluorescence scale having a hypodiploid DNA content. Cell cycle was
also analyzed by annexin staining. A total of 2 � 105 cells were washed
with ice-cold PBS diluted in ice-cold binding buffer and stained with an-
nexin and propidium iodide. Samples were maintained on ice for 10 min in
the dark and then analyzed by flow cytometry.

Subcellular fractionation

Subcellular fractionation was performed as previously described (18, 19).
Briefly, IL-4-stimulated or -deprived cells were washed in PBS and then

resuspended for 2 min in extraction buffer STE (10 mM HEPES (pH 7.4),
1 mM EDTA, 0.25 mM sucrose, 2 �g/ml aprotinin, 10 �g/ml leupeptin, 1
mM PMSF, and 1 �g/ml pepstatin). The extract was inspected under the
microscope, and �95% of the cells were lysed. The homogenates were
applied to a linear gradient sucrose (0.73–1.9 M) and ultracentrifuged at
20,000 � g overnight. The banded organelles were recovered by syringe,
diluted with an equal volume of 10 mM HEPES buffer, and sedimented at
the speed appropriated for the respective organelles. The purity of the
organelles was determined by Western blot using Abs against specific
markers: anti-cytochrome c for mitochondria, anti-Lck and CTx-biotin for
rafts, anti-calnexin for endoplasmic reticulum, and anti-caspase 3 for cy-
tosol. For preparation of cytosol, the homogenate was precentrifuged at
750 � g for 10 min to remove nuclei and unbroken cells, followed by
centrifugation at 100,000 � g for 1 h to clear off the membranes.

FIGURE 1. Effect of IL-4 deprivation on apoptosis. Cells were cultured
in the presence of IL-4, deprived for the indicated times, and harvested. To
analyze apoptosis, cells were diluted in ice-cold binding buffer, stained
with annexin and propidium iodide, and analyzed by flow cytometry. The
SD is shown where n � 4.

FIGURE 2. Effect of IL-4 on association of Bad with 14-3-3 protein.
Cytoplasmic extracts from 10 � 106 IL-4-stimulated or -deprived cells
were immunoprecipitated with anti-Bad or anti-Raf Abs and blotted with
anti-14-3-3, anti-Raf, and anti-Bad. Total extracts (lane T) were used as a
positive control of 14-3-3 and RAFT expression. Similar results were ob-
tained in three independent experiments.

FIGURE 3. Subcellular localization of
Bad in IL-4-stimulated or -deprived cells.
A, Anti-Bad, anti-Lck (rafts), CTx-biotin
(GM1 ganglioside, rafts), anti-caspase 3
(cytosol), anti-calnexin (endoplasmic re-
ticulum), and anti-cytochrome c (mito-
chondria) immunoblot analysis of subcel-
lular fractions from IL-4-stimulated or
-deprived cells. The fractions (nos. 1–4)
were prepared by sucrose gradient ultra-
centrifugation and tested for purity using
Abs against mitochondria, rafts, endoplas-
mic reticulum, and cytosol. The nuclear
fraction is not shown in the blot (fraction
5). The protein loaded per well in each
gradient fraction corresponds to that of
5 � 106 cells. Total extracts contained 30
�g protein. Similar results were obtained
in three independent experiments. B, IL-
4-stimulated or -deprived cells were Tri-
ton X-100-extracted and fractionated in
Optiprep flotation gradient. Fractions were
collected from the top to the bottom of the
gradient and were analyzed by Western
blot. Only the first, insoluble proteins (I)
and the last fraction, soluble proteins (S)
are shown. Similar results were obtained
in two independent experiments.

3388 SEGREGATION OF BAD FROM RAFTS
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/168/7/3387/1148879/3387.pdf by guest on 28 January 2025



CTx-FITC labeling

IL-4-stimulated or -deprived cells were fixed with 1% paraformaldehyde
for 5 min on ice, permeabilized, and then incubated with CTx-FITC (20
min, 6 �g/ml) and anti-Bad Ab for 1 h in PBS-BSA. Cy3-labeled second-
ary Ab was added and incubated for 1 h. Finally, and after several washing
steps, cells were incubated with methanol at �20°C for 10 min, mounted
with Vectashield medium, and analyzed by confocal microscopy. The pro-
gram used for quantification of samples was Leica TSC NT version 1.5.451
(Leica, Lasertechnik, Heidelberg, Germany).

Cholesterol depletion

IL-4-stimulated serum-deprived cells were treated for 30 min at 37°C with
10 mM M-�-CD, washed, and then incubated with CTx-FITC and anti-Bad
or anti-Lck Abs as described above. Secondary Ab was added and incu-
bated for 1 h. Finally, cells were incubated with methanol at �20°C for 10
min and mounted as described above.

Triton X-100 flotation

IL-4-stimulated or -deprived cells were lysed in TXNE buffer (50 mM Tris-
HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.2% Triton X-100) con-
taining protease inhibitor mixture. Detergent-insoluble membranes were iso-
lated by ultracentrifugation (17,000 � g, 4 h, 4°C) in a 30–35% gradient of
Optiprep as previously described (Sigma-Aldrich, St. Louis, MO) (20).

Isolation of mitochondria and S-100 fraction

Mitochondria were isolated using a modification of the method described
by Yang et al. (21). Briefly, 20 � 106 cells were IL-4-stimulated or -de-
prived, harvested, and washed with ice-cold PBS. Cell pellet was sus-
pended in 5 vol ice-cold buffer A (20 mM HEPES-KOH (pH 7.5), 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM
PMSF, and 250 mM sucrose) supplemented with protease inhibitors. Cells
were disrupted in a Dounce homogenizer (Kontes, Vineland, NJ), the nu-
clei were centrifuged (1,000 � g, 10 min, 4°C), and the supernatant was
further centrifuged (10,000 � g, 15 min, 4°C). The resulting mitochondrial
pellet was resuspended in buffer A and stored at �80°C. The supernatant
was centrifuged (100,000 � g, 1 h, 4°C), and the resulting S-100 fraction
was stored at �80°C.

Results
Bad associates with lipid rafts in IL-4-stimulated cells

We have previously reported that Bcl-2 is expressed in IL-2-stim-
ulated cells and Bcl-x in IL-4-cultured cells (22). When IL-4-main-
tained cells are deprived of lymphokine, they undergo apoptosis
(Fig. 1). As early as 4 h after IL-4 deprivation, �9% of the cells
were apoptotic, reaching 40% at 24 h, whereas control IL-4-stim-
ulated cells showed no significant level of apoptosis.

It has been shown that after IL-3-stimulation, Bad becomes
phosphorylated, resulting in association with 14-3-3 protein. We
have recently shown that IL-2 induces Bad phosphorylation, but
not association with 14-3-3 protein (4). Fig. 2 shows that neither
IL-4-stimulation nor IL-4-deprivation results in association of Bad
to 14-3-3 protein. As an internal control, the interaction of Raf and
the 14-3-3 protein is shown (Fig. 2).

Given that localization of proteins to distinct subcellular com-
partments is a critical event in multiple cellular pathways, com-
prising apoptosis, we analyzed the subcellular distribution of Bad
in IL-4-stimulated or -deprived cells. IL-4-stimulated or -deprived
cells were lysed and fractionated over sucrose gradient. To validate
our gradient protocol, fractions (nos. 1–4) were immunoblotted
with markers for rafts (Lck and GM1 ganglioside), mitochondria
(cytochrome c), endoplasmic reticulum (calnexin), and cytosol
(caspase 3). Nuclear fraction (5) is not shown in the blot, because
there is no Bad localization in the nucleus. Rafts were detected by
Western blot in fraction 1 using anti-Lck Ab and CTx-biotin,
which recognizes GM1 ganglioside (Fig. 3A). Most Bad was found
in rafts (fraction 1), although a very small fraction was also present
in mitochondria (fraction 4), and cytosol and endoplasmic reticu-
lum (fraction 2). As an internal control, Bad was observed in total
extracts of IL-4-stimulated cells. Finally, we have observed that

the fraction of Bad that is sequestered in lipid rafts is dephospho-
rylated (data not shown).

IL-4-deprivation induces disorganization of rafts (fraction 1),
which are not detected using either anti-Lck Ab or CTx-biotin. The
mitochondria marker, which also contains other cellular structures
with similar density, is observed in fraction 4, and most caspase 3
is cleaved, given a new protein of lower m.w. More interesting,
Bad is almost undetectable in cytosol and rafts and is only ob-
served in fraction 4, which corresponds to mitochondria and cel-
lular structures with similar densities (Fig. 3A). This result strongly
suggests an IL-4-dependent association of Bad with rafts and
translocation to mitochondria upon IL-4 deprivation. We also iso-
lated rafts by Triton X-100 flotation gradient. As shown in Fig. 3B,
Bad and Lck are detected in the detergent-insoluble fraction (I) of
IL-4-stimulated cells, which corresponds to lipid rafts. In IL-4-
deprived cells, Bad and Lck are detected in the fraction corre-
sponding to soluble proteins (S). We have observed that post-trans-
lational myristoylation targets Bad to rafts (data not shown).

The subcellular localization of Bad was also analyzed in mito-
chondrial and cytosolic fractions of IL-4-stimulated or -deprived
cells. Bad was detected in the mitochondrial fraction of IL-4-stim-
ulated cells (Fig. 4A). The amount of Bad associated with mito-
chondria increased upon IL-4 deprivation. Traces of Bad were de-
tected in the cytosolic fraction of IL-4-stimulated or -deprived
cells. The antiapoptotic molecule Bcl-xL was weakly detected in
the mitochondrial fraction of IL-4-stimulated cells, increasing after

FIGURE 4. Association of Bad with mitochondria and Bcl-xL. A, Mi-
tochondrial and cytosolic proteins were isolated from IL-4-stimulated or
-deprived cells, separated by SDS-PAGE, transferred to nitrocellulose, and
immunoblotted with anti-Bad, anti-Bcl-xL, anti-caspase 3 (cytosolic mark-
er), anti-mitochondria Mito 2813 (pyruvate dehydrogenase, mitochondria
marker), and anti-calnexin (endoplasmic reticulum marker). Protein bands
were detected using the ECL system. Similar results were obtained in three
independent experiments. B, Cytoplasmic lysates from IL-4-stimulated or
-deprived cells were immunoprecipitated with anti-Bcl-xL, transferred to
nitrocellulose, and blotted with anti-Bad and anti-Bcl-xL Abs. Protein
bands were detected as described in A. Similar results were obtained in
three independent experiments.
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FIGURE 5. Raft localization of Bad in IL-4-stimulated cells. A, IL-4-stimulated or -deprived cells were stained with CTx-FITC and either anti-Lck or
anti-Bad Abs as indicated, followed by Cy3-labeled secondary Ab, and were analyzed by confocal microscopy. Similar results were obtained in three
independent experiments. Single confocal sections show fluorescence in green (FITC) and red (Cy3). B, The profile of green and red fluorescence
colocalization in a surface of the cell membrane was analyzed using quantification software (Leica). The peaks of fluorescence colocalization are labeled
with stars. C, Freshly isolated thymocytes from mice were stained as described in A, followed by Cy3-labeled secondary Ab, and analyzed by confocal
microscopy. Similar results were obtained in two independent experiments.
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IL-4 deprivation. As an internal control of protein fractionation, the
blot was probed with anti-caspase 3 (cytosolic marker), anti-
mitochondria Mito 2813 (pyruvate dehydrogenase, mitochondrial
marker), and anti-calnexin to show the lack of endoplasmic reticulum
contamination in mitochondrial preparation. Total extracts (lane T)
were used as a positive control of calnexin expression. Finally, we
explored the association of Bad with some Bcl-2 family members. We
performed coimmunoprecipitation experiments of cytoplasmic pro-
teins under IL-4 stimulation or deprivation conditions using specific
Abs. Bad was detected by Western blot in anti-Bcl-xL immunopre-
cipitates of IL-4-stimulated cells, decreasing throughout the starvation
period analyzed (Fig. 4B). Probing the membrane with anti-Bcl-xL Ab
showed similar levels in all analyzed conditions.

Bad association with rafts in IL-4-stimulated cells was also an-
alyzed in intact cells by confocal microscopy (Fig. 5A). IL-4-stim-
ulated or -deprived cells were incubated with the raft marker CTx
B subunit (CTx-FITC) before secondary labeling with anti-Bad or
anti-Lck Ab. Double-immunofluorescence analysis with anti-Bad
and CTx-FITC showed raft localization of Bad in the surface of
IL-4-stimulated cells. In marked contrast, we observed a disorga-
nization of rafts in IL-4-deprived cells and consequently no raft
localization of Bad in IL-4-deprived cells (Fig. 5A). Double-im-
munofluorescence analysis with anti-Lck and CTx-FITC was used
as a positive control of localization of Lck in membrane rafts of
IL-4-stimulated cells. We did not detect Lck associated with rafts
in IL-4-deprived cells (Fig. 5A). The profile of green and red flu-
orescence colocalization was analyzed using the quantification
software of Leica (TCS NT; Leica, Rockleigh, NJ). As shown in
Fig. 5B, a high number of green and red colocalization peaks was
observed in the membrane of IL-4-stimulated cells stained with
CTx-Lck or CTx-Bad. On the contrary, the level of colocalization
of green and red fluorescence was strongly reduced in IL-4-de-
prived cells (Fig. 5B). This result suggests that Bad is preferen-
tially localized in lipid rafts in IL-4-stimulated cells and segregates
from plasma membrane in IL-4-deprived cells. Similar results of
colocalization of Bad with lipid rafts were observed using freshly
isolated thymocytes from mice (Fig. 5C).

Bad association with mitochondria in IL-4-deprived cells was
also analyzed in intact cells by confocal microscopy (Fig. 6A).
Double-immunofluorescence analysis with anti-Bad and anti-
mitochondria Abs shows weak association of Bad to mitochondria
in IL-4-stimulated cells, while there is a high fraction of Bad as-
sociated with mitochondria in IL-4-deprived cells (Fig. 6A). This
separation of Bad from rafts correlates with its translocation to
mitochondria in IL-4-deprived cells, as shown by cellular fraction-
ation and confocal microscopy (Fig. 3A). The profile of green and
red fluorescence colocalization was also analyzed using quantifi-
cation software (Leica). Fig. 6B shows moderate green and red
colocalization peaks in IL-4-stimulated cells stained with anti-Bad
and anti-mitochondria Abs. The level of colocalization of both
fluorescences strongly increases in IL-4-deprived cells (Fig. 6B).

Association of Bad with lipid rafts is required for prevention of
apoptosis

Depletion of cellular cholesterol impairs the ability of glycosyl phos-
phatidylinositol-anchored proteins to associate with lipid rafts. To ex-
amine whether there is a similar requirement of cholesterol for the
association of Bad with rafts, IL-4-stimulated cells were treated for 30
min with or without 10 mM M-�-CD in serum-free medium to de-
plete cellular cholesterol. Cells were then incubated with CTx-FITC
and labeled with anti-Bad or anti-Lck Abs. Serum depletion alone
weakly disrupted the association of Lck or Bad with lipid rafts (Fig.
7A). However, M-�-CD treatment caused a severe disruption of raft
formation and association of Lck and Bad with rafts in IL-4-stimu-

lated cells (Fig. 7A). This result indicates that disruption of raft for-
mation by cholesterol depletion induces segregation of Bad and Lck
from rafts in IL-4-stimulated cells. The profile of green and red flu-
orescence colocalization in control or M-�-CD-treated cells is shown
in Fig. 7B. Background staining with secondary Abs, anti-rabbit Cy3,
or anti-mouse Cy3 is shown in Fig. 7C.

Given that exclusion of Bad from rafts was also observed in apo-
ptotic IL-4-deprived cells (Fig. 5A), we analyzed whether Bad asso-
ciation with rafts and its integrity were necessary for prevention of
apoptosis. For this purpose, IL-4-stimulated cells were treated for 30
min with or without M-�-CD in serum-free medium, then washed,
resuspended in IL-4-supplemented complete medium, and analyzed
for induction of apoptosis at different times (Fig. 8). M-�-CD-treated
cells showed a stronger level of apoptosis compared with control non-
treated cells, reaching the highest level 5 h after M-�-CD treatment.
Eight hours after treatment the amounts of apoptotic cells detected in
treated and nontreated cells were similar, because addition of serum
restores the lipid composition of the membrane (data not shown). This
result suggests that segregation of Bad from rafts is involved in the
induction of apoptosis.

Discussion
Subcellular localization of Bad let us analyze how Bad function
may be regulated by dynamic interaction with lipid rafts or mito-
chondria. The distinct Bad distribution and function are directly
related to IL-4 stimulation or deprivation of the cells.

Our data show that 14-3-3 protein does not control the proapop-
totic role of Bad. On the basis of this result, we analyzed the

FIGURE 6. Mitochondrial localization of Bad. IL-4-stimulated or -de-
prived cells were stained with anti-Bad and anti-mitochondria Abs, fol-
lowed by FITC- and Cy3-labeled secondary Abs, and analyzed as de-
scribed above. Similar results were obtained in three independent
experiments. B, The profile of green and red fluorescence colocalization in
a surface of the cell membrane was analyzed using quantification software
(Leica). The peaks of fluorescence colocalization are labeled with stars.
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subcellular distribution of Bad in IL-4-stimulated or -deprived
cells, because localization of proteins is an important event in
apoptosis. Our results show that different plasma membrane

fractions can be separated using a subcellular fractionation
sucrose ultracentrifugation gradient, because raft markers were
successfully resolved from non-raft markers. We also isolated

FIGURE 7. M-�-CD treatment abolishes association of Bad with rafts. A, IL-4-stimulated cells were serum-starved for 30 min and then treated with or
without 10 mM M-�-CD for 30 min at 37°C before incubation with CTx-FITC and anti-Bad or anti-Lck Abs, followed by Cy3-labeled secondary Ab. Then
cells were analyzed by confocal microscopy. Similar results were obtained in two independent experiments. Single confocal sections show green (FITC)
and red (Cy3) fluorescence. B, The profile of green and red fluorescence colocalization in a surface of the cell membrane was analyzed using quantification
software (Leica). The peaks of fluorescence colocalization are labeled with stars. C, Background staining with anti-rabbit Cy3 or anti-mouse Cy3.
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rafts and mitochondria by Triton X-100 flotation gradient and
differential centrifugation, respectively. There are precedents
for reversible raft association, as has been shown following the
movement of single-fluorescence lipid molecules (23). In addi-
tion, after activation by ligand binding the epidermal growth
factor migrates out of rafts into bulk plasma membrane (24).
The association of proteins with lipid rafts can be modulated,
because some proteins may be excluded from rafts by associa-
tion with other proteins (25). Association of Bad with rafts may
be involved in steps leading to Bad inactivation, because rafts
do not constitute the final site of activation. IL-4 deprivation
induces the segregation of Bad from rafts. This result suggests
a two-step apoptotic process: segregation of Bad from rafts,
which triggers apoptosis, and disorganization of lipid rafts dur-
ing the apoptotic process. This is strongly suggested by results
showing that disruption of cholesterol-rich rafts prevents Bad
association and induces apoptosis in IL-4-stimulated M-�-CD-
treated cells. Addition of FCS to IL-4-supplemented medium
restores the lipid components of the plasma membrane, pre-
venting the progression of apoptosis.

Localization of proteins to distinct subcellular fractions is an es-
sential step in multiple signaling pathways, including apoptosis. Ac-
cording to this, it has been shown that some signaling molecules are
sequestered in rafts. Cholesterol depletion disrupts lipid rafts and
modulates the activity of multiple signaling pathways in T lympho-
cytes (26). Our results strongly suggest that in the absence of associ-
ation of Bad to 14-3-3 protein, Bad is sequestered in rafts, avoiding a
proapoptotic role and association with partners. IL-4 deprivation-in-
duced segregation of Bad from rafts correlates with translocation to
mitochondria and induction of apoptosis. Restriction of intermolecu-
lar interactions by sequestration in lipid rafts has been also described
for the �-chain of the IL-2R, avoiding its association with the �- and
�-chains of the IL-2R (16). We show for the first time the sequestra-
tion of Bad into lipid rafts as an IL-4-dependent mechanism that con-
trols the availability of proapoptotic Bad.
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FIGURE 8. M-�-CD treatment induces apoptosis. IL-4-stimulated cells were serum-starved for 30 min, then treated with or without 10 mM M-�-CD
for 30 min at 37°C, washed, and transferred to complete medium supplemented with IL-4. At different times, apoptosis was measured. The sub-G1 region
of the fluorescence scale was used to determine the percentage of cells present in the initial step of apoptosis. Similar results were obtained in two
independent experiments. �, control cells; , M-�-CD-treated cells.
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