
The extracellular glycosphingolipid-binding motif of
Fas defines its internalization route, mode and
outcome of signals upon activation by ligand
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Selective compartmentalization and internalization have been shown as a means for regulating specific signals of cell surface
receptors to correspond to cellular requirements and conditions. Here, we present a conserved extracellular glycosphingolipid-
binding motif of Fas as one of the regulatory elements in the selection of its internalization route and consequently the signals
transmitted upon ligand binding. This motif is required for clathrin-mediated internalization of Fas, which allows the transduction
of its cell death signal. The loss of function of the motif drives the activated receptor to an alternative internalization route that is
independent of clathrin and cholesterol-dependent rafts but dependent on ezrin, and thereby extinguishing its cell death signal
while promoting its non-death functions. Through biochemical, biophysical, and genetic approaches, we present a protein/
lipid-based mechanism as a key to the versatility of the signal transduction by the multifunctional Fas receptor-ligand system.
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Fas (CD95/APO-1/TNFRSF6), a TNF receptor superfamily
member, is well known as a key apoptosis activator. The
binding with its ligand (FasL) leads to the death-inducing
signalling complex (DISC) formation upon the recruitment of
FADD and procaspase-8, the caspase cascade activation,
and cell death.1 In addition, Fas can also induce non-apoptotic
activities, for example, tissue regeneration and proliferation.2

However, little has been described about the regulation of its
adaptable functions.
Studies have indicated endocytosis as a means for

coordinating the type, extent, and timing of signals of surface
receptors.3,4 This is the case for Fas, of which efficient cell
death signal requires its internalization5,6 and this process
involves the interaction between Fas and its lipidic environment
including its targeting by palmitoylation to the cholesterol-,
glycosphingolipid-rich membrane microdomains (rafts).6

A glycosphingolipid has an oligosaccharide headgroup
linked to a ceramide backbone. Many glycosphingolipids are
involved in the sorting and trafficking of proteins and lipids.7,8

Recently, a common motif with glycosphingolipid-binding
specificity has been identified in proteins that share little
sequence homology.9 Here, we report the identification of
such a motif in Fas and its role in the selection of the
internalization route of the receptor, which defines its mode of
signal.

Results

The extracellular domain of Fas contains a glyco-
sphingolipid-binding motif. An extracellular motif in
CRD2 and CRD3 regions of Fas shares some sequence
similarity to the V3 loop of HIV-1 gp120, which has been
reported as (glyco)sphingolipid-binding domain (SBD)9

(Figure 1a). Our comparative modelling further shows a
striking structural similarity between this motif and the V3
loop (Figure 1b).
This putative glycosphingolipid-binding motif (GBM) is

conserved in Fas across species and among TNFR super-
family members (Figure 1c and d, Supplementary Figure S1).
As the primary sequence indicates its proximity to the ligand-
interacting surface,10,11 we examined its location with respect
to the FasL-binding site in a structural context. As the crystal
structure of Fas-FasL complex has not been resolved, we
constructed a structural model of Fas-FasL complex based on
the three-dimensional structures of TNFR1, TNFa, and TNFb,
as described for the identification of FasL-binding site.11 The
GBM forms a loop downstream from the FasL-binding
surface, with two aromatic residues (F133 and F134) at
the turn (Figure 1e). This structure coincides with that of
the V3 SBD which forms a hairpin structure with aromatic
residues at the turn, and thus allowing the protein-
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glycosphingolipid interaction through the stacking of the
aromatic ring of the amino acid against the sugar ring of
glycosphingolipid.12,13

Fas GBM requires its aromatic residues to bind to
selected glycosphingolipids. The interaction between the
extracellular domain of Fas and glycosphingolipids was
demonstrated by analysing the interaction between the
recombinant extracellular domain of Fas (rED-Fas) and
lipid monolayers using the Langmuir film balance
technique. The rED-Fas interacted strongly with the
glycosphingolipids LacCer and Gb3 and weakly with GD3
(Figure 2a). As GBM may be responsible for this interaction,
we analysed the interaction between a peptide derived from
the GBM of murine Fas (GBM-mFas) and lipid monolayers.
Similarly, the peptide interacted strongly with LacCer and
Gb3 but very weakly with GD3 and Gb4 (Figure 2b) and did
not interact with the sphingomyelin, which lacks a sugar head
group (not shown). These results indicate that the
interactions between the extracellular domain of Fas and
certain glycosphingolipids could be mediated by the specific
glycosphingolipid recognition through GBM.
GBM-mFas/LacCer docking simulation (Figure 2c) showed

Y130 stacking against the galactose ring of LacCer, mediating
the CH-p interaction that is driven by the proximity of the
aliphatic protons of the sugar ring and the p-electron cloud of
the aromatic ring.13,14 This was also observed for GBM of
human Fas (hFas, Supplementary Figure S1). Because the
lipid monolayer becomes less compressible as the initial
pressure (pi) increases, if the peptide binds specifically to the
monolayer, the Dp will decrease as the pi of the monolayer
increases15 (see Supplementary Information). Figure 2d
demonstrates a specific interaction between the GBM-mFas
and LacCer, which was disrupted when aromatic residues in
the GBM were alanine-substituted (shown by the Dp drop).
Similar results were observed with the corresponding hFas
peptides (Supplementary Figure S1). In addition, Fas GBM
also bound to suramin (Figure 2e), a polysulfonyl naphtylurea
that inhibits the binding of HIV-1 gp120 to GalCer, its receptor
in human colon epithelial cells.16 Although both aromatic
residues of the GBM contributed to the binding, the Y130 of
mFas (or F134 of hFas) was the greater contributor given a
stronger binding inhibition upon the Y-A substitution (mFas,
Figure 2e; hFas, Supplementary Figure S1). These results
present a potential functional significance of the GBM and
indicate that its mechanism of protein–lipid interaction may
resemble that of the V3 loop.

The GBM is essential for Fas-induced cell
death. Following cell-free studies, we further investigated
GBM’s functions at the cellular level. Stable cell lines
expressing mFas or mFas with GBM mutations (F129A,
Y130A, or both) at equivalent level were subjected to FasL-
triggered cell death assay. Although the F129A mutation
resulted in a significant cell death reduction, a stronger death
inhibition was due to the mutations Y130A and F129A/Y130A
(Figure 3a and b). This was confirmed by the reduction of the
cleavage of caspase 9, Bid, and PARP, with the
mFas.Y130A and mFas.F129A/Y130A exerting a greater
reduction (Figure 3c). The loss of aromatic residues in the

GBM also resulted in cell death inhibition when the cells were
cocultured with FasL-expressing cells (Figure 3d). The
reduced sensitivity to Fas-mediated apoptosis in GBM-
defective cells was not due to a receptor-ligand interaction
defect as these cells had equivalent FasL-binding ability
(Supplementary Figures S2 and S3). Altogether, these
results indicate that the GBM is essential for Fas cell death
signalling and that the Y130 is the most critical aromatic
residue for its function. Accordingly, studies presented
henceforth were conducted with the mFas.Y130A or
hFas.F134A representing GBM-defective Fas.

GBM plays a central role in Fas non-death signalling.
Because Fas also signals non-death pathways,2 we
investigated GBM’s role in some Fas-induced non-death
responses. Upon sublethal stimulation with FasL, the cells
exhibited a decreased motility, which was more pronounced in
L1210.mFas.Y130A cells (Figure 4a). The stimulation with FasL
also caused an increased p42/p44 MAPK activation (Figure 4b),
and proliferation (Figure 4c and d) in L1210.mFas.Y130A cells
when compared with the L1210.mFas cells. Similarly, this was
observed for cells expressing corresponding hFas constructs
(Supplementary Figure S3).
These results indicate that the GBM is indispensable for the

cell death signal of the ligand-activated Fas and that its
absence allows certain non-death signal surges. This there-
fore presents the role of Fas-glycosphingolipid interaction as a
mechanism controlling the signalling modes of the Fas/FasL
system.

The GBM participates in the membrane dynamics of
Fas. To identify the level at which the GBM exerts its control
on Fas signalling, we examined the initial events of FasL-
triggered Fas-mediated signalling. We previously reported
that the targeting of Fas to rafts by palmitoylation is essential
for its efficient cell death signal.2,6 As glycosphingolipids are
major constituents of rafts, we investigated the role of the
GBM in Fas localization to the rafts. Immunoblots of fractions
from the detergent-resistant membrane microdomain (DRM)
preparations (boiled in Laemli buffer prior to SDS-PAGE)
showed that the DRM-residing Fas in L1210.mFas cells was
mostly detected as lower molecular weight (MW) bands in
fractions 3 and 4, with barely detectable bands of the
SDS-, b-mercaptoethanol-resistant, higher-MW (hereafter
called SDS-stable) oligomers (B100 kDa) localized in the
lowest density fractions of the gradient (fractions 1 and 2)
(Figure 5a). In contrast, the majority of the DRM-residing Fas
in L1210.mFas.Y130A cells was detected as SDS-stable
oligomers in fractions 1 and 2, and the proportion of Fas of
lower MW bands in fractions 3 and 4 was clearly reduced.
The role of the GBM in the SDS-stable oligomer formation
was supported by the data from breast cancer epithelial cells
(CAL51) where a clear increase in higher order oligomers of
Fas was observed upon overexpressing hFas.F134A but not
hFas (Figure 5b).
Considering the following observations: (1) the mFas.

Y130A localized in the lowest density fractions of the DRM
preparation with the majority of DRM-residing portion being
detected as SDS-stable oligomers and (2) the increased in
the higher order oligomers of hFas.F134A in CAL51 cells;
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it is possible that, rather than in raft targeting, the GBM’s
importance may be in the dynamic multi-molecular organiza-
tion of Fas.

Subsequently, we investigated the lateral diffusion of
hFas.GFP and the GBM-defective hFas.F134A.GFP mole-
cules on the plasma membrane of live COS-7 cells by
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Fluorescence Correlation Spectroscopy (FCS). Through FCS
diffusion law, we obtained the y-intercept (t0), indicative of the
molecular confinement mode, and the effective diffusion
coefficient (Deff), representing the long-range diffusion, of
the proteins.17,18 The positive confinement times (t0) of both
the hFas.GFP and the hFas.F134A.GFP (Figure 5c) indicated
that both molecules were microdomain-confined, unlike
molecules dislocated from the rafts which exhibit t0 approach-
ing zero.17–19 However, a drastically reduced Deff of hFas.
F134A.GFP (0.58 mm2/s versus Deff of 1.18mm2/s for
hFas.GFP) indicates a more strongly impeded long-range
diffusion of hFas134A-GFP which may be attributed to
various factors including molecular complex formation
(oligomerization-induced trapping model).20

Our complementing biochemical and biophysical data
demonstrate that the GBM participates in the membrane
dynamics of Fas. The microdomain-confined behaviour
of GBM-defective Fas shown by FCS supports the bio-
chemical observation that it remained localized in the DRM.
Also, the possibility that the molecular complex formation
may have caused the impeded diffusion behaviour of the
GBM-defective Fas on the plasma membrane (reduced
Deff as shown by FCS) is supported by the biochemical
results showing that the GBM mutation favoured the
higher order oligomer formation (Figure 5a and b) and that
the DRM-residing GBM-defective Fas (mostly higher order
oligomers) represented a substantial proportion of cell surface
Fas (unpublished data).

The Y130A mutation inhibits the DISC formation but not
the Fas-ezrin association and Fas internalization. We
further investigated the Fas-ezrin association, receptor
internalization, and the DISC formation, the prerequisites
for Fas-mediated cell death following raft targeting by Fas
palmitoylation.6 Notably, although the Y130A mutation
resulted in the markedly defective DISC formation, as
shown by the loss of the FADD and caspase 8 recruitment
upon the activation with FasL, it did not inhibit the Fas-ezrin
association (Figure 6a) nor the receptor internalization
(Figure 6b).

The internalization of the wild type Fas, but not the
GBM-defective Fas, is clathrin-dependent. As GBM-
defective cells had a blockage in DISC formation and cell
death whereas their Fas-ezrin association and receptor
internalization remained efficient and the non-death signals
were enhanced, we hypothesized that GBM may exert its
role in selective internalization of the receptor and thus the

signalling modes. As clathrin-mediated endocytosis (CME)
has been shown involved in Fas-mediated apoptosis,5 we
investigated the GBM’s involvement in the clathrin-mediated
Fas internalization.
Monodansylcadaverine (MDC), a CME inhibitor that stabi-

lizes clathrin-coated vesicle and prevents uncoating, is
presumed to inhibit CME by reducing the level of free clathrin
to assemble at the plasma membrane.21 MDC treatment
caused a dose-dependent internalization delay of the FasL-
activated mFas (Figure 7a), whereas the internalization of
mFas.Y130A remained unaffected (Figure 7b). The treatment
with dynasore,22 a potent inhibitor of dynamin, significantly
hindered the internalization of mFas but not that of mFas.
Y130A (Figure 7c and d). Likewise, reducing clathrin heavy
chain (CHC) expression using shRNAi (Figure 7g), perturbed
only the internalization of mFas (Figure 7e) but not that of the
mFas.Y130A (Figure 7f).
Notably, these treatments only hampered the Fas inter-

nalization in L1210.mFas cells but not in the L1210.mFas.
Y130A cells despite the equivalent inhibition of the inter-
nalization of transferrin, a CME marker, in both cell lines
(Supplementary Figure S4A–F). Also CHC shRNAi inhibited
the Fas-mediated cell death in L1210.mFas cells (Figure 7h),
confirming the importance of CHC in the Fas internalization
and cell death as shown in a human context.5

These results suggest that the cell death signalling of Fas is
connected to its internalization through CME. And by
disrupting the GBM, Fas can be internalized, instead, through
an alternative clathrin-independent pathway, which allow the
surge of certain non-death signals.

Wild type Fas preferentially associates with clathrin
assembly proteins. Immunofluorescence showed that
Fas-FasL complex associated with CHC and CALM more
in L1210.mFas cells (Figure 8a and c) than in the
L1210.mFas.Y130A cells (Figure 8b and d). This was
confirmed by quantitative colocalization analyses (Figure 8e
and f). Conversely, coimmunoprocipitation showed that
flotillin-1 and flotillin-2 (Figure 8g), which have been
implicated in the clathrin-independent internalization4,23

associated more with mFas.Y130A than mFas. These
results suggest that the GBM disruption may shift the
internalization preference of activated Fas from CME
toward a clathrin-independent pathway.

The internalization of mFas.Y130A is independent of
cholesterol-dependent rafts but dependent on ezrin. To
understand the alternative internalization due to GBM defect,

Figure 1 Fas extracellular domain contains glycosphingolipid-binding motif (GBM). (a) Location of the putative GBM in Fas (CRD, cysteine-rich domain; TM,
transmembrane; DD, death domain) and multiple amino acid sequence alignment of the putative GBM of murine Fas (mFas) and human Fas (hFas), and HIV-1 gp120 V3 loop
(V3) using ClustralW (http://www.ebi.ac.uk/Tools/clustalw/) followed by manual adjustment (green-shaded, conserved amino acids; gray-shaded, conserved substitutions;
numbers, positions of amino acids; ‘*’, residues absolutely conserved in all aligned sequences; ‘:’, conserved substitutions based on physio-chemical properties have been
observed; ‘.’ semi-conserved substitutions have been observed, (b) Simulation showing the superposition of Fas GBM with HIV-1 gp120 V3 loop (blue, Fas GBM; red, V3
loop), (c) Multiple sequence alignment of amino acid stretches covering the putative GBM of Fas in various animal species, with CRD2 and CRD3 portions of the hFas
indicated above the alignment. (d) Multiple sequence alignment of amino acid stretches covering the putative GBM of hFas and the corresponding amino-acid sequences of
some other TNFR superfamily members. Accession numbers of aligned proteins are listed in Supplementary Information. (e) Structural model of the complex between
extracellular domain of human Fas (gold) and human FasL (pink) generated using Swiss Model indicating Fas-FasL interaction site with the major contributing residues R102
of Fas and Y218 of FasL (blue); and the GBM forming a loop (green) with the F133 and F134 at the turn (red)
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we investigated the requirement of cholesterol-dependent rafts
(chol-rafts). Following cholesterol depletion through cholesterol
oxidase (CO) treatment, Fas internalization in L1210.mFas cells
was significantly delayed whereas that of the L1210.mFas.Y130A
cells remained unaffected (Figure 9a and b). The treatment did
not interfere with the transferrin internalization, suggesting that

CO did not interfere with CME (Supplementary Figure S4). This
chol-raft-independent internalization of mFas.Y130A was also
confirmed with metabolic cholesterol depletion by lovastatin
treatment (not shown).
Fas association with ezrin, a membrane protein–actin

cytoskeleton linker is required for the Fas internalization and
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Figure 2 Fas GBM selectively binds to certain glycosphingolipids and its aromatic residues were essential for this binding. Surface pressure isotherms measured by
Langmuir film balance technology represent the time-dependent surface pressure increase (Dp) of glycosphingolipid monolayers. The interaction intensity is correlated to the
magnitude of Dp because of the penetration of the lipid monolayers by the interacting protein (see Supplementary Information). (a) Dp induced by the recombinant
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(122KCKCKPDFYCDSPGCEH138, pi ¼ 10 mN/m). (c) Molecular model of interaction between the GBM of mFas and LacCer showing the GBM in the hairpin structure
interacting with LacCer (upper panel; Gal, galactose; Glc, glucose; Cer, ceramide backbone) and the ‘stacking’ between the residue Y130 against the galactose ring of LacCer,
rendering the CH-p interaction (lower panels). (d) The reduction in the Dp after injection of mFas GBM peptide (or mutant mFas GBM peptides with indicated amino-acid
substitutions) under LacCer monolayer, as the initial surface pressures (pi) increase indicates the specific peptide-LacCer binding, with a drastic reduction in the binding
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cell death signalling.6,24 Similar to what we have reported for
mFas6 (and data not shown), ezrin shRNAi delayed mFas.
Y130A internalization (Figure 9c and d). Moreover, the
overexpression of the phospho-Y353-deficient ezrin also
hindered mFas.Y130A internalization (Figure 9e and f). As
ezrin phosphorylation at Y353 is important for its activation,
linkage to membrane proteins, and signal transduction,25,26

these results suggest that the alternative chol-raft- and
clathrin-independent internalization process of mFas.Y130A
requires ezrin’s functions.

Discussion

We present for the first time the multiple internalization
pathways of the death receptor, Fas, and the protein/lipid-
based mechanism responsible for its selective post-ligand
internalization and the subsequent signalling mode. We
identified an extracellular GBM of Fas as one of the
requirements for the ligand-activated receptor internalization
through CME, previously reported essential for the efficient
apoptotic signal. The loss of function of GBM drives the
receptor to the clathrin-independent internalization route,
preventing its death signal and potentiating its non-death
signals.
The genetic proofs of the importance of CME in the Fas

signalling was first demonstrated in a human B cell line where
CHC and AP-2 siRNA inhibited Fas internalization and cell

death but spared the Fas-mediated p44/42 MAPK activation.5

Although we also observed through RNAi and pharmacologi-
cal approaches that the inhibition of the CME hindered the
internalization of the mFas, and thus Fas-induced apoptosis,
these inhibitory treatments could not inhibit the internalization
of the GBM-defective Fas. This suggests the alternative
internalization route(s) that Fas may take in certain circum-
stances, for example, upon the loss of proper glycosphingo-
lipid interaction due to GBM defects, leading to a surge of
non-apoptotic signalling as presented here.
During our study, we noted in all the CME inhibition

treatments a systematically clear dose-dependent inhibition
of Fas internalization at early activation time points followed
by a dose-independent recovery of the Fas internalization at a
longer activation time. Although it is possible that insufficient
treatments caused the incomplete CME inhibition, other
alternative internalization systems might have also rapidly
compensated for the impaired CME in our cell system. Studies
have shown that the compensatory clathrin-independent
internalization can be upregulated upon the loss of CME.27

Indeed despite the Fas internalization recovery that occurred
at a longer activation time point in CHC shRNA-transfected
cells, the sensitivity toward Fas-mediated apoptosis was not
recovered in these cells (Figure 7h). It is possible that the later
internalization recovery might be through the alternative
pathway which did not promote the cell death and that it was
rather the CME that occurred very rapidly at the early
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tBid

Bid

Cleaved
Caspase 9

Cleaved
PARP

PARP

mFas mFas.F129A mFas.Y130A mFas.F129A/Y130A

Time (min) 0 30 60 120180 0 30 60 120 180 0 30 60 120180 0 30 60 120180

0

20

40

60

80

100

0 4 8 12 16 20 24
Time (h)

%
 C

el
l d

ea
th

mFas
mFas.F129A
mFas.Y130A
mFas.F129A/Y130A

0

5

10

15

20

25

1:5 1:2 1:1 2:1

Killer:Target
%

 C
el

l d
ea

th

mFas
mFas.F129A
mFas.Y130A

mFas.F129A/Y130A

FasL (ng/ml)

2 10 25 50 100 200

Vector control

mFas

mFas.F129A

mFas.Y130A

mFas.F129A/Y130A

%
 C

el
l d

ea
th

0

20

40

60

80

100
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activation point (which was inhibited in these cells) that
accounted for most of the apoptotic signalling.
Our evidence suggests that the internalization of FasL-

activated Fas involves the integrity of cholesterol-dependent
rafts (chol-rafts) and CME. However, it is unclear whether
chol-raft- and clathrin-mediated pathways operate mutually or
in parallel in the internalization of activated Fas. Owing to
reports that some prototypic receptors that are internalized by
CME, for example, TfR and LDLR, are not enriched in
rafts,28,29 it has been generally assumed that CME is
separated from the raft-mediated internalization. However
the possibility that the spatial organization of Fas in distinct
microdomains may affect its CME is not as paradoxical as it
may appear because the involvement of specialized micro-
domains in the assembly of CME components has been
shown. In B cell lines, the BCR internalization requires the
localization of clathrin to rafts, where it becomes phosphory-
lated.30 The EGFR and CME components, for example,
clathrin, AP2, and Eps15, are recruited to cholesterol-
dependent DRM upon stimulation with EGF and the EGFR-
internalizing clathrin-coated pits form preferentially from
GM1-rich plasma membrane regions.31 Also, the anthrax

toxin-induced relocalization of anthrax toxin receptor to the
chol-rafts is a prerequisite for its Cbl-mediated ubiquitination
and CME.32,33

Our biochemical and biophysical analyses indicate GBM’s
role in the heterogeneous microdomains localization, multi-
molecular complex formation, and diffusion of Fas (Figure 5).
Although FCS showed the similar microdomain-confined
behaviour for wild type and GBM-defective Fas, the biochem-
ical results not only supported the FCS observations
by showing that both wild type and GBM-defective Fas
partitioned into DRMbut also revealed that theGBM-defective
Fas preferentially resided in the DRM of lower density than
what observed for DRM-residing wild type Fas. Moreover,
unlike wild type Fas, most of GBM-defective Fas in DRM
formed high-order oligomers, and thus providing an explana-
tion for its dampened diffusion shown by FCS.
These results suggest the GBM’s glycosphingolipid-inter-

acting functions in the organization of Fas in membrane
microdomains. The functional GBM allows Fas to localize in a
certain class of microdomains, which may favour its interac-
tions with the CME machinery. The loss of interactions with
certain glycosphingolipids due to GBM defect may cause Fas
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to localize in a different subclass of microdomains that may
favour a stronger oligomerization and the alternative inter-
nalization mechanism that is independent of clathrin and chol-
rafts. This may then cause Fas to switch its function from cell
death to non-death mode.
The exact internalization mechanism of the GBM-defective

Fas remains unclear. Our findings indicate that: (1) the
GBM-defective Fas can be internalized independently of
cholesterol-dependent rafts (Figure 9b), and (2) it has an
increased association with flotillins (Figure 8g). Notably,
flotillins have been shown enriched in the detergent-resistant
membrane microdomains that are resistant to cholesterol
depletion and thus have been regarded as proteins that define
a subset of DRM.34 Moreover, flotillin-1 has recently been
shown as one of the determinants of clathrin-independent
endocytosis.23 Overall, one may speculate different inter-
nalization scenarios that the GBM defect may render. One
possibility is that GBM defect leads to the relocalization of Fas
to the subtype of the microdomains that have a different
glycosphingolipid profile that may resist cholesterol depletion
and are rich in flotillins, which may in turn mediate the clathrin-
independent internalization. Yet, it is also possible that the
internalization is through the surface pool of GBM-defective
Fas that is neither raft- nor flotillin-associated. These
hypotheses require further investigations.
Anadditional clue to the complex internalizationmechanisms

of Fas is given by our observation that although the
internalization processes of the wild type and GBM-defective
Fas differ in the requirement for chol-rafts and CME, they

shared the requirement for ezrin. This implicates the manner
of Fas-actin cytoskeleton linkage as one of the mechanisms
underlying both internalization pathways. Although the
mechanisms of Fas internalization and its signalling remain
to be explored, our studies have revealed different inter-
nalization behaviours between wild type and GBM-defective
Fas which culminate in different cellular outcomes.
It is noteworthy that although the critical aromatic residue of

the Fas GBM appears conserved among vertebrates, the high
sequence similarity of the entire GBM is only observed among
mammalian species (Figure 1c). Possibly, there is a selection
pressure for this motif in mammals where its functions may
have diverged from that of the non-mammalian species along
the course of evolution. This sequence conservation of the
GBM is not a general feature of the CRDs as the sequence
identity in Fas GBM is significantly higher than in the
sequence encompassing the three CRDs (52% sequence
identity within the GBM versusB36% for the entire Fas CRDs
among mammalian species, Supplementary Figure S1D).
Moreover, although the amino-acid sequences in the extra-
cellular domains of the TNFR superfamily members vary
considerably, an appreciable similarity is observed around the
stretch corresponding to Fas GBM, particularly among
death receptors. Possibly, this motif may participate in the
multi-signal regulations of other TNFR superfamily members
as well.
Overall, this study demonstrates the significance of protein-

lipid interactions in the membrane receptor signalling regula-
tion, whichmay explain adaptable cellular responses upon the
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activation of various versatile receptors in different tissues
and conditions. A better understanding in this issue can shed
light into the connection between perturbation of lipid profiles
observed in certain diseases and the shift in signalling balance
of receptors, including Fas, which can contribute to clinical
manifestations, for example, of neurodegenerative diseases
and cancers.

Materials and Methods
Constructs and reagents. Constructs, antibodies, and reagents used are
listed in Supplementary Information)

Cell transfections. Transient transfections in COS-7 cells and stable
transfections with mFas, mFas.F129A, mFas.Y130A, and mFas.F129A/Y130A
constructs in Fas-deficient L12.10.3 cells to obtain L1210.mFas,
L1210.mFas.F129A, L1210.mFas.Y130A, and L1210.mFas.F129A/Y130A cells
with equivalent Fas expression (Supplementary Figure S2) were performed as
described.6 L1210.mFas or L1210.mFas.Y130A cells expressing short hairpin RNAi
(shRNAi) of CHC, ezrin, or control were established by transfection with pTER
plasmids containing shRNAi sequence of mouse CHC (See Supplementary
Information), mouse Ezrin, or SIMA (control),6 respectively, and selected for stable
cells with Zeocin resistance.

Protein modelling. The Fas-FasL complex model was generated using the
Swiss Model11,35 with 3-dimensional structures of TNFa, TNFb, as templates for
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FasL and TNFR1 for Fas (PDB entries 1TNF chain a, b, c; 1TNR chain A, and 1TNR
chain R, respectively). The Fas-FasL complex structure was generated based on
the crystal structure of TNFR1-TNFb complex36 and view with Swiss PDB viewer
v.3.7. The other models were generated with the Hyperchem software as
described.37,38

Lipid monolayer surface pressure measurements by Langmuir
film balance technique. An automated microtensiometer was used to record
the pressure–area compression isotherms and the interaction kinetics between

peptides and indicated monolayer lipid film as described.9 Synthetic Fas peptides or
rED-Fas were injected under a monomolecular lipid film and the pressure increases
were recorded until reaching the equilibrium. See Supplementary Information for
more details.

Solid-phase [3H]-suramin-binding assay. The assay was performed as
described.16 Fas peptides were coated in 96-well multiplates. After washing and
subsequent blocking with 1% gelatin, the plates were incubated (2 h, 371C) with
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[3H]-suramin (l06 counts/min per well), then washed five times with PBS. The
radioactivity was determined using scintillation counter.

Cell death assay. Cell death triggered by crosslinked-FasL was done by
incubating cells with Flag-tagged recombinant human FasL (rhFasL; Alexis) plus
1mg/ml anti-Flag Ab (M2), at 371C, 5% CO2. Cells were then fixed with 70% ethanol
(�201C), washed in 38 mM sodium citrate (pH 7.4), stained with propidium iodide
with RNase A, and analyzed with a flow cytometer (FACSCalibur; Becton
Dickinson). The proportion of apoptotic cells represented by the subG1 peak was
determined and represented as percent of cell death.6 Cell death triggered by
membrane-bound FasL was done by coculturing the target cells, for example,
L12.10.mFas, with FasL-expressing cells, J16/Rapo-FasL (killer), or the FasL
negative cells, J16/Rapo (control).6 Killer and control cells were prestained with

5 mM diacetate succinimidyl ester (CFSE) before the coculture to distinguish them
from target cells during FACS analysis.

Boyden chamber motility assay. Cell culture inserts with polyethylene
terephthalate (PET) membrane (8-mm pore size; BD Bioscience) were placed in
24-well plates containing 5% FBS-supplemented DMEM, without or with M2-
crosslinked FasL. The cells in serum-free DMEM without or with M2-crosslinked
FasL (6� 105 cells/300ml), were layered over the membrane insert (upper
chamber). After 6-h incubation, the insert was shaken for 30 s and the medium in the
lower chamber was collected. The underside of the insert was then rinsed with PBS.
The rinsing buffer was collected and pooled with the previously collected lower-
chamber medium. The number of cells migrated from the upper chamber through
the membrane was then determined with hemacytometer.
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Figure 9 The internalization of GBM-defective Fas after activation is a chol-raft-independent but ezrin-dependent process. L1210.Fas (a) and L1210.mFas.Y130A (b) cells
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those of the cells expressing control shRNAi). L1210.mFas.Y130A were stably transfected with pTER plasmid alone (control) or cotransfected with pTER and human
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Bromodeoxyuridine (BrdU) proliferation assay. Cells (106 cell/ml)
were incubated for an indicated time in DMEM supplemented with 5% FBS without
or with M2-crosslinked FasL and then pulsed with 10 mM BrdU for 30 min, washed
with PBS, and fixed with 70% ethanol (�201C). Following DNA denaturation with
4 N HCl and neutralization with 0.1 M borax, cells were washed and incubated for
30 min with anti-BrdU in PBS with 0.5% Tween 20 and 0.1% BSA, followed by FITC-
conjugated anti-mouse Ig. Amount of cells incorporating BrdU was then determined
by FACS analysis.

DRM preparation. Post-nuclear supernatant from 3� 107 cells was
solubilized in 1 ml buffer A (25 mM HEPES, 150 mM NaCl, 1 mM EGTA, 10 mM
Na4P2O4, 10 mM NaF, 5 mM Na3VO4, protease inhibitors cocktail) containing 1%
Brij 98 (Aldrich) for 1 h on ice followed by addition of 2 ml of 2 M sucrose in buffer A
before being subjected to a step sucrose gradient ultracentrifugation essentially as
described.6 One-ml fractions were harvested from the top, except for the bottom
fraction (no. 9) which contained 3 ml. To an equal volume of each fraction, Laemli
buffer was added and the fractions were heated at 951C. Equal volume of each
fraction was subjected to SDS-PAGE and immunoblotting.

Fluorescence correlation spectroscopy. The setup and measurements
were performed as described using an Axiovert 200 M microscope equipped with a
Zeiss C-Apochromat � 40 NA 1.2, water immersion objective and with excitation
from a 488 nm line of an Arþ -ion laser.6,17 The sample was illuminated with an
excitation power of o4 mW at the back aperture of the objective lens.
Autocorrelations were processed by a hardware correlator (ALV-GmBH) and data
were analyzed with IgorPro (Wavemetrics).

Immunoprecipitation. Cells, unstimulated or stimulated with M2-crosslinked
FasL, were sonicated in buffer A containing 1% Nonidet-P40 and 10% glycerol (lysis
buffer) at 41C and centrifuged to remove cell debris. The supernatant was
immunoprecipitated as described6 using biotinylated JO2 anti-mFas antibody
coupled to streptavidin-conjugated agaroseþ protein G sepharose beads.

Fas internalization assay. Fas internalization was analyzed as described.6

Briefly, except for cholesterol oxidase (CO) experiments where serum-free medium
was used, cells were incubated with 200 ng/ml rhFasL with 1 mg/ml M2 or with M2
only (background-binding control) in DMEM supplemented with 5% FBS and 10 mM
HEPES on ice for 45 min. After washing to remove unbound FasL, cells were then
warmed and kept at 371C for the indicated time to allow synchronized stimulation, or
kept on ice (control unstimulated, t¼ 0 min). Cells were then washed and stained
with FITC-conjugated anti-mouse Ig and FasL on cell surface was detected by flow
cytometry. To calculate the degree of Fas-FasL complex internalization, the median
fluorescence intensity (MFI) of the background control cells (incubated with M2 only,
MFIM2) was subtracted from the MFI of the FasL-bound cells (MFIFasL) to obtain for
each time point the absolute fluorescence of FasL bound on cell surface
(MFIabs ¼MFIFasL�MFIM2, e.g. MFIabs,t¼ 5 for 5-min stimulation). The MFIabs,t¼ 0 of
the control cells which were kept on ice represents the total FasL-bound complex
before internalization was commenced. The percentage of Fas-FasL complex
internalized was calculated as (1�(MFIabs,t¼ x)/(MFIabs,t¼ 0))� 100.

Immunofluorescent colocalization studies. Cells in DMEM
supplemented with 5% FBS and 10 mM Hepes were allowed to adhere to
polylysine-coated coverslips for 45 min in 24-well plate at 371C. The excess cell
suspension was removed from the wells and medium with or without 200 ng/ml FasL
crosslinked with 1 mg/ml mouse anti-Flag (M2) was added to the cells on the
coverslips. The cells were incubated at 371C for 2 min to allow FasL-triggered
stimulation, then fixed with 4% paraformaldehyde for 20 min at room temperature
and subsequently permeabilized with 0.1% saponin. CHC and CALM were detected
with corresponding primary antibodies followed by Alexa fluor 555-conjugated anti-
goat IgG secondary antibody. Fas-FasL complex was detected through M2 using
Alexa fluor 488-conjugated anti-mouse IgG. Images were obtained using a laser-
scanning microscope (Zeiss LSM 510 META, equipped with an inverted Axiovert
200) with a 63� 1.4 numerical aperture (NA) objective lens. All experimental and
control images of the immunofluorescence data were collected using identical
imaging settings. The assessment of colocalization of FasL/Fas complex and CHC
or CALM was performed using NIH ImageJ Just Another Colocalization plug-in
(JACoP)39 (available at http://rsb.info.nih.gov/ij/plugins/track/jacop.html). JACoP
provides the Pearson R correlation coefficient (PC), Manders’ overlap coefficient
(MOC), Mander’s M1 and M2 coefficients, Li’s intensity correlation quotient (ICQ)

and Costes’ randomization coefficients for a pair of images in the red and green
channels. Detailed descriptions of these parameters can be found elsewhere.39

Briefly, PC measures the pattern similarities between two images. PC ranges from
þ 1 (complete positive colocalization) to �1 (negative colocalization). MOC has a
value ranging from 0 (no colocalization) to 1 (all pixels colocalize). It is insensitive to
differences in signal intensities between the two channels, photo-bleaching or
amplifier settings. Manders’ M1 is the ratio of the summed intensities of pixels from
the green channel for which the intensity in the red channel is above 0 to the total
intensity in the green channel. M2 is the reverse of M1. M1 and M2 are independent
of the intensity of fluorescence. Costes’ randomization provides the indication
whether the observed colocalization is purely because of chance or is it statistically
significant. This method creates random images by shuffling pixels in the green
channel and then calculating a new PC for each randomized image in the green
channel (the image in the red channel is kept unchanged). The PC of the original
image in the green and red channel is then compared with the PCs of the
randomized green images and the significance (P-value) is calculated. This P-value
(expressed as percentage) is inversely correlated to the probability that the PC of
the original image is obtained by chance. The ICQ value is calculated based on Li’s
intensity correlation analysis, which is considered a stable method for colocalization
analysis as it allows the discrimination of coincidental events in a heterogeneous
situation. ICQ varies from �0.5 (exclusion) to 0.5 (complete colocalization).
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