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Abstract
Death receptors in the TNF receptor superfamily signal for
apoptosis via the ordered recruitment of FADD and caspase-8 to
a death-inducing signaling complex (DISC). However, the nature
of the protein–protein interactions in the signaling complex is
not well defined. Here we show that FADD self-associates
through a conserved RXDLL motif in the death effector domain
(DED). Despite exhibiting similar binding to both Fas and
caspase-8 and preserved overall secondary structure, FADD
RDXLL motif mutants cannot reconstitute FasL- or TRAIL-
induced apoptosis and fail to recruit caspase-8 into the DISC of
reconstituted FADD-deficient cells. Abolishing self-association
can transform FADD into a dominant-negative mutant that
interferes with Fas-induced apoptosis and formation of
microscopically visible receptor oligomers. These findings
suggest that lateral interactions among adapter molecules are
required for death receptor apoptosis signaling and implicate
self-association into oligomeric assemblies as a key function of
death receptor adapter proteins in initiating apoptosis.
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Introduction

The receptors for FasL and TRAIL directly activate apoptosis
pathways critical for lymphocyte homeostasis, self-tolerance

and tumor cell death. Fas and the TRAIL receptors DR4 and
DR5 are TNFR superfamily members containing a conserved
death domain (DD). Receptor ligation triggers recruitment of
the DD in the adapter protein FADD to the receptor through
known interaction surfaces in the two DDs.1–3. In addition to a
DD, FADD also contains an N-terminal death effector domain
(DED) that is structurally similar to the DD.4 The DED of FADD
is known to recruit the procaspase-8 (FLICE/MACH-1) to the
death-inducing signaling complex (DISC) via interactions with
the tandem DEDs at the N-terminus of caspase-8.5 The
complex of the receptor, FADD, and caspase-8 is referred to
as the death-inducing signal complex (DISC).6,7

The DISC is thought to initiate the caspase cascade and
apoptosis by inducing proximity between caspase-8 mole-
cules.8–10 More recent experiments have shown that in vitro,
caspase dimerization is necessary for caspase activation
and precedes caspase autoprocessing.11,12 However, the
stoichiometry of FADD and caspase-8 in the DISC, and how
receptor ligation causes caspase-8 activation is not clear.
Recent data have highlighted the importance of receptor
oligomerization in triggering efficient Fas-induced apoptosis.
TNF-family receptors can be preassociated prior to ligand
binding in submicroscopic assemblies,13,14 and we have
recently identified microscopically visible microclusters of Fas
termed signaling protein oligomeric transduction structures
(SPOTS) that can be seen within minutes of ligand binding
prior to caspase activation.15 Receptor capping and inter-
nalization follows SPOTS formation, and are also important in
Fas-induced apoptosis.16,17 FADD is required for formation of
SPOTS, suggesting that lateral interactions between FADD in
receptor-signaling complexes may be important in transdu-
cing an efficient death signal.

The FADD protein has the potential to be highly oligomeric.
FADD aggregates in vitro,4 and transfected FADD in
mammalian cells forms large filamentous structures termed
death effector filaments (DEF).18 Site-directed mutagenesis
experiments have shown that residues in a region designated
hydrophobic patch 1, centered around residue F25, are
important for interactions between FADD and caspase-8
(Figure 1a).4 In addition, a basic surface patch in the third
a-helix of the DED of FADD was shown to be important in
binding both cellular FLICE-like inhibitory protein (c-FLIP) and
caspase-8.19 A region responsible for FADD self-association
has not been determined. In mutagenesis studies of the DED
of the apoptosis inhibitor viral FLICE-like inhibitory protein
(v-FLIP) MC159, hydrophobic patch 1 was also found to be
important for interactions with FADD and caspase-8, but
another domain was also found in the C-terminal portion of the
DED that affected its apoptosis inhibitory function without
blocking interactions with FADD or caspase-8.20 This RXDLL
motif is highly conserved among proteins containing a DED,
and in proteins containing tandem DED’s this motif is more
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conserved in the first DED (Figure 1b). The NMR structure of
the DED of FADD4 shows that the R72, H73, and D74 in this
motif are exposed on the surface, with L75 and L76 directly
underneath (Figure 1c).

Here we show that FADD self-association is critical for its
adapter protein function in death receptor apoptosis signaling.
We find that FADD self-association occurs via the DED, that
the FADD–FADD interface is not equivalent to the FADD-
caspase-8 interface and that FADD self-association mediated
by the RXDLL motif is required for death receptor-mediated
apoptotic signaling and caspase-8 recruitment to the DISC.

Results

FADD self-associates through the DED

We first investigated whether self-assocation of FADD occurs
and which domain of FADD may be responsible for self-
association. Fluorescence resonance energy transfer (FRET)
allows protein–protein interactions to be measured in living
cells. The use of flow cytometry to measure FRET between
cyan- and yellow fluorescent proteins (CFP and YFP) has
allowed rapid quantitation of protein–protein interactions in
living cells in a number of settings.13,14,21–23 When constructs
containing full-length FADD fused to (CFP) and (YFP), were
cotransfected, there was a high level of FRET among cells
coexpressing both fusion proteins when compared to cells
transfected with unfused CFP and FADD-YFP. FRET was
completely abrogated when the DED was removed from one
or both of the constructs (Figure 1d). Additionally, full-length
FADD and FADD DED, but not the FADD DD, co-immuno-
precipitated with full-length FADD (data not shown). These
data show that FADD self-associates in living cells and that
self-association is mediated by the DED.

A conserved short peptide motif in the DED
mediates FADD self-association

The NMR structure of the DED of FADD contains two surface
hydrophobic patches.4 Hydrophobic patch 1 (HP1, Figure 1a,
green) mediates binding to caspase-8 and consists of the
residues F25, L28, L26, L66, L70. A less conserved
hydrophobic patch (HP2, Figure 1a, yellow), facing opposite
HP1, consists of the residues M1, P3, L5, V6, L43, L50, P57
and F82. Single and multiple alanine mutations in HP2 amino
acids did not disrupt FADD self-association or function in Fas
signaling (data not shown). These data suggest that FADD
self-association is not mediated by HP2 and that HP2 does not
participate directly in Fas apoptosis signaling.

In addition, the DED of FADD contains the sequence
RHDLL from positions 72 to 76 in the 6th alpha helix of the
DED that is homologous to an RXDLL motif conserved
between many DED-containing proteins (Figure 1a–c, red). In
studies of this motif in the DED containing antiapoptotic viral
FLIP, MC159, it was found that the double mutants of the
RHDLL to AHALL or RHDAA but not point mutations in
the motif were sufficient to reduce antiapoptotic activity.20

Therefore, using site-directed mutagenesis, we altered the
RXDLL motif by mutating the leucines at positions 75 and 76
to alanines (RHDAA) or, alternatively, the arginine at position
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Figure 1 FADD self-association is mediated by its death effector domain
(DED). (a) NMR structure of the DED of FADD. RXDLL motif (red), HP1 (green)
and HP2 (yellow) are shown. (b) sequence alignment of death effector domains
showing conserved residues predicted to be involved in hydrophobic patch 1
(green), hydrophobic patch 2 (yellow), and the RXDLL motif (red). The asterisks
(*) above the FADD sequence indicate FADD mutants that disrupted FADD self-
association; 8: mutants disrupting FADD association with caspase-8; 0: mutants
with no discernable phenotype. (c) Electrostatic potential (EP) surface of RXDLL
motif of FADD. Red indicates a positive charge and blue, negative charge. (d)
293T cells were transfected with constructs encoding full-length wild-type FADD,
FADD 1–79 (FADD DED) or FADD 80–209 (FADD DD) fused to either the cyan
fluorescent protein (CFP) or the yellow fluorescent protein (YFP) or CFP alone.
Cells were analyzed by FACS for CFP, YFP and fluorescence resonance energy
transfer (FRET) between CFP and YFP. Cells were gated as indicated on the
basis of CFP and YFP expression and the amount of FRET in gated cells is
shown in the histogram to the right. The percentage of FRET-positive cells is
shown in each histogram. Data are representative of at least three independent
experiments
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72 and the aspartic acid at position 74 to alanines (AHALL).
293T or FADD-deficient Jurkat cells (I2.1) were cotransfected
with full-length wild-type (WT), RHDAA or AHALL mutant
FADD constructs fused to YFP or CFP and FRET between the
two molecules was analyzed by FACS. The percentage of
FRET-positive cells was substantially diminished in cells
transfected with RXDLL-mutant FADD in both 293T and I2.1
FADD-deficient cells (Figure 2a and b). There was no rescue
of the diminished FRET when AHALL-CFP and RHDAA-YFP
or AHALL-YFP and RHDAA-CFP were cotransfected (data
not shown), indicating that the two mutations in the RXDLL
motif cannot complement each other.

In addition to the loss of FRET shown between the RXDLL
mutants, co-immunoprecipitation of these mutants with WT
FADD was impaired (Figure 2c). These FADD mutants were
also unable to form DEF when overexpressed in COS-7 cells
(Figure 2d), showing diffuse cytoplasmic staining with occa-
sional cytoplasmic aggregates. These data show that FADD
self-association is dependent on the RXDLL motif of the DED.

The failure of these FADD mutants to oligomerize in cells
could be due to a generalized unfolding of the protein. If that
was the case, other DED-mediated interactions, such as
binding to caspase-8, may be impaired by mutations in the
RXDLL motif. We therefore assessed the ability of the RXDLL
mutants to interact with caspase-8. WT FADD-YFP or RXDLL
mutants were cotransfected with a catalytically inactive
caspase-8 CFP in 293T cells. As expected, FRET was seen
between WT FADD and caspase-8. This interaction was

dependent on the DED of FADD, as the FADD DD alone failed
to interact with caspase-8 (Figure 3a). Unlike the nearly
complete abolition of FADD–FADD interactions, the level of
FRET was maintained between caspase-8 and the AHALL
FADD mutant, and was consistently increased with the
RHDAA mutant (Figure 3a). Co-immunoprecipitation experi-
ments confirmed these results, with both WT and RXDLL
mutant FADD interacting with HA-tagged caspase-8 GFP
in 293T cells (Figure 3b). To confirm that the FADD DED
harboring RXDLL motif mutations still folded normally into
the alpha-helical DD structure, we compared the circular
dichroism (CD) spectra of purified monomeric FADD DED
with WT FADD, AHALL, AHDLL (R72A), and RHDAA RXDLL
motif sequences. The CD spectra of all of these RXDLL motif
mutants completely overlapped with that of the wild-type
protein, suggesting that the global folding of the FADD DED
was not perturbed by the RXDLL motif mutations. This is
consistent with the retained ability of these mutants to bind to
caspase-8 and suggests that the RXDLL motif is likely
functioning to mediate FADD–FADD interactions, and is not
required for proper folding of the FADD DED.

FADD self-association is critical for death
receptor-mediated apoptosis

To test whether FADD self-association is functionally im-
portant for apoptosis signaling induced by FasL and TRAIL,
we used the FADD-deficient Jurkat T-cell line, I2.1, which is
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Figure 2 FADD self-association is mediated by the RXDLL motif. (a and b) 293T cells (a) or FADD-deficient Jurkat I2.1 cells (b) were transfected with constructs
encoding wild-type FADD or the RXDLL mutants of FADD (RHDAA and AHALL) fused to either CFP or YFP or CFP alone. FRET was analyzed as described above. (c)
293T cells were transfected with constructs encoding HA-FADD and WT or RXDLL mutant FADD fused to GFP. Cells were lysed and immunoprecipitated with anti-HA
beads. Lysates and immunoprecipates were run on a gel and immunoblotted for both HA and GFP. (d) Cos7 cells were transfected with constructs encoding WT or
RXDLL mutant FADD fused to GFP and imaged by confocal microscopy. All data are representative of at least three independent experiments

FADD self-association in apoptosis signaling
JR Muppidi et al

3

Cell Death and Differentiation



completely insensitive to apoptosis induced by these
death receptor ligands.24 We transiently transfected FADD-
deficient cells with WT, RXDLL mutant or DD only FADD
constructs fused to YFP and stimulated these cells with
FasL, anti-Fas or TRAIL to determine whether RXDLL
mutants could reconstitute Fas or TRAIL receptor-mediated
apoptosis in these cells. WT FADD was able to reconsti-
tute FasL or TRAIL-mediated apoptosis in these
cells, while the FADD DD was not. Significantly, the RXDLL
mutants RHDAA and AHALL were almost completely
deficient in their ability to reconstitute apoptosis signaling
in response to FasL or TRAIL (Figure 4a and b). Following
FasL stimulation, cells transfected with these mutant
constructs persisted in the annexin-negative gate while
virtually all cells with any expression of wild-type FADD-YFP
became annexin positive (Figure 4a). Although it has been
reported that I2.1 expresses a smaller isoform of FADD
recognized by antibodies against the DED of FADD,25

antibodies against the FADD DD do not recognize any
specific proteins in this line and it is likely that this isoform
represents a truncated form of FADD lacking a functional
DD. Without a DD, the truncated FADD would not be recruited
to the DISC and should not influence death-receptor-induced
apoptosis. In addition, the RXDLL motif mutants would likely
not interact with the truncated FADD present in I2.1 cells
since these mutants do not interact with WT FADD as shown
in Figure 2.

Interestingly, in spite of their inability to reconstitute death
receptor-mediated apoptosis signaling, transfection of RXDLL
mutants resulted in levels of spontaneous death among
transfected cells similar to WT FADD (upper right quadrant
of untreated cells and legend, Figure 4a). Spontaneous
apoptosis induced by FADD has been shown to be due
to interactions with caspase-8 mediated by residues in the
FADD DED hydrophobic patch 1,4,18 and is consistent with
the ability of the RXDLL mutants to bind to caspase-8.18 Thus,
the RXDLL motif that is responsible for FADD–FADD
association also appears necessary for FADD to function as
death receptor adapter.

To examine the biochemical basis for the inability of
RXDLL FADD mutants to function, we studied the whether
FADD RXDLL mutants could support assembly of a normal
Fas-FADD-Caspase-8-signaling complex. Co-immuno-
precipitation experiments showed that these FADD mutants
were able to interact normally with Fas in 293T cells
(Figure 4c). We then reconstituted Jurkat I2.1 cells with WT
FADD and RXDLL FADD mutants and studied assembly
of the Fas DISC. In WT FADD transfectants, both FADD
and caspase-8 were recruited to the DISC after FasL
stimulation. However, in I2.1 cells transfected with either
RHDAA or AHALL mutant FADD, caspase-8 was absent
from the DISC despite relative preservation of FADD
recruitment (Figure 4d and data not shown). These data
suggest that FADD self-association is necessary for efficient
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recruitment and activation of caspase-8 to the DISC during
Fas signaling.

To examine whether mutations in the RXDLL motif could
transform FADD into a dominant-negative inhibitor, we
transfected WT FADD and the RXDLL mutants into a number
of different Fas-sensitive cell lines expressing endogenous
FADD. Fas-expressing cells have been divided into two
categories. In type I cell lines, the DISC is easily detectable
and Fas-induced cell death cannot be blocked by over-
expression of antiapoptotic Bcl-2 family molecules. In type II
cell lines, the DISC is less easily detected biochemically and
Fas-induced cell death can be blocked by the overexpression
of antiapoptotic Bcl-2 molecules.26 In type I cell lines, Fas is
preferentially localized to lipid raft microdomains, and surface
receptor clustering is more rapid and prominent than in type II
cell lines.15,27 We transfected Jurkat, a type II cell line, and
SKW6.4, a type I cell line, with WT, RXDLL mutant or the DD
of FADD fused to YFP and assessed the ability of transfected
cells to undergo apoptosis in response to Fas stimulation.
FADD DD-YFP inhibited Fas-induced apoptosis in Jurkat
(type II) and more prominently in SKW6.4 (type I) cells. FADD
constructs with mutations in the RXDLL motif inhibited Fas-
induced apoptosis in SKW6.4 but not in Jurkat cells (Figure 5a
and b). Since assembly and activation of the DISC has been

associated with formation of visible receptor oligomers termed
SPOTS15 we examined the subcellular localization of Fas in
SKW 6.4 cells transfected with RXDLL mutant FADD and
found that these mutants interfered with the ability of Fas to
form SPOTS and receptor caps after receptor crosslinking
(Figure 5c). These data show that non-self-associating FADD
mutants can dominantly interfere with Fas-induced cell death
in type I cells, likely by interfering with SPOTS formation
mediated by endogenous FADD.

To define the limits of the RXDLL motif we created individual
alanine mutants of R72, H73 and D74 in the RXDLL motif as
well as the adjacent R71 and R77 residues. Like the more
complex RHDAA and AHALL mutants, the R72A and D74A
mutants showed diminished binding to wild-type FADD and
did not fully reconstitute Fas-mediated apoptosis (Figure 6a
and b). It should also be noted that R72A, which had greater
defect in its association with WT FADD than D74A, similarly
had a greater defect in reconstitution of Fas-mediated
apoptosis. In contrast, R71A, H73A, and R77A mutants
functioned equivalently to wild-type FADD in these assays
(Figure 6a and b). Although a surface-exposed residue, H73
is not conserved in the RXDLL motif and is apparently not
required for FADD function. Additionally, the R72A FADD
mutant but not R71A dominantly interfered with Fas-induced
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apoptosis when transfected into SKW 6.4 cells (Figure 6c).
These data are in contrast to a report in which FADD R71A
was found to be deficient in function and binding to the Fas
DD.28 These results define R72, D74, L75 and L76 as key

functional residues of the FADD—FADD-binding motif and
indicate that nonconserved residues inside and outside the
motif are not required.

Densitometric analysis of FADD expression in transiently
transfected Jurkat cells showed that transfected FADD
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55.1710.6% for AHALL YFP. In SKW 6.4 cells, prior to stimulation viability
(avg.7S.D.) of transfected cells was 80.071.6% for YFP, 59.173.4% for
FADD FL YFP, 74.573.1% for FADD DD YFP, 72.473.7% for RHDAA YFP
and 65.171.9% for AHALL YFP. (c) SKW 6.4 cells were transfected with the
indicated FADD-CFP constructs, stimulated with anti-Fas for 1 h, fixed and
analyzed for Fas localization by immmunofluorescence as described in the
Materials and Methods. Cells were visually scored for SPOTS and receptor caps
and the average7S.E.M percent cells with SPOTS or receptor caps are shown.
All data are representative of at least three independent experiments
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and 68.270.6% for R72A YFP. All data are representative of at least two
independent experiments
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was expressed between three and four-fold higher than
endogenous FADD (data not shown). To determine whether
the RXDLL motif is important for FADD expressed at more
physiological levels we generated stable cell lines of FADD-
deficient I 2.1 Jurkat cells expressing YFP alone, FADD-YFP
or D74A FADD-YFP. The amount of FADD expressed by
these cells was found to be less than or similar to that of
endogenous FADD expressed by Jurkat cells (Figure 7a). At
these levels, WT FADD still reconstituted sensitivity to FasL-
induced apoptosis while a line expressing slightly higher
levels of D74A FADD mutant did not (Figure 7c). These data
indicate that critical residues in the RXDLL motif are required
for FADD function as an apoptosis adapter at physiological
levels of FADD.

Discussion

Our results show that self-association mediated by the RXDLL
motif within the DED of FADD is critical for death receptor

signaling. We have found that the RXDLL motif is required
for FADD self-association, but not association with Fas or
caspase-8. An intact RXDLL motif is required to reconstitute
death receptor-mediated apoptosis and the DISC in FADD-
deficient cells. Finally, mutation of the RXDLL motif can
convert FADD into a dominant-negative inhibitor of Fas-
induced apoptosis.

FADD mutations in the RXDLL motif appear to specifically
inhibit FADD–FADD homotypic interactions rather than ‘up-
stream’ interactions with Fas or ‘downstream’ interactions
with caspase-8. Because binding to Fas and Casapase-8 and
the CD spectra of the purified DED are preserved, it is unlikely
that these mutations impair global folding of the protein.
Rather, a specific protein–protein interaction surface is likely
disrupted. Our results implicate R72 and D74 as key surface
residues that mediate FADD self-association, with L75 and
L76 forming the hydrophobic ‘floor’ of the motif. In accord with
its nonconserved status, mutation of the H73 residue did
not affect FADD function. Interestingly, analysis of the NMR
structure of FADD shows that R72 and D74 contribute to
alternating surface acidic and basic patches (Figure 1). It is
likely that the RXDLL motif binds to its counterpart on another
DED, because if another molecular surface was required,
then RXDLL motif mutants should be able to interact with the
RXDLL motif in WT FADD through that surface. However, this
was not the case, as shown in Figure 2, RXDLL mutants were
as severely impaired in binding WT FADD as themselves.

FADD self-association appears to function by promoting
the formation of receptor oligomers on the cell surface after
receptor ligation. We previously reported that these struc-
tures, referred to as SPOTS, are critical for full caspase
activation in the DISC.15 We propose that the RXDLL motif
allows FADD to self-associate following its recruitment to
the DISC. RXDLL-mediated FADD self-association may then
drive the recruitment of caspase-8 to the DISC by increasing
the avidity of the complex for caspase-8. The RXDLL motif is
necessary but likely not sufficient for self-association since the
motif is conserved in DED of the antiapoptotic MC159 vFLIP
protein, which does not self-associate or form death-effector
filaments, and acts as a dominant-negative inhibitor of FasL-
and TRAIL-induced apoptosis.15,20

RXDLL mutant FADD and FADD DD are more potent
dominant-negative inhibitors of Fas signaling in type I cell
lines such as SKW 6.4 than in type II cell lines such as Jurkat.
These differences may arise because receptor oligomeriza-
tion is more important for proximal signaling in type I cell lines.
We have previously found that in type I but not type II cell lines,
a proportion of Fas localizes to detergent-resistant lipid rafts.
Lipid raft localization reduces the requirement for crosslinking
of agonistic anti-Fas antibodies that induced apoptosis.27

Disruption of lipid rafts in type I cells with cyclodextrins inhibits
ligand-induced SPOTS formation and receptor capping (JRM
and RMS, unpublished observations). Thus in type II cells, the
increased Fas crosslinking required to produce an apoptotic
response may overcome the dominant-negative effect of
mutations that inhibit FADD self-association.

The transformation of FADD from an obligate adapter
protein to dominant-negative inhibitor reveals an important
principle in death receptor signaling: that in addition to binding
up and downstream signaling molecules, adapter proteins
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may need to self-associate to allow correct assembly and
activation of caspase-8 in the DISC. Whereas, both RXDLL
mutants that lack the ability to self-associate and FADD
mutants lacking the ability to bind caspase-8, such as F25G,
fail to reconstitute Fas-induced apoptosis, only RXDLL mutant
FADD can dominantly interfere with Fas-induced apoptosis
(JRM and RMS, unpublished observations). These data
suggest that blocking the ability of FADD to self-associate
and form an ‘array’ of signaling complexes may be an efficient
mechanism for blocking death-receptor-induced apoptosis.
Indeed, based on structural studies it has recently been
proposed that the antiapoptotic activity of the DED-containing
viral FLIP molecule MC159 is dependent on its ability to inhibit
FADD self-association.29

Receptors in the TNF receptor superfamily and the toll-like
receptor/IL-1 receptor superfamily signal through the recruit-
ment of modular adapter proteins that associate with
intracellular effector molecules to trigger downstream events.
Rather than being a linear sequence of ‘vertical’ recruitment
events, our results indicate that self-association of adapter
proteins can mediate ‘horizontal’ interactions that amplify the
initial ligand–receptor interaction signal and trigger more
efficient recruitment of cytoplasmic effectors. Signal amplifi-
cation through horizontal adapter protein interactions may
produce increased sensitivity to changes in ligand concentra-
tion that can fine tune cellular responses.30 This may be
particularly important for receptors that mediate irreversible
outcomes such as programmed cell death. The membrane-
bound signaling complexes promoted by FADD oligomeriza-
tion appear to be critical for recruitment and processing of
caspase-8. These complexes may be similar to cytoplasmic
high-molecular weight complexes that have been found to be
critical for activation of other caspases such as the apopto-
some for caspase-9, the PIDDosome for caspase-2 and the
inflammasome for caspase-1.31–33 RXDLL-mediated FADD
self-association may also be an attractive target for ther-
apeutic intervention in apoptosis signaling pathways that
depend on FADD and other DED-containing proteins.

Materials and Methods

Cells

FADD-deficient Jurkat I2.1, Jurkat A3, SKW 6.4, Cos7 and 293T cells were
obtained from ATCC. Jurkat and SKW 6.4 cells were cultured in RPMI
supplemented with fetal calf serum (10%), penicillin (5mg/ml) and
streptomycin (5mg/ml). Cos7 and 293T cells were cultured in DMEM
supplemented with fetal calf serum (10%), penicillin (5mg/ml) and
streptomycin (5mg/ml). All cells were grown in 5% CO2 at 371C.

Antibodies and reagents

The Fas C20 antibody was obtained from Santa Cruz Antibodies (Santa
Cruz, CA, USA). The FADD antibody was obtained from BD Transduction
labs and the caspase-8 C15 antibody was obtained from Dr. M Peter
(University of Chicago, Chicago, IL, USA). Anti-GFP was obtained from
Roche. Anti-HA antibody and anti-HA affinity matrix was obtained
from Covance.

Plasmids and mutagenesis

FADD was cloned into pEGFP-N1, pECFP-N1 and pEYFP-N1 using Pfu
Turbo (Stratagene) polymerase chain reaction using primers flanking
either end of FADD. FADD was mutagenized by Quick Change site-
directed mutagenesis (Stratagene) using primers specific for the desired
mutations. Mutations were confirmed by sequencing.

FRET analysis

In all, 1� 106 293T cells per well were seeded in six-well dishes and
transfected with expression vectors encoding a CFP fusion protein
(500 ng) and a YFP fusion protein (500 ng) using Fugene 6 transfection
reagent (Roche). Cells were harvested 24 h after transfection, and
analyzed on a CyAn flow cytometer (Cytomation). Excitation lasers and
filters for detection channels were: a 405 nm UV diode laser and a 450/
50 nm bandpass filter for CFP; an 488 nm diode laser and a 546/10 nm
bandpass filter for YFP; and the 405 nm UV diode laser and a 546/10 nm
bandpass filter for FRET. All three signals were detected from the same
individual cells by sequentially illuminating them with the 488 and 405 nm
lasers.

CD spectroscopy

The F25Y soluble variant of the FADD AA 1–84 was cloned into the
Pet28A vector (Novagen) and site-directed mutagenesis was performed
with the quickchange method and confirmed by sequencing in all cases.
Proteins were expressed in Escherichia coli strain BL21-CodonPlus(DE3)-
RIPL (Stratagene), and purified through Ni-affinity chromatography.
Purified samples were desalted using HiPrep 26/10 Desalting column
(Amersham Biosciences), and adjusted to a concentration of 0.69 mg/ml.
CD spectra were acquired at 41C on an Aviv 62DS (Aviv Associates) CD
spectropolarimeter with a 1 mm path-length cuvette. The wavelength
dependence of molar ellipticity was monitored as the average of five
scans, using a 5-s integration time at 1.0-nm wavelength increments.

Apoptosis induction assays

I2.1 (FADD deficient), A3 Jurkat or SKW 6.4 cell lines were transiently
transfected by electroporation at 260 V, 725O and 1025 mF as previously
described2 using a BTX ECM 610 electroporator with constructs as
indicated. At 16 h after transfection, cells were incubated with TRAIL
(50 ng/ml; Alexis) or FasL (100 ng/ml; Alexis) plus anti-FLAG or anti-
human Fas APO1-3 (1mg/ml; Kamiya Biomedical, Seattle, WA, USA) plus
anti-IgG3 for 4–6 h. Cells were stained with Annexin V-APC (BD
Pharmingen) and propidium iodide (PI) according to manufacturer’s
instructions. Data were collected on a FACS Calibur flow cytometer
(Becton Dickinson) and analyzed using FlowJo (Treestar Inc.). Cells were
gated on PI-negative cells to exclude death due to electroporation, within
the PI-negative gate viability of GFP-positive cells was assessed on the
basis of Annexin V. Specific cell death of transfected cells was determined
using the formula (1�(% viable treated/% viable untreated))� 100. The
S.E. in the mean is shown for cell death assays run in triplicate.

Generation of stably transfected cell lines

Constructs encoding YFP alone or wild-type or mutant FADD fused to YFP
were linearized with AseI and transfected into the FADD-deficient Jurkat
cell line, I 2.1, by electroporation as described above. Cells were then
cultured in media containing G418 (1 mg/ml; Stratagene, CA, USA) for
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2 weeks. Cells were then sorted based on YFP expression using a MoFlo
cell sorter (Dako Cytomation, CA, USA) and sorted YFP-positive cells
were cultured in media containing G418 (1 mg/ml) for another 2 weeks to
generate the stable cell lines.

Immunoprecipitation and western analysis

In all, 1� 106 293T cells were seeded in six-well plates and transfected
with Fugene 6 with the indicated constructs. At 24 h after transfection, cells
were harvested and lysed on ice in 1 ml lysis buffer (1% NP-40 (Sigma),
10% glycerol, Complete Protease Inhibitor (Roche), 5 mM iodoacetic acid,
10mM zVAD (Envyme Systems Products), 150 mM NaCl, 15 mM EDTA,
10 mM Tris-HCl). Alternatively, I2.1 cells were transfected by electropora-
tion with the indicated constructs. A total of 15 transfections for each
condition were pooled. At 16 h after transfection, cells were stimulated for
15 min with recombinant CD8-FasL (2.5 mg/ml; Ancell) and lysed on ice in
1 ml lysis buffer.

Lysates were immunoprecipitated with the indicated antibodies and
Protein A agarose beads (Roche) or anti-HA affinity matrix beads
(Covance) overnight at 41C. Immunoprecipitates were washed six times in
lysis buffer. Lysates and immunoprecipitates were mixed with lithium
dodecyl sulfate-containing loading buffer (Invitrogen) and DTT (Sigma)
and incubated at 801C for 20 min. Lysates and immunoprecipitates were
run on 4–12% Bis-Tris gel (Bio-Rad) and transferred to nitrocellulose and
immunoblotted as indicated.

Confocal microscopy

Cos7 cells were grown on coverslip chambers (Lab-Tek) and transfected
as indicated using Fugene 6 transfection reagent. At 16 h after
transfection, cells were imaged live using an Olympus confocal
microscope. Images were analyzed using Olympus and Imaris software.

Quantitation of SPOTS formation

SKW 6.4 cells were transfected by electroporation with CFP alone or WT
or mutant FADD-CFP. At 16 h after transfection, dead cells were removed
using Ficoll density gradient medium (Amersham). Cells were stimulated
with 1 mg/ml APO1-3 plus anti-IgG3 or FasL plus anti-FLAG for 45 min and
adhered to poly-L lysine-coated coverslips for 15–30 min. Cells were fixed
on dry ice with ice-cold 100% methanol for 7 min, followed by washing and
staining of unstimulated cells with APO1-3 and staining of all cells with
anti-mouse IgG-Alexa-488 (Molecular Probes) in PBS/0.01% Tween-20/
0.1% BSA (IFA buffer). Quantitation of surface receptor clustering in CFP-
positive transfected cells was performed as previously described15 by a
blinded observer and at least 50 cells were counted for every condition in
an experiment. Cells with Fas SPOTS involving 425% of the plasma
membrane or in membrane caps were counted as positive.
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