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Evidence of complex formation between FADD and c-FLIP
death effector domains for the death inducing signaling complex
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Adaptor protein FADD forms the death inducing signaling
complex (DISC) by recruiting the initiating caspases-8 and -10
through homotypic death effector domain (DED) interactions.
Cellular FLICE-inhibitory protein (c-FLIP) is an inhibitor of
death ligand-induced apoptosis downstream of death
receptors, and FADD competes with procaspase-8/10 for
recruitment for DISC. However, the mechanism of action of
FADD and c-FLIP proteins remain poorly understood at the
molecular level. In this study, we provide evidence indicating
that the death effector domain (DED) of FADD interacts
directly with the death effector domain of human c-FLIP. In
addition, we use homology modeling to develop a molecular
docking model of FADD and c-FLIP proteins. We also find that
four structure-based mutants (ES80A, L84A, K169A and Y171A)
of c-FLIP DEDs disturb the interaction with FADD DED, and
that these mutations lower the stability of the c-FLIP DED.
[BMB Reports 2014; 47(9): 488-493]

INTRODUCTION

The assembly of activated receptor, FADD (Fas-associated
death domain), and procaspases is commonly known as a
death-inducing signaling complex, or DISC. FADD, which is
the nucleus of this assembly, is responsible for sensing the
death stimulus at a receptor, and recruiting the procaspases in-
to the nascent DISC (1). The death inducing signaling complex
is formed by FADD recruiting the initiating caspases-8 and -10
through homotypic death effector domain (DED) interactions
2, 3).

Cellular FLICE inhibitory protein (c-FLIP) is expressed in var-
ious cancers, and is an inhibitor of death ligand-induced apop-
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tosis downstream of death receptors and FADD (4). c-FLIP pro-
tein is recruited to the DISC by its DEDs, and competes with
the initiator caspase for the FADD binding site. The long form
(c-FLIPy) is highly homologous to procaspases-8 and -10, and
possesses tandem DEDs at its amino-terminus, and a catalyti-
cally inactive protease domain at its carboxy-terminus. The
shorter forms (c-FLIPs and c-FLIPg) consist of only the ami-
no-terminal tandem DEDs, followed by a short carboxy-termi-
nal stretch, and are similar in architecture to the viral FLIPs (5,
6). c-FLIPs and c-FLIPg both inhibit death signaling at the DISC,
by inhibiting caspase-8 activation. FADD is constructed from
two ~90 amino acid motifs that are structurally similar to one
another (7-9), but that can be readily distinguished by amino
acid sequence. The N-terminal DED and the C-terminal death
domain (DD) each adopt a six o-helical bundle structure that is
characteristic of a structural family of “death motifs”; these in-
clude the caspase-recruitment domain (CARD), and the pyrin
domain (PYD) (10). The FADD DD is responsible for receptor
engagement, while the DED contains the binding site for pro-
caspase-8 and/or -10 (11, 12).

The DDs of Fas and FADD appear to be extensively charged
at their surface, and mutagenesis data suggest that they asso-
ciate with each other through electrostatic interactions (13,
14). In contrast, the DED of FADD possesses a key sur-
face-exposed hydrophobic patch that appears to be conserved
in virtually all other DEDs, including the tandem DEDs of pro-
caspase-8 and FLIP proteins. This region is thought to be crit-
ical in mediating DED-DED interactions (8). To elucidate the
mutual relationships between human FADD and c-FLIP in their
respective signal transduction pathways, we investigated the
interactions between the recombinant DED of human FADD,
and the DED of c-FLIP. Using several biochemical and bio-
physical assays, we demonstrated a direct protein-protein in-
teraction between FADD and c-FLIP DEDs. Structure-based
mutagenesis studies were performed for FADD and c-FLIP
DED interactions. The FADD/c-FLIP structures that are de-
scribed provide a structural basis for the observed changes in
the site-specific variants. Overall, the results of this study pro-
vide additional insights into the mechanism of the apoptotic
signaling pathways of FADD and c-FLIPs proteins.

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



RESULTS AND DISCUSSION

Domain structure and predicted secondary structure of FADD
and c-FLIP
Cellular FLICE-like inhibitory protein (c-FLIP) potently blocks
FADD-mediated cell death, by interfering with caspase-8
activation. While a great deal of progress has been made in
structural and functional c-FLIP research, the direct interaction
between FADD and c-FLIP DEDs has not yet been determined
in vitro at the molecular level (15, 16). Achievement of this
goal may help interpret and explain the complicated biological
actions of FADD DED and c-FLIP DEDs. The domain struc-
tures of FADD and c-FLIP are shown in Fig. 1A. The FADD
protein (amino acids (aa) 1-208) have an N-terminal region
comprising the protein death effector domain (DED, aa 3-81),
and a C-terminal death domain (DD, aa 97-181). Full-length
c-FLIP protein contains two N-terminal death effector domains
(DEDs, 1-73 and 92-170), and a C-terminal caspase domain
(@aa 263-358). The death effector domains (DEDs) are the core
domains that are involved in interactions.

To determine if FADD DED interacts with the c-FLIP DEDs,
recombinant FADD (aa 1-83) and c-FLIP (aa 1-228) were iso-
lated by the co-expression method. The soluble FADD and
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c-FLIP proteins were purified to homogeneity, and analyzed
(Fig. 1B). In this study, the FADD and c-FLIP complex band
from the gel-filtration showed the formation of a high oligo-
meric DED complex. Relative to v-FLIP (33%), c-FLIP DED was
not highly conserved (Fig. 2A). The structure of c-FLIP is still
unknown, but that of v-FLIP has been elucidated (17). The sec-
ondary structure of the c-FLIP DEDs in comparison with v-FLIP
was also predicted; and c-FLIP DED1 and DED2 were shown
to be composed of six and five o-helices, respectively.

Binding between FADD DED and c-FLIP DEDs and their
modeled structures

We conducted a GST pull-down, and investigated the binding
between FADD DED and c-FLIP DEDs by Western blot analy-
sis (Figs. 1C-F). Structural studies of their interaction have been
difficult. The prediction of protein-protein interactions is an
important step toward the elucidation of protein functions, and
understanding the molecular mechanisms inside the cell.

To evaluate structural aspects of the interaction between
FADD (1-83) and c-FLIP (1-228) DEDs, we modeled the FADD
DED (2-82) structure, using the known structure of human
FADD DED/DD (PDB ID: 2GF5, 1-191). Next, we modeled a
c-FLIP DEDs (2-172) structure, using the v-FLIP DEDs (PDB ID:
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Fig. 1. (A) Schematic representation of
the full-length FADD and cFLIP
domains. (B) Co-expressions of FADD
DED and c-FLIP DEDs are shown by
SDS-PAGE. (C) Analysis of FADD and
structure-based mutations (EBOA, L84A,
K169A and Y171A) of cFLIP DEDs,
as revealed by a GST-tag pull-down.
(D) Analysis of FADD and struc-
ture-based mutations (M120A, L143A
and Q148A) of cFLIP DEDs. (E)
cFLIP mutants (F23G and F114G/
L115G) binding to FADD. The protein
interactions were detected by Western
blot. (F) Input controls of FADD and
c-FLIP are shown.
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Fig. 2. (A) Sequence alignment and predicted secondary structure of the c-FLIP DED and v-FLIP are shown. o-helices are shown as green
and purple ellipses, loops as black lines, and f-sheets as green arrows. Residues conserved across two species are colored in blue. (B)
The first model of the FADD DED and c-FLIP DEDs complex structure is shown as ribbon representations (left panel). Predicted binding
sites between FADD and c-FLIP DEDs are illustrated. The modeled FADD and c-FLIP DEDs complex structure is shown as surface
representation. Blue and red represent positive and negative electrostatic potential, respectively (right panel). (C) The second model of the
FADD and c-FLIP DEDs complex is shown as ribbon (left panel), and surface representation (right panel).

3CL3, 1-183). We selected the 10 lowest-energy levels created
in 1,000 docking run structures, and focused on two models of
the ten complexes. In the first model, FADD DED was docked
to the interface between DED1 and DED?2 in the c-FLIP. The
o1 and 04 of the FADD, and a5’ and a6 of the c-FLIP regions,
may be interaction regions between FADD and c-FLIP. In the
first model, FADD DED interacted strongly with DED1 and
DED?2 in the c-FLIP (Fig. 2B). Conversely, in the second model,
FADD DED only interacted with DED2 in the c-FLIP (Fig. 2C).
To determine whether both DED1 and DED2 of ¢-FLIP are de-
pendent on the interaction, we examined the effects of mu-
tants of ¢-FLIP on complex formation. As predicted, the four
single site mutants of c-FLIP DEDs (E80A, L84A, K167A and
Y171A) exhibited very weak interaction with FADD DED (Fig.
1C). These results indicate that the predicted interaction sites
in the modeled complex structures play important roles in the
structural stability of the FADD and c-FLIP protein complexes.
In the second model, three single mutants (M120A, L143A
and Q148A) in DED2 of c-FLIP exhibited strong interactions
with FADD DED (Fig. 1D). The loop regions of a2’, a3’ and
04’ on c-FLIP DED?2 interacted with the a3 and o4 helices on
FADD DED. In contrast with the requirement for the first mod-
el, the three mutants investigated in the second model had no
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effect on the ability to form a complex between FADD and
c-FLIP. These results suggest that the first model is more rea-
sonable for FADD-c-FLIP complex conformation. We pre-
dicted interaction sites using the modeled complex structures,
including the mutations (Fig. 2). For comparison, we examined
other c-FLIP mutants (F23G and F114G/L115G) binding to
FADD by the Schmitz group (17). The two mutants in DED2 of
c-FLIP exhibited strong interaction with FADD DED (Fig. 1E).

The secondary structure of FADD and c-FLIP
Loop regions are often flexible, and adopt several different
conformations. The loops are involved in the function of the
protein, and can switch from an open conformation. In FADD
DED, loop residues between a1 and a5 had negative charges;
whereas, most residues of the FADD DED had positive charges
in a globular fold (Fig. 2). These charges may promote for-
mation of the FADD-FLIP complex. Because the surface fea-
tures of DED proteins dictate their modes of interactions with
partners, the electrostatic surface differential is critical to inter-
actions with partner proteins.

To determine the nature of the secondary structural ele-
ments of FADD and c-FLIP, far-UV CD spectra were recorded
and analyzed (Fig. 3A). The CD spectra of purified FADD and

http://ombreports.org



Interaction between FADD and c-FLIP DEDs
Eun Young Hwang, et al.

Fig. 3. (A) Far-UV CD spectra of the
FADD-c-FLIP complex, and of each
individual protein. (B-D) Far-UV CD
spectra of the wild-type c-FLIP, and its
mutants are represented. (E-G) Far-UV
CD spectra of the c-FLIP mutants with
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c-FLIP DEDs exhibited two negative maxima at 208 and 223
nm, and were presumed to predominantly have o-helical
structures. To investigate the effects of the mutations on the
structural integrity of the c-FLIP protein, CD spectra were ob-
tained for each mutant, as well as for wild-type c-FLIP (Figs.
3B-G). The spectrum of the wild type produced the greatest
negative peak; whereas, the curves of the other nine mutations
(EBOA, L84A, Y171A, K167A, M120A, L143A, Q148A, F23G
and F114G/L115G) were less negative. Next, we performed
CD measurements of the mutants in the presence of urea, to
determine whether the proteins were denatured, or not. The
spectra of the mutants were completely different from those of
denatured proteins (Fig. 3H). The CD spectra of the c-FLIP mu-
tants showed that each mutation affected the conformation of
FADD to a different extent. The CD study showed that due to
their mutations, the secondary structures of the nine mutants
were more or less lost. This loss of secondary structure in each
protein was a result of either its local structural perturbation,
or the increase in the unfolded fraction of the protein.

FADD DED interacts with c-FLIP DED

To further investigate the interaction between FADD and c-FLIP
DEDs, the fluorescence emission spectra of purified FADD
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FADD protein are shown. (H) Far-UV
CD spectra of the c-FLIP mutants are
shown in the presence of urea.

DED and c-FLIP DEDs were measured, based on Amax curve de-
tection at 330 nm (Fig. 4A). The spectra of both FADD-c-FLIP
complexes were of lower intensity, than those observed when
simply combining FADD and c-FLIP. The fluorescence in-
tensities were approximately 1,500 N for FADD, and 800 N for
c-FLIP. The interaction was most likely accompanied by sig-
nificant conformational changes in either one or both proteins,
and was likely mediated, as the residues of the aromatic groups
were buried within the 3D protein structure. A less rigid hydro-
phobic environment required for the conformational changes
associated with FADD and c-FLIP was observed, as a decrease
in fluorescence intensity. Based on our overall findings, the
FADD DED region interacts with c-FLIP DEDs.

Differential scanning calorimetry (DSC) was used to analyze
the effects of heat on protein stability. DSC scans were per-
formed for conditions under which the protein was irreversibly
unfolded. The protein showed thermal transitions or denatura-
tion at 0°C, up to 90°C. FADD DED and c-FLIP DEDs showed
endothermic peaks of temperature (Tg) at 62.5 and 66.7°C, re-
spectively (Fig. 4B). To examine the changes in the protein’s
secondary or tertiary structure under different pH conditions,
UV absorption spectra of the FADD and c-FLIP DEDs proteins
were measured. The intensity of the FADD and c-FLIP proteins
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Fig. 4. (A) Fluorescence analysis of FADD DED binding to c-FLIP DEDs. Fluorescence spectra of the FADD-c-FLIP complex, and of each
individual protein are shown. (B) DSC analysis of FADD and c-FLIP. Temperatures were set from O to 90°C, and the heat flow was
1°C/min. (C) Thermal unfolding of FADD DED protein was measured by UV-Vis spectrophotometer. (D) Thermal unfolding of c-FLIP DEDs
protein was measured. Absorbance was monitored in the 285-340 nm range, under various pH conditions. (E) Co-immunoprecipitation (/P)
assay for FADD and c-FLIP interaction. HEK293T cell lysates transfected with plasmids encoding FADD (pCMV-Tag2B) and cFLIP
(PCMV-Tag3B) were immunoprecipitated with control 1gG, anti-Flag antibodies, and subjected to immunoblot analysis with the indicated

antibodies.

increased gradually, as the pH increased from 6.5 to 8.5. The
peaks in the difference spectra of the proteins were related to
the FADD and c-FLIP conformational changes. FADD and
c-FLIP were more soluble under high pH (Figs. 4C and D).

To determine whether FADD interacts with c-FLIP in vivo,
co-immunoprecipitation assays were carried out in HEK293T
cells transfected with expression vectors encoding FADD
(pPCMV-Tag2B) and c-FLIP (pCMV-Tag3B). FADD was co-im-
munoprecipitated with c-FLIP, indicating that FADD interacts
with c-FLIP (Fig. 4E). We carried out the purification and bio-
logical characterization of FADD and c-FLIP DEDs protein in
E. coli. Furthermore, by performing a series of biochemical
and biophysical measurements, we confirmed that FADD DED
interacts with c-FLIP DEDs. Interestingly, four structure-based
mutations (E80A, L84A, K169A and Y171A) disturbed the in-
teraction with FADD DED; and these mutations lowered the
stability of the c-FLIP DED. Overall, this study provided im-
portant data regarding the FADD DED and c-FLIP DED struc-
tures, the binding activity of FADD DED to the c-FLIP death ef-
fector domains, and the protein-protein interactions involving
the regulation of both apoptosis and necrosis.

MATERIALS AND METHODS

Materials and Methods were provided in Supplementary data:
http://www.bmbreports.org/jobmb_by volume.html?vol =47.
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