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Abstract Death effector domains (DEDs) are protein—protein
interaction domains found in the death inducing signaling com-
plex (DISC). Performing a structure-based alignment of all
DED sequences we identified a region of high diversity in
a-helix 3 and propose a classification of DEDs into class I
DEDs typically containing a stretch of basic residues in the
o-helix 3 region whereas DEDs of class II do not. Functional
assays using mutants of Fas-associated death domain revealed
that this basic region influences binding and recruitment of
caspase-8 and cellular FLICE inhibitor protein to the
DISC. © 2002 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Apoptosis is an important and tightly regulated process in
the development and homeostasis of multi-cellular organisms
[1]. Insufficient or excessive cell death has been shown to be
associated with diseases [2,3]. In death receptor induced apo-
ptosis, the activated receptors recruit the adapter protein
FADD (Fas-associated death domain) through homotypic in-
teractions between their death domain (DD) and the DD of
FADD [4,5]. This assembly recruits procaspase-8, which binds
through its tandem DEDs to the DED of FADD (FADD-
DED) forming the death inducing signaling complex (DISC)
[6]. In the DISC procaspase-8 is activated to process down-
stream executioner caspases. Antagonistic molecules like
c-FLIP (cellular FLICE inhibitor protein)[7] regulate cell
death at the level of the DISC. Two major splice variants, a
short and a long form (c-FLIPg and c-FLIP;) were described
[8]. Both contain two DEDs that bind to FADD because of
their similarity to the DEDs of procaspase-8/10. c-FLIPy in
addition possesses an inactive caspase domain.
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The formation of the DISC as well as of the apoptosome [9]
is facilitated through homotypic domain interactions. These
domains belong to the DD superfamily [10] comprising the
DD, the DED, the caspase recruitment domain (CARD) and
the pyrin domain [11] families. Although the sequence simi-
larity of the DD superfamily is very low (5-25%), it shares an
homotypic interaction mode and a common fold: an antipar-
allel six helical bundle with a Greek key topology [12]. Inter-
actions between CARD-CARD [13] and DD-DD [14] have
an electrostatic character, whereas DED-DED interactions so
far were described to be of hydrophobic nature [15]. A large
number of DEDs shares a conserved RXDL motif in the
o-helix 6. In viral FLIP MCI159, this motif is involved in
apoptosis regulation [16].

Experiments described here reveal that in addition a basic
surface area in DEDs is critical for apoptotic signalling.

2. Materials and methods

2.1. Sequence alignment and homology modeling

We performed a structure-based alignment using the coordinates of
FADD-DED F25Y (PDB entry 1A1W [15]) as a template. A multiple
sequence alignment of DEDs was performed using CLUSTAL X [17]
which was manually corrected to primarily maintain the hydrophobic
core. 1000 models were calculated for each aligned DED using MOD-
ELLER [18]. Models with the best stereochemistry, (PROCHECK
[19]), were visualized using the program O [20]. When inappropriate
interactions were observed further manual corrections of the align-
ment were made and a new set of models was calculated and checked.
A final model for each DED was selected. The molecular surface was
calculated and displayed using GRASP [21].

2.2. Mammalian and bacterial expression plasmids

Single site FADD mutants F25G, F25Y, double mutant K33,35Q
and triple mutant K33,35N/R34S were produced by PCR using ad-
equate PCR-primers. For mammalian expression, wild-type and mu-
tant FADD were cloned into a pCR3 (Invitrogen) -derived vector
using EcoRI and Xhol restriction sites. The resulting constructs en-
code human FADD (residues 2-208) with an N-terminal VSV-tag
(MYTDIEMNRLGKEF) derived from the vesicular stomatitis virus
glycoprotein. Constructs of human caspase-8-DED1+2 (residues 2—
177), human c-FLIP-DEDI1+2 (residues 1-171) and human c-FLIP,
[22] were cloned with an N-terminal Flag-tag (MDYKDDDDKEF).
For Escherichia coli expression, the human FADD-DED (residues 1-
83) K33,35Q mutant was subcloned into a pET21d(+) (Novagen)
vector using Ncol an Xhol restriction sites. The resulting construct
encodes the mutant protein with a C-terminal His-tag (LEHHHH-
HH).

2.3. Co-transfection
293T human embryonic epithelial kidney cells were co-transfected
using the calcium phosphate method [23] with 7 pg of wild-type or
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H: Homo sapiens; M: Mus musculus; P: Sus scrofa; B: Bos taurus; R: Rattus norvegicus; G6: Gallus gallus;
D: Danio rerio; O: Oryzias latipes.

C8: caspase-8; C10 caspase-10; FL: FLIP; EHVZ: Equine herpesvirus type Z; MC Molluscum contagioswm;
MMRY Macaca mulatta rhadinovirus; KSHV Kaposi's sarcoma-associated herpesvirus; AH3 Ateline herpesvirus 3;
HSG71: Herpesvirus saimiri strain 11.

D1l: N-terminal DED; D2: C-terminal DED.

SP: Swiss-Prot; GB: GenBank; NC: NCBI.

Fig. 1. Structure-based alignment of DEDs. A: Class I DEDs: presence of basic residues in a-helix 3 (boxed). B: Class II DEDs: absence of
basic residues in a-helix 3 and o-helix 3 often shortened. Sequence names in italic were identified form the EST-database (http//www.ncbi.gov).
Accession numbers and organisms are also listed in the figure. Consensus sequences are shown (h: hydrophobic, +: basic, —: acidic,
c: charged). Positions of FADD-DED a-helices (A) are indicated. Greek letters correspond to intramolecular interactions of core residues of
FADD-DED. Residue F25, the basic stretch and the RXDL motif are indicated by a brace.
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Fig. 2. A: Caspase-3 activity in presence of FADD variants. The
caspase activity was given as fold increase in activity over that of
cells transfected with an empty control vector and normalized to the
total protein concentration. B: Binding of FADD variants to cas-
pase-8-DED1+2, ¢c-FLIP-DEDI1+2 and c-FLIP.. 293T cells were co-
transfected with FADD variants and (a) Flag-caspase-8-DEDI1+2,
(b) Flag-c-FLIP-DEDI1+2 or (c) c-FLIPL. After lysis, FADD was
co-immunoprecipitated (IP o-Flag) with Flag-tagged binding part-
ners (a—c) and immunoblotted using anti-FADD antibody (WB: o-
FADD). The top panel demonstrates binding of FADD to caspase-
8-DEDI1+2, ¢c-FLIP-DEDI1+2, c-FLIP.. The middle panel shows the
level of caspase-8-DED1+2, c-FLIP-DEDI1+2 or c-FLIP,, expression
detected with an anti-Flag M2 antibody (WB: o-Flag). c-FLIPy, ap-
pears as a double band due to partial processing. The bottom panel
shows the level of FADD expression visualized with and anti-
FADD antibody (WB: o-FADD). The FADD variants analyzed
are 1: wild-type, 2: K 33,35Q, 3: F25G, 4: F25Y, 5: K33,35N/
R34S.

mutant FADD plasmid, 7 pg of Flag-tagged caspase-8-DEDI1+2 or
c-FLIP-DEDI1+2 or ¢c-FLIPy, [22] plasmid and 1 pg of enhanced green
fluorescence protein expression plasmid to monitor transfection. 20 h
after transfection cells were harvested and lysed in 170 pl of 0.2%
Nonidet P40, 20 mM Tris/HCI, pH 7.4, 150 mM NaCl, 10% glycerol,
protease inhibitor cocktail (Roche Biochemicals) by three freezing and
thawing cycles.

2.4. Caspase activity assay
Caspase-3 activity was measured 18 h after incubation of the sub-
strate as described by Bodmer et al. [24].

2.5. Co-immunoprecipitation
Wild-type and mutant FADD proteins were co-immunoprecipitated
[25] with Flag-tagged partner DED molecules using anti-Flag M2
Agarose (Sigma) from 100 pl precleared post-nuclear cell lysate.
FADD expression was detected by Western blot with an anti-
FADD antibody (BD Transduction Laboratories). Caspase-8-
DEDI1+2, ¢c-FLIP-DED1+2 and c-FLIP, expression were detected
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with an anti-Flag M2 antibody (Sigma). Antibodies were visualized
using peroxidase conjugated goat anti-mouse IgG (Jackson) and
Supersignal West Pico Chemoluminiescence Substrate (Pierce).

2.6. Expression of FADD-DED K33,35Q and NMR-spectroscopy

The "N labeled FADD-DED K33,35Q mutant was expressed in
E. coli HMSI174 strain (Novagen) as a soluble C-terminally His-
tagged protein in M9-minimal medium [23] containing ["N]NH,4Cl
(Martek) as the nitrogen source and 100 pg/ml of ampicillin at
30°C. Induction was performed with 0.1 mM isopropyl-1-thio-B-p-
galactopyranoside (MBI Fermentas) at an ODgyonm of 0.6 at 18°C.
Bacteria were harvested 5 h after induction, centrifuged (4°C, 30 min,
4000 X g), resuspended in 20 mM Tris-HCI, pH 8.0, 500 mM NH4Cl,
5 mM B-mercaptoethanol and disrupted using a French press at 4°C.
The lysate was cleared from debris by centrifugation (4°C, 30 min,
15000 X g) and loaded on Ni**-nitrilo-triacetate agarose (Qiagen) ac-
cording to the suppliers instructions but exchanging NaCl with

SII

RXDL motif

F25

c¢-FLIP DEDI1

SII

RXDL motif

SIII

Fig. 3. A: Backbone representation of FADD-DED. The hydropho-
bic interaction surface (SI) in o-helix-2, the RXDL motif (SII) in
o-helix 6 and the new interaction surface (SIII) in o-helix-3 are
highlighted in red, green and blue respectively. B,C: Surface repre-
sentation of DEDs. All molecules are in the same orientation as in
(A). Basic side chains (R,K) are colored in blue, acidic side chains
(D,E) are colored in red, hydrophobic side chains (A,V,L,I,M.F,P)
are colored in yellow. B: Surface representation of a class I DED
(wild-type FADD-DED). The basic surface SIII is typical for class I
molecules. C: Surface representation of c-FLIP-DEDI, a member of
class II DEDs. The surface around residues corresponding to K33-
K35 in FADD is hydrophobic (SIII). The hydrophobic surface SI
and the RXDL motif (SII) are indicated. The figure was prepared
with GRASP [21].
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NH4Cl and including 5 mM B-mercaptoethanol. The protein was
eluted with 40 mM NH4OAc, pH 4.0, 50 mM NH4Cl, 5 mM B-mer-
captoethanol and concentrated to 0.5 mM using a Centricon YM-3
(Amicon). 10% D,O was added to the protein solution. A '"H"N
heteronuclear single quantum coherence (HSQC) spectrum [26] was
recorded at 280 K on a DRX-500 Bruker Avance instrument using a
standard sensitivity-enhanced pulse sequence [27] with pulsed-field
gradients [28]. Thirty-two free-induction decays were averaged for
each increment. Proton chemical shifts were referenced with respect
to the water frequency [29] and the N chemical shift scale was
referenced indirectly to liquid ammonia [30].

3. Results and discussion

Our structure-based alignment analysis using the available
DED sequences provided homology model structures for all
known DED containing components of the DISC. The main
differences between the various model structures were located
in o-helix 3, which resulted from the criterion to maintain the
hydrophobic core of the domain. The analysis revealed two
distinct classes of DED structures. Members of class I share
high sequence similarity with FADD-DED and possess basic
residues in a-helix 3 (residues 33-35 in FADD). The DED of
FADD, both DEDs of caspase-8, the N-terminal DED of
caspase-10 and the C-terminal DED of c-FLIP (Fig. 1) belong
to this class. Members of the class II do not contain basic
residues at positions 33-35, and in addition a-helix 3 is short-
er or missing in most of them. The class II includes the
C-terminal DED of caspase-10 and the N-terminal DED of
c-FLIP as well as most of the viral DEDs (Fig. 1).

The role of the basic stretch in class I DEDs was assessed
with variants of FADD-DED. The functionality of wild-type
and mutant FADD molecules were assayed. Expression of
functional FADD leads to the activation of caspase-8, which
subsequently activates caspase-3. Functionality was measured
using a caspase-3 activity assay (Fig. 2A). Binding of FADD
variants to procaspase-8 and c-FLIP was analyzed by co-im-
munoprecipitation (Fig. 2B). The experiments show that
K33,35Q and K33,35N/R34S FADD mutants exhibit low
background level caspase-3 activity and reduced binding to
c-FLIP and caspase-8 like FADD F25G mutant. These results
imply that not only the hydrophobic surface region around
F25 (SI; Fig. 3) but also the basic region K33R34K35 of
FADD-DED (SIII, Fig. 3) is important for the apoptosis

15N (ppm)

1H (ppm)

Fig. 4. ["N,'HJHSQC spectrum of FADD-DED K33,35Q. The pro-
ton chemical shift range between 7.8 and 8.4 ppm, typically encoun-
tered for amide protons in unstructured proteins, is indicated by
vertical lines [34]. Peaks doubling indicate the existence of an asym-
metric dimer of FADD-DED in solution.
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Apaf-1 Tube DD
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CARD Complex DD Complex
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Caspase-9
CARD Pelle DD
B
FADD DED c-FLIP/Caspase-8

DED

Caspase-8 DED

FADD DED

Basic stretch

P R3g  HIH2 acidic
esiduy

RXDL moti

c-FLIP/Caspase-8
DED

Fig. 5. Schematic representation of the proposed trimer model [10].
A: The caspase-9 CARD of the Apaf-1/caspase-9 CARD complex
and the Pelle DD from the Pelle/Tube DD complex were superim-
posed. T1 and T2 interfaces are experimentally observed in the crys-
tal structures of the complexes and a new intermolecular contact T3
is predicted. B: CARDs and DDs are replaced in this model by
DEDs, with FADD-DED (green), caspase-8-DED (red) and c-FLIP
or caspase-8-DED (blue). C: The resulting T3 contact is presented.
a-Helix 3 (H3) (residues K33 to R38) interact with the RXDL motif
and the acidic region from o-helices 1 and 2 of another domain.
Figures were prepared with DINO (http://www.dino3d.org).

signaling and suggests that electrostatic forces are also in-
volved in DED interactions.

Comparative levels of caspase-3 activation are observed for
wild-type and the F25Y FADD mutant. Surprisingly F25Y
FADD binds full-length procaspase-8 equally strong as
wild-type FADD [15] while the interaction with ¢-FLIP is
reduced. This indicates, that c-FLIP binds in a different man-
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ner or with different affinities to FADD than procaspase-8
(Fig. 2B).

In order to show that mutant FADD molecules (mutations
in the region 33-35) are folded proteins, the DED of the
FADD K33,35Q mutant was expressed in E. coli and ana-
lyzed by 2D-NMR 'HN spectroscopy. In the HSQC spec-
trum (Fig. 4) signals are spread over a broad range of chem-
ical shifts, typical for a globular and folded protein [31].

All DED homology models possess a characteristic hydro-
phobic surface (SI, Fig. 3B) formed by conserved residues
around a phenylalanine in a-helix 2 (F25 in FADD) [15]. In
most DEDs, an electrostatic surface around the RXDL motif
in o-helix 6 (SII, Fig. 3B) is also present [16]. In contrast, the
positively charged surface area around o-helix 3 (SIII, Fig.
3B) is only shared by DEDs of class I. This surface area is
uncharged in class II DEDs (Fig. 3C).

Weber et al. [10,32] proposed a structural model for DD
interaction in apoptotic signaling (Fig. 5A). Because DED
and DD might have evolved from the CARD family [10],
we superimposed DEDs onto their postulated DD trimer
model [10] and we obtained an arrangement as shown in
Fig. 5B. In this model the above-mentioned DED surfaces
are forming the DED-DED contacts. Our mutagenesis studies
presented here and recent mutagenesis results in the literature
[16] are strong experimental support for the interaction sur-
face T3 in the model (Fig. SA). The T3 contact is made by the
o-helix 3 region of FADD-DED with K33-R38 contacting
another partner DED in the RXDL region (Fig. 5C). Re-
cently Garvey et al. [16] analyzed mutants of v-FLIP
MCI159 for their binding to FADD and for their capability
to inhibit apoptosis. They show that mutations in the RXDL
motif of either domain result in the loss of inhibition of ap-
optosis.

Our findings contribute to the understanding of intermolec-
ular interactions between DEDs. They support the view that
more than a single surface area is required for binding of
partner molecules and emphasizes the role of o-helix 3. Re-
cently a procaspase-10 molecule mutated in a-helix 3 of the
C-terminal DED (M147T) was discovered in patients with
gastric cancer [33]. This tumor-derived procaspase-10 mutant
is believed to be responsible for a lower apoptotic activity
function disrupting apoptosis. The analysis of the recently
postulated trimer model [10] in view of pure DED interactions
does not only explain recent mutagenesis data but also corre-
lates the RXDL motif of DED partners to the basic stretch of
o-helix 3 in FADD.
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