
The Death Domain Superfamily in Intracellular Signaling of
Apoptosis and Inflammation

Hyun Ho Park1, Yu-Chih Lo1, Su-Chang Lin1, Liwei Wang1, Jin Kuk Yang1,2, and Hao Wu1
1 Department of Biochemistry, Weill Medical College and Graduate School of Medical Sciences of
Cornell University, New York, NY 10021
2 Department of Chemistry, Soongsil University, Seoul 156-743, Korea

Abstract
The death domain (DD) superfamily comprising the death domain (DD) subfamily, the death effector
domain (DED) subfamily, the caspase recruitment domain (CARD) subfamily and the pyrin domains
(PYD) subfamily is one of the largest domain superfamilies. By mediating homotypic interactions
within each domain subfamily, these proteins play important roles in the assembly and activation of
apoptotic and inflammatory complexes. In this article, we review the molecular complexes that are
assembled by these proteins, the structural and biochemical features of these domains and the
molecular interactions mediated by them. By analyzing the potential molecular basis for the function
of these domains, we hope to provide a comprehensive understanding on the function, structure,
interaction and evolution of this important family of domains.
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INTRODUCTION: APOPTOSIS AND INFLAMMATION
Apoptosis is an orderly cellular suicide program (1,2) that is critical for the development and
homeostasis of a multi-cellular organism. Failure to control apoptosis can lead to serious
diseases that threaten the existence of the organism (3,4). Biologically, apoptosis is highly
integrated with inflammation and host defense against intracellular pathogens such as viruses.
Because viruses depend on host cells to replicate, the suicide apoptotic program is often elicited
in virally infected cells to remove the viruses and to limit viral spread. On the opposing side,
viruses often carry genes that induce the host inflammatory processes, which often suppress
the cellular apoptotic program.

Apoptosis proceeds through characteristic morphological changes (1,2) that are dependent on
caspase activities. Caspases are cysteine proteases that cleave specifically after aspartic acid
residues (5,6). Because caspases are the executioners of apoptosis, they are the key players in
apoptotic cell death. In contrast, inflammatory processes often rely on the activation of protein
kinases. One important pro-inflammatory kinase is the IκB kinase (IKK) (7–10), which
phosphorylates IκB, leading to its degradation (11). This liberates the NF-κB transcriptional
factors, resulting in their nuclear translocation and activation. NF-κBs subsequently induce the
transcription of genes for immune and inflammatory responses and for suppression of apoptosis
(12–14).
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On the molecular level, some protein families are involved in both apoptotic and inflammatory
signaling. For example, while caspases are generally apoptotic initiators and effectors, a
subclass of caspases are explicitly involved in pro-inflammatory responses. This includes
caspase-1, which cleaves pro-IL-1β to IL-1β, leading to NF-κB activation and elicitation of
pro-inflammatory responses (15). Proteins in the death domain (DD) superfamily are also
shared in apoptotic and inflammatory processes. As shown in the next section, these proteins
are often involved in both caspase activation and NF-κB activation. Sometimes, the same
molecular complex is regulated to signal either cell death via caspase activation or
inflammation via kinase activation.

Because both apoptosis and inflammation are associated with many human diseases, studies
in these areas have ultimate biological importance. The past decade has seen an explosion of
biochemical and structural studies of proteins involved in apoptotic and inflammatory
signaling. These structures and their interactions with partner proteins have revealed the
underlying molecular basis for the assembly of important signaling complexes and for the
regulation of apoptosis and inflammation. This review will focus on the biology, structure and
function of the DD superfamily. For other apoptotic and inflammatory signaling modules,
please see related recent reviews (16–18).

THE DD SUPERFAMILY IN THE ASSEMBLY OF APOPTOTIC AND
INFLAMMATORY COMPLEXES

The DD superfamily is one of the largest and most studied domain superfamilies (19). It is
currently comprised of four subfamilies, the death domain (DD) subfamily, the death effector
domain (DED) subfamily, the caspase recruitment domain (CARD) subfamily and the pyrin
domain (PYD) subfamily (16). These proteins are evolutionarily conserved in many
multicellular organisms such as mammals, Drosophila and C. elegans. Based on a genome
analysis, there are 32 DDs, 7 DEDs, 28 CARDs and 19 PYDs in the human genome (16,17).
Perhaps as an evidence of integration with host apoptotic and inflammatory processes, some
viruses have acquired DD superfamily sequences. For example, herpesviruses have DED-
containing sequences that inhibit cell death and poxviruses have both DED-containing and
PYD-containing sequences that interfere with host apoptotic and inflammatory responses to
viral infection (20–23). In some cases, the DD superfamily domain is the only motif present
in these proteins. In most cases, however, the DD superfamily domain is combined with
domains of other subfamily or domains outside the DD superfamily (Figure 1).

The unifying feature of the DD superfamily is the six-helical bundle structural fold as first
revealed by NMR structures of Fas DD (24), FADD DED (25), RAIDD CARD (26) and
NALP1 PYD (27) (Figure 2). Although all members of the DD superfamily have this conserved
structural fold, individual subfamilies also exhibit distinct structural and sequence
characteristics not shared with other subfamilies.

A central paradigm common to both caspase activation and NF-κB activation is the assembly
of oligomeric signaling complexes in response to internal or external stimuli. In a simplified
view, these molecular complexes activate their effectors via “proximity induced auto-
activation” such as dimerization, proteolytic processing and trans-phosphorylation. The DD
superfamily plays a critical role in this assembly by participating in both self-association and
other protein-protein interactions. Some examples of these important signaling complexes are
presented below (Table 1). Interestingly and perhaps surprisingly, interactions within the
superfamily are almost all “homotypic” in that only domains within the same subfamily interact
with each other.
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The death receptor signaling pathways: the death inducing signaling complex (DISC),
complex I and complex II

Death receptors form a subfamily of the TNF receptor superfamily. They mediate the extrinsic
cell death pathway. Members of the TNF superfamily of ligands are mostly trimeric and can
be either membrane attached or soluble. They activate the TNF receptor superfamily by ligand-
induced receptor trimerization (28) and higher order oligomerization (29). The intracellular
regions of death receptors contain DDs (30–32), upon which caspase activating and NF-κB
activating signaling complexes are assembled. Self association of the DDs in these receptors
was shown to be required for the signal transduction (33). Three different types of complexes
may be assembled, one by the death receptor Fas and related receptors, and the other two by
the death receptor TNFR1 and related receptors.

For Fas, upon ligand activation, its DD recruits the FADD adapter protein via a homotypic
interaction with the C-terminal DD of FADD (29,34). FADD also contains an N-terminal DED
that interacts homotypically with the tandem DED in the pro-domain of caspase-8 or -10 (35,
36). These interactions form the ternary DISC containing Fas, FADD and caspase-8 or -10
(32). Recruitment of pro-caspases into the DISC initiates caspase proteolytic auto-processing
(37–39). This liberates active caspase-8 or -10 into the cytoplasm to cleave and activate effector
caspases such as caspase-3 and caspase-7, leading to a cascade of events in apoptotic cell death
(5).

For TNFR1, upon ligand stimulation, its DD recruits the multi-functional TRADD adapter
protein via the DD interaction. TRADD in turn recruits RIP via the DD interaction at its C-
terminal DD and TRAFs via its N-terminal domain, forming the membrane bound complex I
for IKK and NF-κB activation. In a second step, TRADD dissociates from TNFR1 and
associates with FADD and caspase-8 to form a cytoplasmic complex II for caspase activation
(40). As in the DISC, both DD: DD and DED: DED interactions are important for the assembly
of complex II. The regulated assembly of complex I and complex II may underlie the ability
of TNF to induce either cell death or cell survival under different cellular contexts.

Caspase activation by both the DISC and complex II is inhibited by FLIPs, a family of cellular
and viral tandem DED-containing proteins that interact with FADD (41). Cellular FLIPs (c-
FLIPs), comprising the long and short isoforms, c-FLIP-L and c-FLIP-S, are tightly regulated
in expression in T cells and may be involved in controlling both T-cell activation and death
(41–49). v-FLIPs appear to have evolved to inhibit apoptosis of virally infected host cells and
are present in the poxvirus Molluscum contagiosum virus (MCV) as proteins MC159 and
MC160 (20–22,50,51) and in γ-herpesviruses (20–22,41,52).

Deregulation of death receptor signaling is related to many human diseases. Most notably,
defective Fas signaling manifested as defective function of the DISC underlies the human
genetic disease Autoimmune Lymphoproliferative Syndrome (ALPS) (53,54). When
lymphocytes from patients with ALPS are cultured in vitro, they are resistant to apoptosis as
compared to cells from healthy controls. Most patients with ALPS have mutations in the Fas
gene and more than 70 mutations have been mapped to its intracellular DD (55–58).

The intrinsic apoptosis pathway: the apoptosome
The intrinsic pathway of apoptotic cell death is induced in a mitochondria-dependent manner
in response to intracellular insults. A CARD-containing protein Apaf-1 forms the central
platform of a molecular complex known as the apoptosome for caspase activation in this
pathway (59,60). Apaf-1 is comprised of an N-terminal CARD, a central nucleotide binding
oligomerization domain (NOD) and a C-terminal (Trp-Asp) WD repeat domain. Upon
mitochondrial leakage, cytochrome c, which normally resides at the intermembrane space of
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the mitochondria, is released to the cytosol. The interaction of cytochrome c with the WD
repeat domain of Apaf-1 presumably opens up the Apaf-1 structure, leading to an ATP or
dATP-dependent oligomerization of Apaf-1 to form the apoptosome. The apoptosome then
recruits caspase-9 via the CARD domain interaction between Apaf-1 and caspase-9.

In Drosophila, the related apoptosome is formed by the Apaf-1 ortholog Dark and the caspase-9
ortholog Dronc (61). In C. elegans, the Apaf-1 ortholog is CED-4, which does not contain an
analogous C-terminal WD repeat domain for cytochrome c interaction. Instead, CED-4 is
constitutively active but is kept in check by an interaction with CED-9, a Bcl-2 ortholog, which
prevents CED-4 oligomerization. Egl-1 is induced to antagonize CED-9 upon apoptosis.
CED-4 then oligomerizes to form the worm apoptosome and interacts and activates CED-3,
the caspase ortholog, via a CARD interaction (61).

PIDD-mediated responses to DNA damage: caspase-2 activation by the PIDDosome and RIP-
mediated NF-κB activation

In response to genotoxic stress, the DD-containing and p53-inducible protein PIDD mediates
both caspase-2 and NF-κB activation. Caspase-2 is an evolutionarily conserved initiator
caspase with a CARD pro-domain (62). The caspase-2 activation pathway involves the
formation of a ternary complex dubbed as the PIDDosome (63,64), which comprises proteins
PIDD (65), RAIDD (66) and caspase-2 and is assembled via the DD interaction between PIDD
and RAIDD and the CARD interaction between RAIDD and caspase-2. Accumulating data
have shown that caspase-2 acts upstream of the mitochondria to initiate apoptosis (67). Upon
genotoxic stress, PIDD also recruits the DD-containing kinase RIP, which in turn interacts with
the IKK complex for NF-κB activation (68). Therefore it appears that PIDD acts as a molecular
switch to control life and death after DNA damage.

The NF-κB activation pathway of the IL-1 receptor and Toll-like receptors
In the mammalian IL-1 receptor and Toll-like receptor (TLR) pathway, the intracellular TIR
domain of these receptors recruits TIR-containing adapters (69). While the IL-1 receptor and
most Toll-like receptors recruit MyD88, TLR2 and TLR4 also recruit another TIR-containing
protein TIRAP (69). MyD88 contains both a DD and a TIR domain and it in turn recruits IRAKs
(which include IRAK1, IRAK2, IRAKM and IRAK4) via a DD interaction. IRAKs contain a
DD and a Ser/Thr kinase domain. IRAKs subsequently recruit TRAF6 for NF-κB activation
(70). In Drosophila, a heterotrimeric complex of MyD88, Tube and Pelle mediates the
orthologous Toll pathway (71), which is important for both immunity against fungal infection
(72) and for dorsoventral patterning (73). While Pelle is the functional ortholog of IRAK, Tube
is an adapter protein. MyD88, Tube and Pelle all contain a DD and assemble via DD
interactions.

Antigen receptor-induced NF-κB activation pathway
NF-κB activation by T-cell and B-cell receptors (TCR/BCR) is initiated by receptor associated
tyrosine kinases of the Src and Syk family and a protein kinase C family member, PKC-θ or
PKC-β, respectively (74). Upon TCR or BCR activation, the PKC isoforms translocate to
membrane bound large molecular complexes in lipid rafts. Although the exact connection to
PKC-θ and PKC-β still remains to be resolved, a three-molecule complex containing
CARMA1, Bcl-10 and MALT1 appears to act downstream to activate IKK. CARMA1 contains
an N-terminal CARD, followed by a coiled-coil domain, a PDZ domain, an SH3 domain, and
a C-terminal guanylate kinase-like (GUK) domain (75,76). The PDZ, SH3 and GUK domains
in CARMA classify it into membrane-associated guanylate kinase (MAGUK) family, which
plays important roles in regulating the interface between membrane components and
cytoskeletal proteins. CARMA1 interacts with Bcl-10, a protein with an N-terminal CARD
and a C-terminal Ser/Thr rich region, via the CARD interaction (77). MALT1 is a DD-
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containing paracaspase, which contains an N-terminal DD, two central immunoglobulin-like
(Ig) domains and a C-terminal caspase-like domain for which catalytic activity has not yet been
shown (78). The C-terminal Ser/Thr rich region of Bcl-10 and the Ig domains of MALT1 are
responsible for the recruitment of MALT1 by Bcl-10.

How the CARMA1, Bcl-10 and MALT1 complex activates IKK is still unclear. One possible
model is that this complex further recruits the heterodimeric complex of caspase-8 and c-FLIP-
L, which assists caspase-8 activation and in turn is cleaved by activated caspase-8 to an
intermediate p43 form (79). The p43 form of c-FLIP-L has been shown to efficiently activate
NF-κB via the TRAF pathway and both c-FLIP and caspase-8 are required for the survival and
proliferation of T cells following TCR stimulation (79). It has also been shown that MALT1
contains potential TRAF6-binding sites and activates IKK via the TRA6-TAK1 pathway
(80).

Intracellular bacterial sensors: the Nod pathway
CARD-containing proteins known as Nods participate in the sensing of intracellular pathogens
and the elicitation of innate immunity against these pathogens. For example, Nod1 contains an
N-terminal CARD, a central NOD and a C-terminal leucine-rich repeat (LRR) domain (81).
This domain architecture is similar to the Apaf-1 protein involved in apoptosome formation
and caspase-9 activation. Upon interaction with ligands on intracellular bacteria via its LRR,
Nod1 presumably oligomerizes through its NOD. The N-terminal CARD of Nod1 interacts
with RIP2, which contains an N-terminal Ser/Thr kinase domain and a C-terminal CARD
(82). RIP2 in turn recruits the IKK complex for NF-κB activation (83). In addition to the IKK
complex, RIP2 can also interact with caspase-1 via its CARD domain, resulting in the cleavage
and activation of pro-IL-1β (84).

In a presumably similar pathway mediated by Nod2, intracellular bacterial LPS are recognized
and NF-κB activation is induced, leading to innate immunity and bacterial clearance (85,86).
Nod2 is crucial for immunity against bacteria in the gastrointestinal tract, as a loss of function
mutation in Nod2 underlies a susceptibility to Crohn’s disease, a chronic inflammatory disorder
of the gut (86).

Several negative regulators of caspase-1 activation have been identified. In particular, both
ICEBERG and COP are CARD-containing proteins. They interact with either caspase-1 or
RIP2 CARDs and inhibit caspase-1 activation by RIP2 (87,88). This inhibition may provide a
negative feedback loop to terminate inflammatory responses.

Intracellular viral infection sensing and signaling for antiviral immunity: the RIG-like helicase
pathway

Like Nods, RIG-like helicases form another family of intracellular pathogen pattern sensors
whose primary target is virally derived dsRNA (89). Proteins in this family, such as RIG-I and
MDA5, contain tandem CARDs at the N-terminal region and a helicase domain with the DExD/
H motif at the C-terminal region. Presumably, binding of dsRNA to the helicase domain of
RIG-I or MDA5 would cause a conformational change that exposes the tandem CARDs for
recruiting downstream adapter proteins. One such adapter was recently identified
independently by several groups and was therefore named independently MAVS, Cardif, IPS-1
and VISA (90–93). MAVS is critical for mediating NF-κB activation and the activation of
IRF3/7 to produce antiviral type I IFN (94,95). It contains an N-terminal CARD that interacts
with RIG-I or MDA5 through a homotypic CARD interaction. The C-terminal region of MAVS
possesses a mitochondrial targeting sequence that anchors MAVS to the outer membrane of
mitochondria, which is critical for its function (90). Although RIG-I and MDA5 share the same
domain structure, they appear to detect different viruses (96,97). The third member of the RIG-
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like helicase family, LGP2, is devoid of the CARD and prevents activation of antiviral
responses, most likely through competitive binding to dsRNA (95,98).

The caspase-1 activation pathway: the inflammasome
The PYD-containing proteins NALP1 and ASC participate in the formation of the
inflammasome for caspase-1 activation (99). NALP1 contains an N-terminal PYD, a central
NOD presumably involved in oligomerization, an LRR region, and a C-terminal CARD
(100,101). ASC is an adapter protein containing an N-terminal PYD and a C-terminal CARD
(102). NALP1 interacts with ASC via the PYD and with caspase-5 via the CARD. These
proteins, together with caspase-1, form the ~700 kD inflammasome for caspase-1 activation
(99). Activated caspase-1 cleaves and activates pro-IL-1β, leading to NF-κB activation and
elicitation of innate immunity.

STRUCTURAL AND BIOCHEMICAL STUDIES OF THE DD SUBFAMILY
DD structures

Currently, structures of six isolated DDs are available, which include the NMR structures of
Fas DD, FADD DD, TNFR1 DD and the p75 NGFR DD, and the crystal structures of IRAK4
DD and RAIDD DD (24,103–108). Because these domains are involved in protein-protein
interactions and have a tendency to aggregate, many of these structures were determined under
non-physiological conditions such as extreme pH and/or with “de-aggregating” mutations.
While all these DDs exhibit the six-helical bundle fold, variations exist in the length and
direction of the helices (Figure 3a). Because of the low sequence homology among DDs, the
surface features of these DDs are also entirely different, which may be responsible for their
specificity in protein-protein interactions.

DD: DD interaction
Despite the immense biological importance of DDs, only one structure of a DD: DD complex
is available, which is the crystal structure of the monomeric Pelle DD: Tube DD complex
(109) (Figure 3b). Regardless of the details of the interaction, the biggest surprise is perhaps
the asymmetry of the interaction, considering what might have been expected for homotypic
interactions. The first interface involves the H4 helix and the following loop of Pelle and the
H1–H2 corner, H6 and the preceding loop in Tube. Most strikingly, the C-terminal tail of Tube
wraps around a groove formed by the H4–H5 and H2–H3 hairpins of Pelle to form the second
interface and contributes significantly to the interaction (109). While many charged residues
at the first interface (such as E50 of Tube and R35 of Pelle) are involved in the interaction,
three large hydrophobic residues (I169, L171, and L173) on the C-terminal of Tube dominate
the second interface.

Mutational studies based on the crystal structure of Tube showed that the MyD88 DD: Tube
DD interaction uses a different surface of the Tube DD (71,110). Therefore, Tube acts as the
bridge between MyD88, which interacts directly with Toll, and Pelle, which signals
downstream for the nuclear translocation and activation of the NF-κB ortholog Dorsal, the key
event in dorsoventral patterning.

The structural basis of DD: DD interactions involved in death signaling, such as those in the
Fas DD: FADD DD complex, the TRADD DD: FADD DD complex and the PIDD DD: RAIDD
DD complex, remains largely unresolved. Although no solid experimental evidence is
available, the Fas DD: FADD DD complex is likely to be trimeric, most likely with Fas
possessing the self-oligomerization surface (Figure 3c). Therefore, the complex might
comprise at least two interfaces, a self-oligomerization surface and a Fas DD: FADD DD
interaction surface. This conjecture of multiple interaction surfaces in these complexes is
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supported by mutational data, which showed wide spreads of residues important for binding
and/or function on the surfaces of Fas (111), FADD (112), TRADD (113) and TNF-R1
(114). Alternatively, it has been proposed that the Fas DD: FADD DD complex may be
constructed from the two types of interfaces observed in the Pelle DD: Tube DD complex and
in the Apaf-1 CARD: caspase-9 CARD complex (below) (115). This arrangement, however,
does not generate three-fold symmetry.

Controversial data exist on the proposed interaction between Fas DD and FADD DD. While
in vitro reconstitution showed that Fas DD interacts strongly with FADD DD (116), an
independent experiment showed that GST-Fas DD failed to pulldown FADD DD (117). In
addition, while the same in vitro reconstitution showed that Fas DD interacts only weakly with
full-length FADD in the absence of the third component of the DISC (116), the pulldown of
full-length FADD by GST-Fas DD appeared to be efficient (117).

STRUCTURAL AND BIOCHEMICAL STUDIES OF THE DED SUBFAMILY
DED structures

Currently, four DED structures are available, which include the NMR structures of FADD
DED (25) and PEA-15 DED (118) and the DED1 and DED2 structures from the crystal
structure of the tandem DED of MC159 (116) (Figure 4a). The NMR structure of FADD DED
is also known in the context of its full-length structure comprising both a DED and a DD
(119). While FADD is a component of the DISC, PEA-15 appears to participate in MAP kinase
activation through a non-homotypic interaction with the kinase ERK (118). MC159 is a v-FLIP
from a poxvirus that inhibits caspase activation at the DISC (116). As predicted and consistent
with their assignment to the DED subfamily, the structures of FADD DED, PEA-15 DED and
MC159 DED2 show the conserved six-helical bundle fold of the DD superfamily and are more
similar to each other than to other members of the DD superfamily (Figure 4b).

In contrast, the structure of MC159 DED1 showed that it is structurally more divergent from
the other known DED structures (116,120). In particular, helix H3 is missing and replaced by
a short loop connecting helices H2 and H4. Two additional helices are present, helix H0 at the
N-terminus and helix H7 that brings the chain to the beginning of DED2. Only about half of
the residues in DED1 were aligned within 3Å in Cα distance to DED2, FADD DED and PEA-15
DED.

Surface features
Two prominent conserved surface features are present on DEDs, which distinguish DEDs from
other members of the DD superfamily. The first feature is a conserved hydrogen-bonded charge
triad revealed by the high resolution structure of MC159 (116). The charge triad is formed by
the E/D-RxDL motif and involves the Arg and Asp residues in the RxDL motif in helix H6
and the preceding loop, and an acidic residue in helix H2. Extensive hydrogen bonding
interactions are observed among the charged side chains with the Arg residue situated in
between the two acidic residues (Figure 4c, 4d). These hydrogen bonds likely help to maintain
a precise organization of the side chains, which may be functionally important. It is also
possible that they play a local structural role in maintaining the conformation of this region of
the DEDs. The charge triad is highly conserved in most single and tandem DEDs. With the
exception of the p75 DD, this motif is not present in other members of the DD superfamily,
suggesting that it is a characteristic feature of DEDs alone. As shown below, this surface may
be used for FADD DED self-association and for the interaction of FADD DED with MC159
and MC160.

The second surface feature is the conserved hydrophobic patch formed mostly by residues on
H2 (Figure 4d). This was first observed in the NMR structure of FADD DED (25) and later
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shown to be conserved in most tandem DEDs as well (116). In caspase-8, caspase-10, c-FLIP
and herpesvirus v-FLIPs, the two central residues at this patch are strictly identical with those
in FADD DED. In MC159 and MC160, these two residues are still hydrophobic, but are
replaced by conserved substitutions. As shown below, this surface is used extensively in DED:
DED interactions such as the MC159 DED1: DED2 interaction and the interaction of FADD
DED with caspase-8, caspase-10, c-FLIP and herpesvirus v-FLIPs.

DED: DED interaction as seen in tandem DED
The structure of MC159 revealed the first glimpse of a DED: DED interaction (116). Instead
of beads on a string, DED1 and DED2 interact with each other intimately to form a rigid,
dumbbell shaped structure. The two DEDs are related approximately by a translation across
the contact interface so that one side of DED1 is contacting the equivalently opposite side of
DED2. The translational relationship between DED1 and DED2 is made possible by helix H7
of DED1. The DED1: DED2 interface is extensive, burying approximately 1380Å2 surface
area.

The interaction at the DED1: DED2 interface is mostly hydrophobic, mediated by helices H2
and H5 of DED1 and helices H1 and H4 of DED2 (Figure 4e). There are a total of 195 interfacial
atomic contacts, among which 117 are between non-polar atoms. The H1 and H4 surface of
DED2 is equivalent to the non-conserved hydrophobic patch identified in FADD DED structure
on the opposite side of the conserved hydrophobic patch and does not appear to be important
in FADD signaling (25). The interfacial residues, especially those that are completely buried
at the DED1: DED2 interface and contribute large surface areas, such as F30, L31, F92, L93
and R97, are mostly conserved in tandem DEDs. This suggests that all known tandem DEDs
form a similar rigid compact structure as MC159. This interaction between DED1 and DED2
differs from both the known Pelle DD: Tube DD interaction (above) and the Apaf-1 CARD:
caspase-9 CARD interaction (below).

FADD DED: self-association and interaction with tandem DEDs
There are two main functions of FADD DED, self-association and interaction with tandem
DED proteins such as caspase-8 and MC159. FADD DED-mediated self-association is recently
shown to be important for the signaling competency of the DISC (117,119,121). Two separate
regions of FADD DED however appear to be important for this self-association. The first region
is the charge triad region of FADD DED (121) and the other region is the hydrophobic patch
of FADD DED (117,119). For the latter, the self-association interface will have to be close to
or at the caspase-8 interaction surface (117,119). It is possible that one of the mapped FADD
self-association interfaces only indirectly affects FADD self-association due to structural
alteration or another aspect of the FADD function.

The structure of MC159 provided a template for all tandem DED proteins, which include
caspase-8, caspase-10, c-FLIP, herpesvirus v-FLIPs and the poxvirus v-FLIP MC159 and
MC160 (116). Structure-based sequence analysis and mutagenesis divided tandem DEDs into
two subclasses with regard to their mode of interaction with FADD DED. First, sequence
analysis showed that the two core residues at the hydrophobic patch are strictly identical in
FADD DED and tandem DEDs including caspase-8, caspase-10, c-FLIP and herpesvirus v-
FLIPs. Mutational studies of FADD DED showed that this hydrophobic patch is involved in
caspase-8 recruitment (25). Conversely, mutations on the conserved hydrophobic patch of
DED2 of caspase-8 also abolished the interaction of caspase-8 with FADD. This suggests a
mutual hydrophobic FADD DED: caspase-8 tandem DED interaction (116). Similarly, c-FLIP
and herpesvirus v-FLIPs compete with caspase-8 recruitment to the DISC and interact with
FADD DED similarly using the hydrophobic patch.
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Second, consistent with the lack of strict conservation on the hydrophobic patch, mutations on
the exposed hydrophobic patch of MC159 on DED2 did not affect its interaction with FADD
DED. Instead, mutational studies on a large number of exposed residues of MC159 showed
that MC159 interacts with FADD DED via a region encompassing its conserved charge triad
on DED1 (116). Conversely, the charge triad region of FADD DED appears to be important
for both its interaction with MC159 (116) and for its self-association (121). MC159 thus
interferes with FADD self-association. Since FADD self-association is important for DISC
clustering and signaling, MC159 inhibits DISC-mediated caspase activation.

These studies showed that tandem DEDs are divided into two classes with regards to interaction
with FADD DED, those that are MC159-like, including MC159 and MC160, and those that
are caspase-8-like, including caspase-8, caspase-10, c-FLIP and herpesvirus v-FLIPs. The
former do not compete with caspase-8 recruitment to FADD, and likely inhibit caspase
activation via disruption of FADD self-association. In contrast, the latter directly compete with
caspase-8 recruitment and therefore caspase activation at the DISC.

STRUCTURAL AND BIOCHEMICAL STUDIES OF THE CARD SUBFAMILY
CARD structures

CARD containing proteins may be classified into two classes, those at the prodomains of
caspases and those that act as adapters in the assembly of apoptotic and inflammatory signaling
complexes. Currently, NMR structures are available for RAIDD CARD (26) and ICEBERG
CARD (87). A crystal structure is available for the isolated CARD of Apaf-1 (122). In addition,
the CARD structure of Apaf-1 is available in the context of the entire N-terminal fragment of
Apaf-1 containing the CARD and the NOD (123) and in a complex with the caspase-9 CARD
(124). The structure of CED-4 CARD is available as a complex of CED-4 and CED-9 (125).

Although the topology of these CARDs is identical with the conserved six-helical bundle fold
of the DD superfamily, the structures of CARDs is unique in that helix H1 tends to be either
bent or broken into two closely separated H1a and H1b helices. In addition, the orientations
and lengths of several helices may be somewhat different among the different CARDs (Figure
5a). Superposition of the Apaf-1 CARD structures in isolation, in complex with caspase-9
CARD and in the context of its NOD domain show that there is limited structural plasticity in
this domain (Figure 5b). One important feature is that the surfaces of these CARDs are
invariantly polarized with both basic and acidic surfaces, which may be used for protein-protein
interactions (Figure 5c).

CARD: CARD interaction
The only structure of a CARD: CARD complex is provided by the crystal structure of the
complex between Apaf-1 CARD and caspase-9 CARD (124) (Figure 5d). The interaction is
mediated by the mutual recognition of the slightly concave surface of caspase-9 CARD formed
by the positively charged H1a, H1b and H4 helices and the convex surface of Apaf-1 CARD
formed by the negatively charged H2 and H3 helices. Three positively charged residues in
caspase-9 CARD, R13, R52, and R56 and two negatively charged residues in Apaf-1 CARD,
D27 and E40, are crucial for this interaction (124). While this study confirmed the ionic nature
of the Apaf-1 CARD: caspase-9 CARD interaction (Figure 5c), it remains to be determined
whether this holds true for other CARD: CARD interactions, such as the ICEBERG: caspase-1
and the RAIDD: caspase-2 interactions.

Apparent lack of self-association of CARDs
Unlike DDs and DEDs, it is unclear at the moment whether CARDs also self-associate. In the
EM structure of the apoptosome, the CARD of Apaf-1 appears to form a RING near the center
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of the assembly (126). In the presence of full-length caspase-9, even the isolated Apaf-1 CARD
appears to undergo some level of oligomerization (127). However, the isolated Apaf-1 CARD
and the complex of Apaf-1 CARD: caspase-9 CARD are both monomeric (122,124). It is
possible that the CARDs, at least those that are present with an oligomerization NOD and those
that are at the prodomains of caspases, do not possess the ability for stable self-association, but
rather are mostly involved in interaction with other CARDs.

STRUCTURAL AND BIOCHEMICAL STUDIES OF THE PYD subfamily
The recent NMR structures of the NALP1 PYD (27) and the ASC PYD (128) provided the
definitive evidence that PYDs should be a subfamily of the DD superfamily (129) (Figure 6a).
The structural information is consistent with previous suggestions based on sequence
alignments and secondary structure predictions (130–132). Despite having the classical six-
helical bundle fold of the DD superfamily, PYDs have an altered H3. In the case of the PYD
from NALP1, H3 is completely replaced by a flexible loop. For the PYD from ASC, only a
short helix of 4 residues remains, which is coupled with a long flexible loop preceding the
helix. Whether this region rearranges to form a more extended H3 upon binding to a partner
is unknown, but is a possibility. The flexible, elongated loop preceding or at H3 seems to be
a common feature in many PYD sequences. Since H3 seems to play a critical role in protein-
protein interactions in the DD superfamily (133,134), the PYD: PYD interactions could be
significantly different from classical modes of interactions in the DD superfamily.

Although presently the PYD subfamily is the least well characterized of the four subfamilies,
it is clear that like other subfamilies, proteins with PYDs are involved in inflammation,
apoptosis and NF-κB signaling such as the formation of the inflammasome (99,135). The mode
of PYD: PYD interactions are presently completely unknown, but molecular modeling studies
seem to suggest the involvement of charged residues and electrostatic interactions (Figure 6b).
Acidic residues from H1 and H4 may interact with basic residues from H2 and H3 or the
equivalent loops (128). In addition, site-directed mutational studies have suggested that H2,
H3 and H4, but not H1, are involved in ASC self-association (136).

Hereditary mutations in some genes of the PYD subfamily have been implicated in a number
of hyperinflammatory fever syndromes such as the Muckle-Wells syndrome and the familial
Mediterranean fever (FMF), supporting the role of these proteins in regulating inflammatory
responses (137,138). One FMF associated mutation is located at the equivalent H3 region of
the PYD (139) and another known mutation is located at H6 (140). It is possible that these
mutations either disrupt a PYD: PYD interaction required for negative regulation of
inflammation or are gain of function of a PYD: PYD interaction required for pro-inflammatory
responses. The molecular basis of PYD: PYD interactions and disease mutations will have to
wait for more structural studies.

STRUCTURAL COMPARISONS AMONG THE HOMOTYPIC INTERACTIONS
Altogether, three homotypic complex structures in the DD superfamily are known, the Pelle
DD: Tube DD complex (109), the Apaf-1 CARD: caspase-9 CARD complex (124) and the
DED1: DED2 interaction in the tandem DED of MC159 (116,120). These structures raise the
question of whether there are conserved modes of interaction common to all members of the
DD superfamily. This question is especially interesting because it has been proposed that
perhaps a conserved binding epitope inherent to the common fold of the DD superfamily exists
(118).

Structural comparison of these three pairs of interactions by superimposing DED1 with any of
the four proteins in the Pelle DD: Tube DD complex and in the Apaf-1 CARD: caspase-9
CARD complex shows that they all represent different modes of interaction. When DED1 is
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superimposed with either Pelle DD or Tube DD, the partner of the complex falls onto a very
different place relative to DED2 (Figure 7a and 7b). The same is observed when DED1 is
superimposed with caspase-9 CARD (Figure 7c). This means that different surfaces are used
in each of these complexes. The closest structural similarity is seen when DED1 is
superimposed with Apaf-1 CARD (Figure 7d) or when DED2 is superimposed with caspase-9
CARD. For both DED2 and caspase-9 CARD, it is the H1 and H4 helices that mediate the
interaction with the partner. For DED1, the corresponding surface is formed by H2 and H5
helices. For Apaf-1 CARD, it is the H2 and H3 helices, which is similar but not identical with
the surface used on DED1. These observations seem to suggest that interactions in the DD
superfamily may occur in different modes. However, there may be certain “hot” spots for
interaction on the surface of the DD fold. More structures are required to further elucidate this.

NON-HOMOTYPIC INTERACTIONS
Given the high structural similarity among the subfamilies of the DD superfamily, it is
interesting and perhaps surprising to note that almost all known interactions in the DD
superfamily are homotypic interactions between members of the same subfamily. Currently,
we only know two cases of potential heterotypic interactions and it is not yet known whether
these interactions are the exception or the rule.

One case of heterotypic interaction is present in the PEA-15 DED protein. PEA-15 is unusual
because it has been suggested to interact homotypically with DED-containing proteins such as
FADD and caspase-8 and heterotypically with non-DED proteins such as the MAP kinase ERK
(118). Another case of heterotypic interaction is present in the CARD-containing protein ARC,
which appears to interact heterotypically with both the DDs of Fas and FADD and the C-
terminus of the Bcl-2 family protein Bax (141). These interactions underlie the ability of ARC
to inhibit both the death receptor and the mitochondria cell death pathway.

EVOLUTIONARY REMARKS
The DD superfamily can be found in many multicellular organisms and is evolutionarily
conserved. However, fewer members are present in lower organisms such as C. elegans and
Drosophila than in mammals. This expansion of DD superfamily members is consistent with
the expansion of apoptotic and inflammatory signaling apparatus in mammals and may reflect
the much higher complexity of the mammalian signaling system in general.

Given the similar fold of the DD superfamily, one would be curious about the potential
evolutionary relationship among these subfamilies and whether the different subfamilies arose
from a common ancestor. To investigate this question, we constructed phylogenetic trees
among members of the DD superfamily using either sequence or structural similarity (Figure
8). Strikingly, members of each subfamily are clustered together without a single anomaly and
a similar evolutionary relationship was predicted based both on sequence and on structure. This
suggests that although these proteins show low sequence homology even within each subfamily
and share a similar fold across the different subfamilies, sequence and structural signatures are
clearly both present to distinguish the subfamilies.

Interestingly, both phylogenetic trees placed PYDs and DEDs as more related to each other
than to other subfamilies of the DD superfamily. One small difference exists between the
sequence-based and structure-based phylogenetic trees. The sequence-based phylogenetic tree
assigned two large branches consisting of DDs in one and CARDs, DEDs and PYDs in the
other. The structure-based tree assigned three equal branches, the DDs in one, the CARDs in
another and the DEDs and the PYDs in the last.
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The clear distinction between the subfamilies of the DD superfamily may be the underlying
reason that these proteins almost always interact homotypically with other members of the
same subfamily. One possible evolutionary scenario may be as the following. First, a primordial
DD superfamily member may have arisen and this member may or may not self-associate.
Then an interaction pair may have arisen between two duplicated modules. This interaction
pair then further duplicated and co-evolved into the different subfamilies of the DD
superfamily. As such, because the evolution takes place on the interaction pair, the homotypic
nature of the interactions is preserved.

SUMMARY AND FUTURE PERSPECTIVES
The DD superfamily is one of the largest and most widely distributed domain superfamily.
One important function of these domains is to participate in homotypic protein-protein
interactions in the assembly of oligomeric signaling complexes of apoptosis and inflammation.
Evolutionarily, it seems that the ever-expanding DD superfamily may have evolved by
inserting into various signal transduction proteins such as caspases, kinases and adapter
proteins. In this regard, it is amazing that almost all oligomeric signaling complexes in
apoptosis and inflammation contain domains of the DD superfamily. Through self-associations
and homotypic interactions with other members of each of the subfamilies, these proteins often
form the platform of these oligomeric assemblies to allow “proximity” induced caspase and
kinase activation.

Many biochemical and structural studies have been performed on these domains. These studies
have revealed a conserved six-helical bundle fold of the DD superfamily. Almost all known
protein-protein interactions in the superfamily are either self-association or homotypic
interactions with other members of the same subfamily. This is somewhat surprising given the
structural similarity among the different subfamilies, but may reflect evolutionary
circumstances.

Currently there are only three known structures of homotypic complexes in the entire DD
superfamily. Interestingly, they are all asymmetric, in contrast to what might have been
expected for homotypic interactions. They all also differ in the surfaces used for the
interactions. Given the paucity of structural information on these complexes, the question
remains whether common modes of interactions may be observed from either within the
subfamily or within the entire DD superfamily. More biochemical and structural studies are
required to address this question and to understand the molecular basis of these interactions in
the assembly of apoptotic and inflammatory signaling complexes.
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Figure 1.
Domain organizations of selective proteins containing the DD superfamily domains.
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Figure 2.
Ribbon diagrams for each subfamily of the DD superfamily, Fas DD (a), FADD DED (b),
RAIDD CARD (c) and NALP1 PYD (d).
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Figure 3.
Structural features of DDs and DD: DD interactions. (a) A stereo diagram of the superimposed
known DD structures. Green: RAIDD DD; Cyan: Fas DD; Red: FADD DD; Yellow: TNFR1
DD; Gray: p75 DD; Magenta: IRAK4 DD; Blue: Pelle DD; Orange: Tube DD. (b) Pelle DD:
Tube DD complex. Pelle is shown in purple with segments for Tube interaction in magenta.
Tube is shown in green with segments for Pelle interaction in red. (c) Hypothetical models for
a three-fold symmetric Fas DD: FADD DD complex. In one model, FADD DD interacts with
one Fas DD only. In the other model, FADD DD interacts with two adjacent Fas DD molecules.

Park et al. Page 22

Annu Rev Immunol. Author manuscript; available in PMC 2010 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Structural features of DEDs and tandem DEDs. (a) A ribbon diagram of the tandem DED
structure of MC159. (b) A stereo diagram of superimposed known DED structures. Green:
DED1 of MC159; Blue: DED2 of MC159; Pink: FADD DED and Yellow: PEA-15 DED. (c)
Charge triad motif. (d) Surface features of MC159, showing the hydrophobic patch and charge
triad surfaces that are conserved in almost all DEDs. (e) MC159 DED1: DED2 interaction.
Panels c, d and e are modified from Yang et al. (116).
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Figure 5.
Structural features of CARDs and CARD: CARD interactions. (a) A stereo diagram of
superimposed known CARD structures. Red: Apaf-1 CARD, Blue: ICEBERG CARD, Green:
RAIDD CARD; Cyan: caspase-9 CARD; Violet: CED4 CARD. (b) Superimposed Apaf-1
CARD structures when determined alone (green), in complex with caspase-9 (violet) and in
WD-deleted Apaf-1 (red). (c) Surface features of CARDs, showing the charged surfaces. Two
orientations are shown, one similar to the caspase-9 interaction surface of Apaf-1 (left) and the
other similar to the Apaf-1 interaction surface of caspase-9 (right). (d) Apaf-1 CARD:
caspase-9 CARD structure. Apaf-1 CARD is shown in violet and caspase-9 CARD is in cyan.
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Figure 6.
Structural features of PYDs. (a) A stereo diagram of superimposed PYDs. Cyan: NALP1 PYD;
Magenta: ASC PYD. (b) Electrostatic surface features of PYDs. Left: the two opposite sides
of NALP1; Right: the two opposite sides of ASC.
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Figure 7.
Comparison of the three pairs of known interactions in the DD superfamily, the Pelle DD: Tube
DD complex, the Apaf-1 CARD: caspase-9 CARD complex and the DED1: DED2 in the
tandem DED MC159. DED1 of MC159 is superimposed respectively with Pelle DD in the
complex (a), Tube DD in the complex (b), caspase-9 CARD in the complex (c) and Apaf-1
CARD in the complex (d). This figure was modified from Yang et al. (116).
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Figure 8.
Sequence and structural comparisons. (a) Phylogenetic tree of the DD superfamily constructed
based on sequence similarity. Only those members with known structures are used. The
calculation was performed using the multiple sequence alignment program MAFFT
(http://timpani.genome.ad.jp/%7Emafft/server/). b) Phylogenetic tree of the DD superfamily
constructed based on structural similarity. The calculation was performed using the program
TraceSuite II (http://www-cryst.bioc.cam.ac.uk/~jiye/evoltrace/evoltrace.html).
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Table 1

Selective signaling complexes involving the DD superfamily

Signaling Complexes Domains Protein components

DISC DD, DED Fas, FADD, caspase-8 or -10

complex I DD TNFR1, TRADD, RIP, TRAF

complex II DD, DED TRADD, RIP, FADD, caspase-8 or -10

Apoptosome CARD Apaf-1, cytochrome c, ATP/dATP, caspase-9

PIDDosome DD, CARD PIDD, RAIDD, caspase-2

TLR/IL-1 R complex DD MyD88, TIRAP, IRAKs, TRAF6

Nod pathway CARD Nod1 or Nod2, RIP2, caspase-1

RIG pathway CARD RIG-I or MDA5, MAVS

TCR/BCR signaling CARD CARMA1, Bcl-10, MALT1

Inflammasome PYD NALP1, ASC, caspase-1, caspase-5
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Table 2

NMR and crystal structures in the DD superfamily

Technique References

Fas DD NMR (24)

p75 NGFR DD NMR (104)

FADD DD NMR (106,107)

TNFR1 DD NMR (103)

IRAK4 DD Crystallography (105)

RAIDD DD Crystallography (108)

Tube DD: Pelle DD Crystallography (109)

FADD DED+DD NMR (119)

FADD DED NMR (25)

PEA-15 DED NMR (118)

MC159 tandem DED Crystallography (116,120)

Apaf-1 CARD: Caspase-9 CARD Crystallography (124)

Apaf-1 CARD Crystallography (122)

Apaf-1 CARD+NOD Crystallography (123)

RAIDD CARD NMR (26)

ICEBERG CARD NMR (87)

CED4: CED-9 Crystallography (125)

ASC PYD NMR (128)

NALP1 PYD NMR (27)
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