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Abstract The death domain (DD), which is a versatle

protein interaction module, is the prime mediator of the

interactions necessary for apoptosis, innate immunity and

the necrosis signaling pathway. Because DD mediated

signaling events are associated with critical human diseases,

studies in these areas are of great biological importance.

Accordingly, many biochemical and structural studies of

DD have been conducted in the past decade to investigate

apoptotic and innate immune signaling. Evaluation of the

molecular structure of DD and their interactions with part-

ners have shown the underlying molecular basis for the

assembly of DD mediated complexes and for the regulation

of apoptosis and innate immunity. This review summarizes

the structure and function of various DDs and DD:DD

complexes involved in those signaling pathways.

Keywords Apoptosis � Innate immunity � Necrosis �
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Introduction

The death domains (DDs) are well-known protein inter-

action modules that belong to the death domain super-

family, which includes death effector domains (DEDs),

caspase recruitment domains (CARDs), and pyrin domains

(PYDs) [1–3]. The death domain superfamily is the prime

mediator of the interactions necessary for apoptosis, innate

immunity and the necrosis signaling pathway [4]. Among

these superfamily (DD, DED, CARD and PYD), DDs have

been intensively studied biochemically and structurally.

This review will focus on structural studies of various DDs

and their complexes in the main cellular signaling pathway.

More than 33 DD encoding genes have been identified

in mammals, including eight members of the TNF (Tumor

Necrosis Factor) receptor family and many intracellular

signaling proteins, especially those involved in apoptosis,

innate immunity and the necrosis signaling pathway, such

as FADD (Fas-Assiciated protein with Death Domain),

TRADD (Tumor necrosis factor Receptor type 1-Associ-

ated protein with Death Domain), PIDD (p53-induced

protein with a DD), RAIDD (RIP-associated ICH-1

homologous protein with a death domain), Myd88 (Mye-

loid Differentiation primary response gene (88)) IRAKs

(IL-1R-associated kinases) and RIP1 (Receptor-Interacting

Protein 1) [4–10]. Several DD containing TNF family

receptors, including TNFR1(Tumor Necrosis Factor

Receptor1), Fas (Apo-1/CD95), DR3 (Death Receptor 3),

DR4 (Death Receptor 4), DR5 (Death Receptor 5) and DR6

(Death Receptor 6), are important to the apoptosis signal-

ing pathway [11, 12]. Specifically, their DDs in the cyto-

plasmic portion of the cells become critical protein–protein

interaction modules that oligomerize and recruit death

domain containing adaptor proteins, which leads to the

activation of initiator caspases such as caspase-8 and -10

[13, 14]. Other initiator caspases such as caspase-9 and -2

are activated in the cytoplasm via the formation of large

molecular complexes known as apoptosome and PIDDo-

some, respectively [15, 16]. The induced proximity of

caspases produced by the formation of these large molec-

ular complexes causes the self activation of initiator

caspases [17, 18]. DDs play a critical role in mediating the

formation of such complexes. For example, PIDDosome

was recently identified as a caspase-2 activating complex

that contains PIDD, RAIDD, and caspase-2 [16]. Although
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many uncertainties still exist, PIDDosome formation is

important event for caspase-2 dependent apoptosis in a

cell-type dependent manner [19–21]. Interestingly, by

forming a complex with RIP-1 and Nemo, PIDD can act as

a pro-survival factor. Because PIDD is involved in two

completely opposite functions, pro- cell survival and pro-

cell death, PIDD is considered to be a molecular switch

that can control the fate of cells [22, 23]. Recent findings

also suggest the involvement of several kinases in the

caspase-2 activation and novel functions in non-apoptotic

processes, such as cell cycle regulation and DNA repair

[24]. DNA-PKcs are PIDD binding partners for DNA

repair function in response to c-irradiation [24]. PIDD is a

DD-containing protein [25], while RAIDD is an adaptor

molecule that contains a CARD at its amino-terminal

region and DD at its carboxy-terminal region [9]. During

PIDDosme formation, the RAIDD adaptor acts as a bridge

between caspase-2 and PIDD by offering the CARD

domain for CARD-CARD interactions and the death

domain (DD) for DD-DD interactions, respectively [16].

DD containing proteins also play a role in innate immunity,

communicating with Toll-like receptors (TLRs) through

adaptor protein MyD88, which contains both a DD and a

TIR (Toll/Interleukin-1 Receptor) domain [26–28]. DD of

MyD88 serves to recruit a family of kinases known as

IRAKs that also contains DD at the N-terminus [28]. DD

interaction between MyD88 and IRAKs is important for

TLR signaling [26, 29, 30]. Pelle and Tube complexes

formed via DD interactions in flies are also involved in

the innate immunity response against fungal infection

and developmental dorsal–ventral patterning of drosophila

[27, 31].

Given the fact that both DD mediated apoptosis and

innate immunity are associated with critical human dis-

eases such as cancer, immune disorders, and neuro-

degenerative diseases, studies in these areas are of great

biological importance. Biochemical and structural studies

of DD have been explored over the past decade to enable a

better understanding of apoptotic and innate immunue

signaling. As a result, several DD structures have been

elucidated, including four DD:DD complex structures [1,

31–40]. The molecular structure of DDs and their inter-

actions with partners have revealed the underlying molec-

ular basis for the assembly of DD mediated complexes and

for the regulation of apoptosis and the innate immune

signaling pathway (Table 1). This review summarizes the

structure and function of DDs.

Structural aspects of death domains (DDs)

Structural studies of DDs have been difficult because

they are subject to self-aggregation under physiological

conditions. However, solubilization via the introduction of

mutations, controlling pH, and refolding techniques have

resulted in the elucidation of several structures of important

DDs, such as the DDs of Fas [41], FADD [33], TNFR1

[34], p75 [39], IRAK4 [40], RAIDD [35] and three hetero-

typic DD-DD complexes including those between Pelle DD

and Tube DD, RAIDD DD and PIDD DD, and Fas DD and

FADD DD [5, 31, 32, 35, 36, 42]. The first structure of the

ternary DD complex, MyD88 DD:IRAK4 DD:IRAK2 DD,

was recently elucidated [38].

A structural homology search using DALI [43] showed

that most DDs are highly similar to other DDs that exhibit

the six-helix bundles fold (Fig. 1a and Table 2). Addi-

tionally, structure-based sequence alignment revealed that

most of the residues buried in the hydrophobic core of

RAIDD DD are also conserved among these highly

divergent DD structures, suggesting that there is a con-

served hydrophobic core that exists across all DDs and

possibly other members of the DD superfamily (Fig. 1b).

Interestingly, despite their structural similarity, each DD

has its own binding partner. The specificity of each DD is

critical to its proper function. To clarify the structural

difference between DDs, RAIDD DD was superimposed

with various other DDs. Pair-wise structural alignments of

RAIDD DD with other DDs showed that the helices in

RAIDD DD differ from other DDs in their lengths and

orientations (Fig. 2). For example, when compared with

FADD DD, helices H2 and H3 of RAIDD DD show dra-

matic differences in orientation. In addition, H6 of TNFR1

DD and Fas DD are much longer than that of RAIDD DD.

These differences indicate that the various lengths and

orientations might be critical for determining specificity.

Interestingly, several DDs, including RAIDD DD and

FADD DD, have an H0. Because the DDs in RAIDD and

FADD reside at the C-terminal half of the proteins, H0 may

indicate a mode of connection to the previous domain,

either a CARD for RAIDD or a DED for FADD. Addi-

tional differences between the structures of DDs are at the

loops connecting the helices, especially those at H3-H4.

Comparison of DDs with each other has revealed that

the gross features of the electrostatic surfaces are extremely

diverse. In contrast to the more charged nature of most

other DDs, the RAIDD DD surface is much more hydro-

phobic (Fig. 3). Moreover, the surface charge of p84 is

relatively acidic, whereas that of Pelle is relatively basic

(Fig. 3). This is the case for both sides of the molecule.

Because DDs are protein interaction modules, their surface

features dictate their mode of interactions with partners.

This apparent difference in the electrostatic surface may

also be critical for their specificity.

Given the similar structure of DDs, we investigated the

potential evolutionary relationship among DDs by con-

structing phylogenetic trees based on structural similarity
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Table 1 Representative DD containing proteins, their interactions and biological function

DD containing

proteins

Binding partnera Biological function References

TNFR-1 TRADD Formation of DISC or Complex I,II for the

caspase-8/10 mediated apoptosis

[52], [53], [8]

RIP1

FADD [53–55]

[8], [56], [57]

Fas FADD Formation of DISC for the caspase-8/10

mediated apoptosis

[58], [36], [59]

RIP1 [60], [54]

DR3 FADD Formation of DISC for the caspase-8/10

mediated apoptosis

[61]

TRADD [61]

DR4 FADD Formation of DISC for the caspase-8/10

mediated apoptosis

[62–64]

TRADD

RIP1 [62]

[62]

DR5 FADD Formation of DISC for the caspase-8/10

mediated apoptosis

[62–64]

TRADD

RIP1 [62]

[62]

DR6 FADD Formation of DISC for the caspase-8/10

mediated apoptosis

[65]

TRADD [65]

FADD TNFR1 Formation of DISC for the caspase-8/10

mediated apoptosis

[8], [56], [57]

Fas

DR3 [58], [36], [59]

DR4

DR5 [61]

DR6 [61]

TRADD [62–64]

[65]

[53], [66], [8]

RAIDD RIP1 Activating NF-kB signaling pathway for

inflammation response

[9], [67]

PIDD Formation of PIDDosome for the caspase-2

mediated apoptosis

[16], [22], [24]

TRADD TNFR1 Formation of DISC for the caspase-8/10

mediated apoptosis

[52], [53], [8]

DR3

DR4 [61]

DR5 [62]

DR6 [62]

FADD [65]

[53], [66], [8]

MYD88 IRAKs Formation of TLR/IL-1 R complex for innate

immunity and inflammation

[26], [68], [69]

Tube Pelle Formation of TLR/IL-1 R complex for innate

immunity and inflammation in fly

[31]

RIP1 TNFR1 Activating NF-kB signaling pathway for

inflammation response

[53–55]

Fas

DR4 [60], [54]

DR5 [62]

RAIDD [62]

PIDD [9], [67]

[24]
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(Fig. 4). The phylogenetic tree assigned two large branches

consisting of p84 DD and Fas DD in one and different DDs

in the other. The structural similarity of RAIDD DD was

evolutionally similar to that of TNFR-1 DD. For Fas DD,

p84 DD was evolutionally close.

Structure of the RAIDD DD:PIDD DD complex

The crystal structure of the PIDDosome core, which is

composed of seven RAIDD DDs and five PIDD DDs, has

been elucidated [5]. The unusually constructed structure of

this DD complex is divided into three layers from the side,

five PIDD DDs at the bottom, five RAIDD DDs in the

middle, and two additional RAIDD DDs at the top (Fig. 5a,

b). Interestingly, this DD complex does not possess a dis-

tinct fivefold symmetry. Instead, the complex consists of

two different types of unique screw rotations, one rotating

around 84� and translating down the axis and the other

rotating around 54� and translating up the axis. The com-

plex was formed by three different types of interactions

that were classified based on the regions involved in the

interaction (Fig. 5c, Table 3). All three types detected in

this complex were similar to the previously identified

interaction types between the procaspase-9 CARD:Apaf-1

CARD for type I [44] and the Pelle DD:Tube DD for type

II [31], while Type III was unique.

Fig. 1 Structural similarity

among DDs. a A structural

homology search using DALI.

The structure of DDs, p84 DD,

NGFR DD, Tube DD, Fas DD,

IRAK DD, RAIDD DD,

exhibiting the six-helix bundles

fold. b A structural based

sequence alignment. Each

structure of the DDs was

compared 3 dimensionally using

the Dali server and sequences of

DDs were aligned based on their

structural comparison.

Conserved hydrophobic cores

are indicated

Table 2 Structural similarity search with the structure of RAIDD DD

using DALI [43]

Proteins and accession numbers Z-score References

Nuclear matrix protein

p84 DD (1WXP)

12.0 To be published

TNFR1 DD (1ICH) 10.3 [34]

p75 NGFR DD (1NGR) 10.2 [39]

Tube DD (1D2Z) 9.1 [31]

Fas DD (1DDF) 8.7 [41]

IRAK4 DD (1WH4) 8.6 [40]

Pelle DD (1D2Z) 8.6 [31]

FADD DD (1FAD) 7.9 [33, 70]

Table 1 continued

DD containing

proteins

Binding partnera Biological function References

IRAKs MyD88 [26], [68], [69]

PIDD RAIDD [16], [22], [24]

RIP1 [24]

Pelle Tube [31]

a Only introduced experimentally proved interactions
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In the type I interaction, the interacting DDs were

related by an approximately 84� rotation. Additionally,

about 160 Å2 of the surface area was buried at this inter-

face per partner. Residues at and near H1 and H4 of the

first DD interact with residues at H2 and H3 of the second

DD. A mixture of hydrophobic, polar and charged inter-

actions occurs at this interface, including the hydrophobic

interaction, the salt bridge, and a massive hydrogen

bonding network. In the type II interaction, the interacting

DDs were found to be related by an approximately 30�
rotation. Although the interaction buries a fairly small

surface area of approximately 90 Å2 per partner, the shape

complementarity score of this interaction was highest

Fig. 2 Superposition of RAIDD DD with their DD structural homologues. Several known structures, including p84 DD, TNFR1 DD, NGFR DD,

Tube DD, Fas DD, IRAK DD, Pelle DD, and FADD DD, were used for superposition

Fig. 3 Electrostatic surface

representation of DDs. The first

side of the RAIDD DD surface

and the top panels of the

remaining DDs are shown in the

same orientations as in Fig. 2.

The opposite side of RAIDD

DD and the bottom plots for the

other DDs are rotated by 180�
along the vertical axis (Y)

Fig. 4 Structural comparisons. Phylogenetic tree of the DDs con-

structed based on structural similarity. The calculation was conducted

using the program TraceSuite II (http://wwwcryst.bioc.cam.ac.

uk/*jiye/evoltrace/evoltrace.html)
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among all interactions in the complex according to the SC

program in CCP4 [45]. H4 and the loop between H4 and

H5 of the first DD and the loop between H5 and H6 and H6

of the second DD mediate the type II interaction. The

interface appears to be mostly polar and charged. For the

type III interaction, the interacting DDs are related by an

approximately 54� rotation. The largest surface area is

buried at this interface, approximately 260 Å2 per partner.

H3 of the first DD and the H1–H2 and the loop between H3

and H4 of the second DD are primarily involved. Unlike

the type I and type II interaction, this interface does not

have salt bridges. Instead, many hydrophobic and polar

Fig. 5 Structures of DD complexes and their interacting interface.

The top view (a) and side view (b) of the RAIDD DD: PIDD DD

complex structure. The three layers are indicated by grey lines. (c) A

schematic diagram of the locations of the three types of interacting

interfaces in the RAIDD DD:PIDD DD complex. (d) The structure of

the Pelle DD:Tube DD complex. A schematic diagram of the location

of the type II interacting interface is also shown. (e) The top view

(boxed in black) and side view of the MyDosome (MyD88

DD:IRAK4 DD: IRAK2 DD) complex structure. Four layers are

indicated by grey lines. (f) A schematic diagram of the locations of

the three types of interacting interfaces in the ternary complex
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interactions form the interface. However, the nature of the

contacts is not conserved within each type of interaction.

For instance, the interaction interface (type I interaction)

formed by the pro-caspase9 CARD:Apaf-1 CARD com-

plex is complementary in charge. Conversely, in the same

type I interaction of the RAIDD DD:PIDD DD complex, a

complicated network of hydrophobic contacts and hydro-

gen bonds mediate the interfaces. Overall, complex charges

and hydrophobic interactions are formed in all three types

of interaction in the RAIDD DD:PIDD DD complex. The

features of each type of interaction are summarized in

Table 3.

Table 3 Three types of interactions for the DD:DD complex

Types Regions participated in the interactions Examples Character of interaction

Type I A: H1, H4 B: H2, H3 A: RAIDD DD

B: PIDD DD

Hydrophobic, charged interaction mixed

A: RAIDD DD

B: RAIDD DD

Hydrophobic, charged interaction mixed

A: PIDD DD

B: PIDD DD

Hydrophobic, charged interaction mixed

A: MyD88 DD

B: MyD88 DD

Hydrophobic, charged interaction mixed

A: MyD88 DD

B: IRAK4 DD

Mostly hydrophobic interaction

A: MyD88 DD

B: IRAK2 DD

Mostly hydrophobic interaction

Type II A: H4, Loop (H4-H5) B: Loop (H5-H6), H6 A: RAIDD DD

B: PIDD DD

Mostly charged interaction

A: RAIDD DD

B: RAIDD DD

Mostly charged interaction

A: Tube DD

B: Pelle DD

Hydrophobic, charged interaction mixed

A: MyD88 DD

B: MyD88 DD

Hydrophobic, charged interaction mixed

A: MyD88 DD

B: IRAK4 DD

Mostly hydrophobic interaction

A: MyD88 DD

B: IRAK2 DD

Mostly hydrophobic interaction

Type III A: H3 B: H1, H2, Loop (H3-H4) A: RAIDD DD

B: PIDD DD

Hydrophobic, charged interaction mixed

A: RAIDD DD

B: RAIDD DD

Hydrophobic, charged interaction mixed

A: PIDD DD

B: PIDD DD

Hydrophobic, charged interaction mixed

A: MyD88 DD

B: MyD88 DD

Mostly hydrophobic interaction

A: MyD88 DD Mostly hydrophobic interaction

B: IRAK4 DD

A: IRAK4 DD

B: IRAK4 DD

Hydrophobic, charged interaction mixed

A: IRAK4 DD

B: IRAK2 DD

Hydrophobic, charged interaction mixed

A: IRAK2 DD

B: IRAK2 DD

Hydrophobic, charged interaction mixed
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Structure of the Pelle DD:Tube DD complex

The crystal structure of the heterodimeric Pelle DD:Tube

DD complex, which was reported in 1999, was the first

complex structure identified [31]. Pelle is a serine/threo-

nine kinase that is recruited to the plasma membrane and

activated upon activation of the Toll receptors [46]. The

recruitment of Pelle is important for the nuclear localiza-

tion of Dorsal, which is a key event for dorsal–ventral

patterning of Drosophila [47, 48]. Tube is the adaptor

protein that facilitates the recruitment of Pelle to the

plasma membrane [49].

The most interesting observation associated with these

complex structures is the asymmetry of the interaction

(Fig. 5d). The complex structure revealed that there are two

distinct contact regions between Pelle DD and Tube DD.

The first region is formed by the H4 helix and the following

loop of Pelle and the groove of Tube that is created by the

H1–H2 corner and H6 and the preceding loop. Many

charged residues from both sides are involved in this

interaction. The second interaction region is formed by the

C-terminal tail of Tube-DD and the cavity between the H4–

H5 and H2–H3 hairpins of Pelle. Three hydrophobic resi-

dues (I169, L171, and L173) on the C-terminal of Tube are

clearly inserted into the cavity formed by H5 and the

N-terminal of the Pelle DD. Overall, the interaction between

the Drosophila proteins Pelle and Tube is mixed, consisting

of both hydrophobic and hydrophilic components.

The interaction type of this complex is similar to the

type II interaction in the RAIDD DD:PIDD DD complex in

that the interaction is primarily mediated between the H4-

H5 region of the first DD and the H5–H6 region of the

second DD, which is the common interaction mode for type

II. Moreover, new interactions between the adjacent H2

region of the Pelle DD and the adjacent H1–H2 region of

Tube DD were detected. When compared with other

interaction forms in DDs, the type II interaction is medi-

ated by a smaller surface area. In the Pelle DD:Tube DD

complex, this interaction formed by the small area is sup-

ported by an additional interaction between a long C-ter-

minal tail of Tube DD and the H2–H3 and H4–H5 region

of the Pelle DD. The features of the type II interaction

detected in the structure of the Pelle DD:Tube DD are

summarized in Table 3.

Structure of the MyD88 DD:IRAK4 DD:IRAK2 DD

ternary complex

MyD88 is a critical adaptor protein in the TLR/IL-1R

signaling pathway and contains DD at the N-terminus and a

TIR (Toll/IL-1R homology) domain at the C-terminus. The

DD containing kinases, IRAK1, IRAK2 and IRAK4, are

positively involved in the signaling by direct interaction

with MyD88 via DD-DD interaction. The molecular sig-

naling complex containing the MyD88 and IRAK families

is called ‘‘MyDDosome’’.

Recently, Wu’s group elucidated the crystal structure of

MyD88 DD: IRAK4 DD:IRAK2 DD ternary complex [38].

The novel ternary complex structure formed by three dif-

ferent DDs was a tower-shaped structure about 110 Å in

height and 70 Å in diameter (Fig. 5e). This structure con-

tained four layers, with MyD88 DD at the bottom two

layers, IRAK4 DD in the middle layer and IRAK2 at the

top layer. The complex was single stranded left-handed

helixes composed of six MyD88 DDs, four IRAK4 DDs,

and four IRAK2 DDs (Fig. 5e). The layer interactions were

formed between MyD88 DD and IRAK4 DD and between

IRAK4 DD and IRAK2 DD. The interfaces formed by

those complexes were quite different, providing the spec-

ificity in the oligomerization of three different DDs

(Fig. 5f). Good charge complementarity between MyD88

DD and IRAK4 DD and poor charge complementarity

between the top and bottom surfaces of MyD88 were

detected. This ternary DD complex contains all three types

of interactions that were previously detected on the com-

plex structure of RAIDD DD:PIDD DD. Similarly a type I

interaction is formed by H1 and H4 on one DD and H2 and

H3 on the other DD. The type II interaction is formed by

the H4-H5 loop on one DD and the H1–H2 loop on the

other DD. For the type III interaction H3 of one DD and

H1, H2, and loops between H3 and H4 on the other DD are

involved. The complex is formed by three type I (MyD88

DD:MyD88 DD, MyD88 DD:IRAK4 DD and IRA-

K4:IRAK2), three type II (MyD88 DD:MyD88 DD,

MyD88 DD:IRAK4 DD and IRAK4:IRAK2, and five type

III (MyD88 DD:MyD88 DD, MyD88 DD:IRAK4 DD,

IRAK4:IRAK4, IRAK4:IRAK2, and IRAK2:IRAK2)

interactions (Fig. 5f). Massive hydrophobic and charged

interactions are detected at the surface of each interaction

and summarized in Table 3.

Structure of the Fas DD:FADD DD complex

The most recent studies conducted by two different

research groups have elucidated Fas DD:FADD DD com-

plex structures and revealed how formation of DISC can be

regulated by ligand-receptor clustering [50, 51]. Similar

with the previously reported DD complex between RAIDD

DD and PIDD DD, Fas DD:FADD DD complex forms an

asymmetric oligomeric structure composed of five Fas DDs

and five FADD DDs (Fig. 6a, b). This composition of DDs

is similar to that of RAIDD DD:PIDD DD. The complex is

a two-layered structure with an upper layer of five Fas DD

and a lower layer of five FADD DD (Fig. 6a, b). This layer
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composition is consistent with a similarity between Fas and

RAIDD and between FADD and PIDD. The complex also

contains all three different types of interactions that were

previously detected on the complex structure of RAIDD

DD:PIDD DD. Similarly the type I interaction is formed by

H1 and H4 on one DD and H2 and H3 on the other DD.

The type II interaction is formed by the H4–H5 loop on one

DD and the H1–H2 loop on the other DD. For the type III

interaction H3 of one DD and H1, H2, and the loops

between H3 and H4 on the other DD are involved (Fig. 6c).

Totally different conformation of Fas DD:FADD DD

complex structure, solved under acidic conditions, was also

recently reported by Scott et al. [36]. Unlike the structure

of the Fas DD:FADD DD complex solved in physiological

condition at neutral pH and the RAIDD DD:PIDD DD

complex, the structure was constructed with four Fas DDs

and four FADD DDs (Fig. 6d, e). Interestingly, in the

formation of the complex, all of the contacts were mediated

by Fas DD (Fig. 6f). The key observation at this complex

structure was that Fas DD underwent significant confor-

mational changes when compared to the structure of the

uncomplexed Fas DD. The actual interaction between Fas

DD and FADD DD for assembly of the complex was via

hydrophobic interactions, which were exposed by confor-

mational changes of Fas DD. Hydrophobic patches sur-

rounded by polar residues formed by H1 and H6 of the

FADD DD and hydrophobic residues on the stem helix

formed by H5 and H6 of the Fas DD are involved in the

interaction. Another characteristic of the complex was the

relatively weak interaction between Fas DD and FADD

DD, despite the large binding surface areas.

The discrepancy between the two Fas DD:FADD DD

complex structures (solved at neutral pH and acidic pH)

might be due to the structures being solved under different

conditions and circumstances. Although recent biochemi-

cal, biophysical and intensive mutational studies suggests

that Fas/FADD structure solved under acidic condition

does not represent the physiological interaction in solution,

the relevance of the stoichiometry and function of the Fas

DD:FADD DD complex should be more studied.

Future perspectives

The human death domain consists of approximately 32

members, many of which have been studied intensively due

to their important role in the central signaling pathways. To

date, several DD structures, including four complex

structures, Fas DD:FADD DD, RAIDD DD:PIDD DD,

Pelle DD:Tube DD, and MyD88 DD:IRAK4 DD:IRAK2

DD, have been elucidated. The details of the assembly of

the Fas DD:FADD DD, RAIDD DD:PIDD DD, Pelle

DD:Tube DD, and MyD88 DD:IRAK4 DD:IRAK2 DD are

quite different, including stiochiometry and the nature of

the interacting interface. However, a common helical

assembly was detected at Fas DD:FADD DD solved at

Fig. 6 Structural comparison of two controversial Fas DD:FADD

DD complex structures. The top view (a) and side view (b) of the Fas

DD: FADD DD complex structure solved at neutral pH. (c) A

schematic diagram of the locations of the three types of interacting

interfaces in the Fas DD:FADD DD complex at neutral pH. The top

view (d) and side view (e) of the Fas DD:FADD DD complex

structure solved at acidic pH. Four Fas DDs and four PIDD DDs are

shown. (f) A schematic diagram of the locations of the three types of

interacting interfaces in the Fas DD:FADD DD complex structure

solved at low pH condition
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neutral pH, as well as RAIDD DD:PIDD DD, and MyD88

DD:IRAK4 DD:IRAK2 DD. This might be a representative

common assebly mechanism for DD.

The recently reported Fas DD:FADD DD complex

structure solved under acidic conditions revealed a totally

different regulation mechanism for the assembly of DD

[36]. The conditional and conformation change dependent

interaction for transient unstable interactions formed by Fas

DD:FADD DD within the DISC is obviously an interesting

characteristic of the death domain. However, it is worth to

keep in mind that the unusual DD complex formation

mechanism was based on the structure solved under extre-

mely acidic condition and might be a crystallographic

artifact. Many biophysical, biochemical and intensive

mutational studies including recently elucidated two more

new Fas DD:FADD DD structure support the idea. New Fas

DD:FADD DD complex structures, solved at neutral pH,

show that there are no structural changes in the C-terminal

region of Fas DD, which is observed at Fas DD:FADD DD

complex solved at acidic pH and is a critical event for the

complex assembly. Moreover, C-terminal tail of Fas DD is

dispensable for complex formation between the two DDs in

solution under physiological conditions. The new complex

solved at neutral pH is constructed by five Fas DDs and five

FADD DDs. Although many experiments have been con-

ducted to explain this lack of consistency and to determine

which complex is more biologically meaningful, there have

been no clear answers to these questions. It is apparent that

more studies are required to properly understand the early

events involved in DISC formation. Interestingly, the three

types of interactions detected in the RAIDD DD:PIDD

DD complex structures have also been observed in the

Pelle DD: Tube DD complex, the MyD88 DD:IRAK4

DD:IRAK2 DD ternary complex, the Apaf-1 CARD: Cas-

pase-9 CARD complex, and the new Fas DD:FADD DD

complex solved at neutral pH, but not in the previously

published Fas DD:FADD DD complex solved at acidic pH.

Although different assembly mechanisms of DD has been

detected under acidic condition, the structures of the Fas

DD:FADD DD solved at neutral pH, RAIDD DD:PIDD

DD, and MyD88 DD:IRAK4 DD:IRAK2 DD, showing the

helical assembly of DDs, provides an excellent model for

the DD-mediated assembly of signaling molecules, which

could be produced by various types of symmetries and

stoichiometries.

Although all DDs exhibit a six-helix bundles fold, vari-

ations have been detected in the direction and length of the

helices. Moreover, the surface features of DDs are com-

pletely different, with low sequence homology existing

among the DDs. These different features may be responsi-

ble for their ability to interact with their own partner. Given

the paucity of structural information regarding DD and DD

complexes, it is still not known (1) if common modes of

interactions may be observed from DDs, (2) whether the

three types of interactions introduced by Park et al. (2007)

cover all possible interactions generated by DDs (except for

conformation change dependent interactions), (3) whether

conformation change dependent interactions are common

interaction methods or crystallographic artifact. More bio-

chemical and structural studies are required to address these

questions and to fully understand the molecular basis of

these interactions in the assembly of apoptotic and inflam-

matory signaling complexes.
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