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Abstract

Multi-cellular animals have evolved a variety of mechanisms to respond to diverse apoptotic
stimuli. In general these proceed through activation of apical caspases and culminate in
executioner caspase activation and cell death. Due to breadth of possible initiators, various
molecular platforms are used to trigger different apical caspases. Although some common protein
domains are used to assemble the Apoptosome, the PIDDosome and death receptor complexes, an
array of checks-and-balances are employed to ensure appropriate activation. Notwithstanding,
these pathways share the underlying principle of proximity-dependent activation and post-
translational modification. Here we will describe our current structural understanding of assembly
and regulation of these signaling platforms.

Introduction

Timely cell death is an essential requirement for normal growth and development in multi-
cellular organisms, and stimuli can arise from within the cell itself, or from a variety of
extracellular sources. Therefore multiple signaling pathways have evolved to activate
caspases and ultimately apoptosis. Due to the imperative nature of the process, much of the
protein signaling machinery for programmed cell death preexists in the cell, poised in an
inactive state. The platforms that activate this machinery generally consist of proteins
bearing modular domains that form oligomeric complexes, and recent studies have strikingly
clarified our structural understanding of how these complexes are assembled. Many of these
interactions involve proteins that are members of the death domain superfamily. The domain
consists of a conserved six-helical fold, and includes variants such as the death domain
(DD), death effector domain (DED), and caspase recruitment domain (CARD) [1]. Here we
will describe the molecular assembly mechanisms for three different cell death platforms
involving these domains, the PIDDosome, Apoptosome and DISC complexes, and contrast
this with diffuse platforms at the cytoplasmic face of TNF receptors nucleated by TNF
receptor associated factors (TRAFs).

The Death domain superfamily

The benign six-helical bundle shared by proteins of the death domain superfamily performs
two key functional roles in the formation of cell death platforms. Firstly, DDs are able to
assemble into oligomeric complexes, which vary in stoichiometry depending on the
particular DD and signaling pathway. This is essential for the second role carried out by
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CARD and DED modules, recruitment of downstream effector proteins (Figure 1). CARDs
and DEDs homotypically interact with other CARD or DED domains that are present in
many effector proteins including caspases and kinases, bringing them into sufficient
proximity for activation [2-5].

The Death Domain as a Clustering Module

The PIDDosome: a soluble platform for cell death

Caspase-2 is an initiator caspase thought to participate in inducing apoptosis downstream of
genotoxic insults such as DNA damage. Key to its activation is recruitment to a multisubunit
assembly centered on the oligomerization of the DDs of RAIDD and PIDD (p53-induced
protein with a death-domain), known as the PIDDosome [6]. PIDD contains a C-terminal
DD, and an N-terminus incorporating seven leucine-rich repeats and two ZU-5 domains
[7,8]. It undergoes proteolytic events to produce the C-terminal DD-containing fragment
competent for nuclear translocation and classical PIDDosome assembly [9]. RAIDD is an
adaptor molecule containing a C-terminal DD that is a core component of the PIDDosome,
and an N-terminal CARD domain responsible for recruitment of Caspase-2 via CARD-
CARD interaction [10]. CARD dependent recruitment of procaspase-2 to the PIDDosome is
then thought to bring its catalytic regions into sufficient proximity for activation by induced
dimerization, and initiate cell death pathways (Figure 2a).

The X-ray crystal structure of the “PIDDosome” revealed it to be formed by five-membered
DD rings of PIDD and RAIDD respectively, stacked against one another. A further two
RAIDD DD bind atop of the RAIDD ring, resulting in a 7 RAIDD, and 5 PIDD DD
stoichiometry (Figure 2a) [11]. The pentameric rings do not possess rotational symmetry,
but their stacked arrangement means that both PIDD and RAIDD DDs exist in a regular
array and partake in qualitatively similar interactions with neighboring DD. These interfaces
comprise three binding modes, which bear some resemblance to binary complexes formed
by other death domain superfamily proteins [12,13]. More recently the structure of the
Myd88-IRAK4-IRAK2 DD complex (or MyDosome) revealed a homologous array of DDs,
albeit with a modified stoichiometry of six MyD88, four IRAK4 and four IRAK2 DDs [14].
For both the MyDosome and the PIDDosome a progressively assembled platform can be
imagined where each new DD is accepted into a composite binding site that relies on the
proper arrangement of preceding DD for continued assembly. This modular spiral provides
an elegant model for the assembly of signaling nodes such as DD complexes, which could
be easily adapted to various stoichiometries, symmetries and constituents.

DISCs — two dimensional membrane dependent clusters

The extrinsic apoptotic pathway is triggered by death inducing signaling complexes
(DISCs), which are membrane dependent forms of DD assemblies [15-17]. DISCs are
formed when a death ligand binds to a death receptor such as the prototypic Fas, or TRAIL
receptors [18,19]. While it was initially believed that trimeric death ligands trimerise death
receptors, it has now been shown that death receptors exist as preformed trimers in lipid

rafts [20-23]. The actual activation stimulus is clustering of these trimers by death ligands,
which are themselves anchored in clusters in the membrane of cytotoxic cells (Figure 2b)
[24,25]. The key role of clustering is underlined by various pieces of evidence, most recently
that soluble ligands fail to propagate DISC formation, and that O-glycosylation that
promotes clustering of receptors is essential for DISC formation [26,27].

Structural studies of the Fas/FADD DD complex have revealed a mechanistic basis for this
strong clustering dependency, showing that FADD utilizes a binding interface that is only
accessible in an open form of the Fas DD [28]. This open form deviates from the classic DD
fold in that helix six rotates away from the domain and fuses to form an extended helix five
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(Figure 2b) [28-30]. This contrasts with the previous model for receptor activation, which
suggested oligomerisation by clustering of the classic globular form of the Fas DD [11,31].
The new structure-based model suggests that upon receptor clustering Fas DDs come into
sufficient proximity for otherwise unstable open forms to interact and mutually stabilize
each other. In this way Fas DD acts as a stringent signaling switch, whereby the FADD
binding site is only stably presented when Fas is clustered in its open form [32]. Once
recruited FADD is able to fulfill its role as a central DISC adaptor, where it utilizes its DED
to recruit the DEDs of apical caspases -8 and -10, leading to their activation [33-35].

Apoptosomes —regulatory AAA+ assemblies

A soluble counterpart of the DISC is the apoptosome, which initiates the intrinsic apoptotic
pathway. The human apoptosome is formed following cytochrome C release from the
mitochondria and oligomerisation of Apaf-1, and subsequently recruits and activates
caspase-9 [36-40]. Apaf-1 bears a complex domain structure evolved to facilitate its
signaling role (Figure 3a). It possesses an N-terminal CARD domain followed by a
nucleotide binding and oligomerisation domain (herein referred to as NOD). This domain
consists of an o/p type nucleotide binding domain (NBD) and a helical domain (HD), and
resembles an ATPase domain that places Apaf-1 in the AAA+ super family of ATPases
[41]. The NOD is followed by a winged helix domain (WHD) and a super helical connector
domain (HC) linking to two WD40 repeat regions responsible for cytochrome C binding.
Recently two complementary studies have provided unprecedented structural insight into the
apoptosome as an oligomeric signaling platform. One study resolved the human apoptosome
using electron microscopy [42], and the other solved the crystal structure of the C. elegans
apoptosome to 3.5 A [43]. Both reports reveal exciting features with regards to apoptosome
shape, formation and signaling.

In line with earlier reports the recent human apoptosome structure shows a heptameric
arrangement of Apaf-1 molecules, but reveals a distinct mode of oligomerisation, and allows
the movements of individual domains to be traced upon Apaf-1 activation [42,44]. In the
absence of a sufficient stimulus Apaf-1 exists as a monomer adopting a compact shape
(Figure 3a). In this form the HC, WHD and CARD closely interact with the NBD of the
NOD to bind an ADP molecule. Although absent from the crystal structure the WD40
repeats are assumed to bind this compact form [45], locking monomeric Apaf-1 into this
conformation. Upon an apoptotic signal cytochrome C is released from the mitochodria,
binds to the WDA40 regions, and releases the lock. Although Apaf-1 initially remains in the
compact conformation the bound nucleotide can now be exchanged for (d)ATP, which
triggers a dramatic rearrangement of Apaf-1 [38,46]. The rearrangement corresponds to an
opening of Apaf-1 where the WHD flips outward and rotates ~120 degrees (Figure 3a). As a
result the WD40 and HC point outwards, while on the opposite side the CARD domain is
flexibly attached to the NBD [42]. This open form of Apaf-1 is now capable of
oligomerisation in line with typical AAA ATPase-machines, with some distinct deviations
[46-48]. The major adaptation distinguishing Apaf-1 as a signaling platform from typical
AAA+ members is that the oligomer is comprised of an outer ring of alternating WHD and
HDs (Figure 3b). With regards to catalysis, the Apaf-1 oligomer lacks the Arg/Lys finger
often found in AAA+ machines even though the major catalytic residues are in principle
present. However, the ATP is largely buried, in line with the fact that no- or low-level
hydrolysis has been observed in several studies [41,44,49,50]. This may point to a regulatory
timer function built into the apoptosome, but requires higher resolution investigations. The
ultimate outcome of apoptosome formation is a clustering of CARD domains that can then
recruit the CARDs of caspase-9. The new electron microscopy images of the apoptosome
bound to procaspase-9 CARD show the CARDs hovering in a ring like structure above the
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main body of the apoptosome (Figure 3b) well poised to activate the caspase through
proximity-induced dimerization.

The breakthrough crystal structure of the C. elegans apoptosome reveals a similar
oligomerisation mode for the Apaf-1 homologue CED-4, in this case forming an
apoptosome comprising eight molecules of CED-4 [43]. As in the human apoptosome the
WHD/HD are key oligomerisation elements, but in general apoptosome formation in C.
elegans is regulated differently [51,52]. Prior to activation CED-4 dimers already adopt an
open conformation approximately resembling the conformation they adopt in the oligomer,
but are prevented from oligomerising by a Bcl-2 protein family member termed CED-9
(Figure 3c) [53]. Displacement of CED-9 by the BH3 only protein Egl-1, another Bcl-2
member, then frees the way for the apoptosome to form [53-55]. The structure of the C.
elegans apoptosome further reveals that the CARD domains bind in a bimodal manner onto
the apoptosome (Figure 3c) as opposed to the more flexibly detached mode observed in the
human counterpart. However, this compact CARD arrangement is sterically challenging to
recruitment of the caspase-9 CARD domain in the manner used by the isolated Apaf-1/
caspase-9 CARD domains [13]. This region also serves as a scaffold mediating contacts in
the protein crystal, leaving the possibility that they may be more flexible in solution.
Interestingly the study also reports a unique recruitment of only two CED-3 molecules into
the inner space of the apoptosome, as opposed to the observed disc-like arrangement in the
Apaf-1 apoptosome. Continued use of complementary methods such as those used in these
studies will further deconvolute these crucial details. Nevertheless, these studies
undoubtledly represent hallmarks that provide for the first time a comprehensive
understanding of these prototypical signaling platforms. They may also serve as basis to
understand aspects of their relatives in the NLR family, which are key mediators that
regulate innate immunity and other pathways [56].

Diffuse networks mediated by TRAFs

In contrast to modular assembly by death domain superfamily members, the network of
protein-protein interactions that trigger signaling pathways at the cytoplasmic face of TNF
receptor are comparatively diverse and woven upon a web of interactions [57]. The eventual
signaling outcome is determined by the cellular context and the partners recruited by TNF
receptor associated factors (TRAFs) [58], the best studied of which is TRAF2. Although not
strictly a platform for cell-death, signals from the TNF receptor may bifurcate to either
induce the NFx-B pathway, or trigger apoptosis by activating caspase-8, and either outcome
can be triggered by ligand-dependent trimerization of the receptor. The defining feature of
TRAF proteins is their C-terminal TRAF domain, which is composed of an N-terminal
coiled-coil preceding a C-terminal MATH domain [59,60]. In isolation a shallow groove on
the MATH domain binds weakly to a spectrum of regulatory proteins, which can then be
displaced by the trimeric intracellular regions of activated TNF receptors to stimulate signal
propagation [61]. Herein we will briefly discuss signals mediated by TRAF2 and inhibitor of
apoptosis (I1AP) proteins clAP1 and clAP2.

TRAF2 uses its coiled-coil region to bind BIR1 from clAP1/2 with a 3:1 stoichiometry [62—
64], and from this juncture a web of ubiquitin chains is woven (Figure 4) [57,65]. Both
TRAF2 and clAP1/2 contain RING domains that are ubiquitin E3 ligases, and various
substrates, most notably RIP1K, NIK, but also TRAF2 and clAP1/2 themselves are
ubiquitinated with either Kgz- or K4g-linked ubiquitin chains. Kgsz-linked ubiquitin chains on
RIP1K in particular appear to be central, as they serve as a platform for recruitment of
effectors such as TAK1/TAB2/TAB3 and NEMO/IKKa/IKK [57,66], and further ubiquitin
ligases such as LUBAC [67]. IAP proteins themselves contain a UBA-type ubiquitin binding
domain that is required for robust IAP function [68,69], but its mechanistic role remains
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undetermined. Although it has recently been reported that TRAF2 itself can ubiquitinate
RIP1K [70], it is clear that loss of clAP-1 and -2 quickly leads to loss of appropriate
ubiquitin homeostasis at the receptor complex [71,72]. In particular, loss of Kgz chains on
RIP1K redirects it from associating with the prosurvival kinase TAK1, to activating
caspase-8 and downstream apoptosis [73]. Structurally this signaling network evolves
around a combination of complexes: homotrimers such as the trimeric TRAF domain,
homodimers such as dimeric RING domains [74—76] and ubiquitin binding by various
ubiquitin binding domains [57]. Additionally, there is the suggestion that BIR1 from clAP1
may dimerize in a homologous manner to BIR1 from XIAP [62,77,78]. For XIAP, BIR1
dimerization has been proposed bring together TAB1 molecules, which in turn activate
TAK1 and NF«-B signaling [78]. In combination these interactions result in a potentially
extensive heterogeneous platform to initiate either cell death or proliferation.

Conclusions

Our understanding of the structural geography of signaling at the cytoplasmic face of the
TNF receptor is obviously still a work in progress. Its extended scaffold built upon ubiquitin
chains and coiled-coil proteins such as TRAF2 and NEMO represents a stark contrast to the
modular brickwork of the more defined signaling platforms that operate in a more concerted
and processive manner. Examples are the DDs that assemble the PIDDosome, and the
conserved modus operandi of CARD-CARD dimerization to activate apical caspases. This
culminates in regulation by conformational switches such as clustering dependent DISCs
and the AAA+ motif based apoptosome. However, all of these cell death platforms share a
mutual reinforcement of interactions that serves to govern the delicate balance between
survival and the most irreversible decision of all, to commit to apoptosis.
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Figure 1. Regulation and assembly of cell death platforms

Schematic summarizing formation of the various cell death platforms discussed. The
nematode and human apoptosomes consist of heptameric and octameric rings respectively,
which bring together CARD domains to recruit CED-3 and Caspase-9 for proximity-induced
activation. The DISC and PIDDosome form clusters of DD, which incorporate adaptor
proteins such as FADD and RAIDD that use their CARD and DED domains to recruit and
activate Caspase-8/-10 and -2 respectively. TNFa is also able to activate Caspase-8 through
a mechanism that remains to be clarified mechanistically.

Curr Opin Cell Biol. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mace and Riedl

Page 11

Figure 2. Death Domain assemblies: PIDDosome and DISC

A. PIDDosome. Following processing to remove the N-terminal LRR and ZU5 domains of
full-length PIDD, its C-terminal DD forms the PIDDosome along with RAIDD. Pentameric
rings of PIDD (magenta) and RAIDD (blue) DD form extensive contacts and an additional
two RAIDD DD bind atop the RAIDD ring (PDB entry 20f5). DD are shown alternately in
surface and cartoon representation for clarity. The CARD domains of RAIDD then recruit
procaspase-2 to facilitate proximity-induced dimerization and activation.

B. DISC formation: DD opening and illustrative rendering of Death Receptor
clustering. Top: DD of the Death receptor Fas is adopting the classic globular shape
comprised of six helices (left). In order to bind the DD of the adaptor protein FADD
(magenta) the DD of Fas (green) has to undergo an opening mechanism where helix 6
moves outward and fuses with helix 5 (right). Bottom: Illustration of receptor clustering and
DISC formation. The structure of a TRAIL (green)/TRAIL receptor (grey) complex [79] is
used to illustrate a cell presenting clustered ligands leading to a clustering of receptor
trimers in the target cell. On the insight of the affected cell DDs (from Fas DD structures)
are brought into close proximity. Open Fas forms can interact and stabilize each other and
are able to recruit FADD. FADD in turn recruits and activates target caspases via DED
interaction (based on PDB entries: 1d0g, 1ddf, 3ezq).
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Figure 3. Apoptosomes

A. Apaf-1 - opening. The structure of monomeric Apaf-1 shows a compact domain
arrangement containing a central ADP molecule. Abbreviations are as in the main text and
the WDA40 region absent from the crystal structure is depicted as a cartoon locking the closed
conformation. Cytochrome C releases the lock and ADP/(d)ATP exchange can occur along
with a opening of Apaf-1 (inferred from the apoptosome structure under B). The CARD is
not included in the electron microscopy structure since it becomes flexibly attached upon
opening—illustrated in orange. B. Human Apoptosome. Open and cytochrome C bound
Apaf-1 molecules can now interact to form the oligomeric apoptosome. Note that an outer
ring is formed by alternating WHD/HD entities. Right: Map of Apoptosome with bound
caspase-9 CARD domains. In this 3D map the CARD/CARD complexes hover in a ring-like
manner above the apoptosome posed to dimerize and activate the catalytic domains of
caspase-9 in the context of full length caspase-9. (PDB accession and structures: monomeric
Apaf-1 1z6t, apoptosome based on 3iyt; cytochrome C bound model and density map for
CARD bound apoptosome kindly provided by Drs. S. Yuan and C.W. Akey.) C. C. Elegans
Apoptosome. CED-9 (orange) binds and inhibits an ATP bound CED-4 dimer (green,
magenta; parts of the second CED-4 molecule are not defined in the structure). EGL-1
(cyan) binds and displaces CED-9 releasing the CED-4 dimers that form the octameric C.
Elegans apoptosome. CARD domains are displayed in surface representation (PDB
accession codes: 2a5y,1ty4, 3lqq)
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Figure 4. Signaling at the cytoplasmic face of the TNF receptor

Illustrative representation of the complex signaling network assembled upon receptor
ligation by TNF ligands. Trimerization of the TNF receptor (based on [80]) recruits TRAF2
to the cytoplasmic tail of the receptor. clAP1 and clAP2 are subsequently recruited through
the coiled-coil domain of TRAF2, and as E3 ligases clAP1/2 (and possibly TRAF2)
facilitate ubiquitination of various substrates using their RING domains. Kgz-linked
ubiquitin chains on RIP1K serve as a platform for recruitment of proteins containing
ubiquitin-binding domains such as NEMO, TAB2 and IAP proteins themselves. Loss of this
ubiquitin signal by degradation of clAPs or other means leaves RIP1K free to activate
Caspase-8, in a manner that is currently not clear at a structural level. (Based upon PDB
entries: 1tnr, 1ca9, 3mO0a, 3hcs, 3eb6).

Curr Opin Cell Biol. Author manuscript; available in PMC 2011 December 1.



