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ABSTRACT
Apoptosome and inflammasome are multimeric protein complexes that mediate the activation of specific
caspases at the onset of apoptosis and inflammation.The central component of apoptosome or
inflammasome is a tripartite scaffold protein, exemplified by Apaf-1 and NLRC4, which contains an
amino-terminal homotypic interaction motif, a central nucleotide-binding oligomerization domain and a
carboxyl-terminal ligand-sensing domain. In the absence of death cue or an inflammatory signal, Apaf-1 or
NLRC4 exists in an auto-inhibited, monomeric state, which is stabilized by adenosine diphosphate (ADP).
Binding to an apoptosis- or inflammation-inducing ligand, together with replacement of ADP by adenosine
triphosphate (ATP), results in the formation of a multimeric apoptosome or inflammasome.The assembled
apoptosome and inflammasome serve as dedicated machineries to facilitate the activation of specific
caspases. In this review, we describe the structure and functional mechanisms of mammalian inflammasome
and apoptosomes from three representative organisms. Emphasis is placed on the molecular mechanism of
caspase activation and the shared features of apoptosomes and inflammasomes.
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INTRODUCTION
Apoptosis, also known as programmed cell death,
is central to the development and homeostasis of
all metazoans [1–3]. Two apoptotic pathways have
been documented in cellular and molecular detail:
the extrinsic pathway, which is triggered by extracel-
lular death ligands, such as TRAIL and TNF-α, and
the intrinsic pathway, which is initiated by intracel-
lular apoptotic stimuli, such as hypoxia and nutrient
deprivation (Fig. 1). Apoptosis is executed by the
caspases—cysteine proteases with aspartate cleav-
age specificity in the substrate proteins [4].Caspases
are constitutively synthesized in cells as inactive zy-
mogens and activated at the onset of apoptosis to
become mature proteases. Apoptotic caspases com-
prise twogeneral classes: initiator (or apical) caspase
and effector (or executioner) caspase [5] (Fig. 2).
Compared to effector caspase, an initiator cas-
pase usually contains a homotypic interaction mo-
tif at its amino-terminus, such as a caspase recruit-
ment domain (CARD) or a death effector domain
(DED) (Fig. 2).The execution of apoptosis requires

sequential activation of the initiator and effector cas-
pases [6,7].

Apoptosis is intertwined with inflammation for
pathogen-infected cells. Inflammatory cell death
mediated by caspases may serve as an effective de-
fense mechanism against infection. The first cloned
caspase is themammalian interleukin 1β-converting
enzyme (ICE) [8,9], later defined as caspase-1
(Fig. 2); caspase-1 plays an important role in in-
flammation by promoting the maturation of inter-
leukin 1β and interleukin 18. In addition, caspase-
1 is involved in triggering an inflammatory form of
cell death, namedpyroptosis [10,11],which is differ-
ent from apoptosis and caused by osmotic lysis due
to the formation of pores on the plasma membrane.
A number of other mammalian caspases, includ-
ing caspase-4, caspase-5, caspase-11, and caspase-12,
have been found to play an important role in inflam-
mation [12] (Fig. 2).The domain organization of an
inflammatory caspase is similar to that of an apop-
totic initiator caspase, with a CARD at its amino-
terminus.
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Figure 1. A schematic diagram of the apoptotic and inflammatory pathways. The extrinsic and intrinsic apoptosis pathways are identified by red and
blue arrows, respectively. The inflammatory pathway is marked by green arrows. The assembly of a multimeric scaffold protein complex, known as
apoptosome or inflammasome, is central to the recruitment and activation of apoptotic initiator caspases or the inflammatory caspases.

An indispensable role for caspase in apop-
tosis was first documented in the nematode
Caenorhabditis elegans (C. elegans), where the es-
sential gene ced-3 was found to encode an ICE-like
cysteine protease [13,14]. CED-3 was thought to
be the only cell-killing caspase in C. elegans until
the recent discovery of a pro-apoptotic role by the
caspase CSP-1 [15]. By contrast, a large number of
distinct mammalian caspases have been identified,
with 11 from the human genome [5]. In addition
to the five inflammatory caspases, at least seven
other mammalian caspases have been confirmed to
participate in apoptosis. These include four initiator
caspases (caspase-2, -8, -9 and -10) and three effec-
tor caspases (caspase-3, -6 and -7) (Fig. 2). Notably,
some caspases, such as caspase-4, may participate
in both apoptosis and inflammation, blurring the
demarcation between apoptotic and inflammatory
caspases. Of the mammalian initiator caspases,
caspase-9 has been rigorously characterized, and
its functional homologues have been identified—

Dronc in Drosophila melanogaster (Drosophila) and
CED-3 in C. elegans (Fig. 2).

CASPASE ACTIVATION
To avoid unwanted cell death or inflammation, all
freshly synthesized caspases exist as catalytically in-
active zymogens in cells. An effector caspase, such
as caspase-3 or -7, is usually activated by an up-
stream initiator caspase, such as caspase-9, through
an aspartate-specific proteolytic cleavage, resulting
in the generation of large and small subunits of the
mature caspase [5]. As a consequence of the intra-
chain cleavage, the protease activity of an effector
caspase is drastically increased, typically by several
orders of magnitude [16]. Once activated, the effec-
tor caspases can also cleave and activate other cas-
pases and are responsible for the degradation of nu-
merous cellular targets that eventually lead to cell
death.
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Figure 2. Schematic representation of the apoptotic and inflammatory caspases.
These caspases are drawn to scale. The position of the first intra-chain cleavage
(between the large and small subunits) is marked by a thick arrow whereas addi-
tional cleavages are represented by medium and thin arrows. The CARD and DED are
indicated. Apoptotic caspases are shown for mammals, Drosophila and C. elegans.
Notably, caspase-11 is present only in mouse, but not in human.

How does an intra-chain cleavage result in the
proteolytic activation of an effector caspase? For
all caspases, the catalytic site comprises four essen-
tial loops, named L1 through L4. To gain prote-
olytic activity, the L1–L4 loopsmust adopt a specific
conformation [5] (Fig. 3A). For effector caspases,
which are constitutively homo-dimeric, the specific
active site conformation of one caspase molecule
is critically supported by the L2′ loop of the adja-
cent molecule through interactions with the L2 and
L4 loops [5]. However, for effector caspase zymo-
gens, such as procaspase-7, the L2′ loop of one cas-

pase molecule is covalently restrained and unable
to interact with loops L2 and L4 of the neighbor-
ing caspasemolecule until after the intra-chain cleav-
age [17,18] (Fig. 3B).Thus, the intra-chain cleavage
may allow freemovement of theL2′ loop,which sub-
sequently stabilizes the active site conformation of
theneighboring caspasemolecule (Fig. 3C).Despite
strong sequence conservation between caspase-3
and caspase-7, they exhibit quite different intrinsic
catalytic activity in their zymogen forms andmayun-
dergo distinct pathways to reach the fully activated
states [19].

By sharp contrast to the effector caspases,
all known initiator caspases are predominantly
monomeric in solution. Thus, the formation of the
active site conformation in an initiator caspase may
require external assistance that is provided by a
multimeric scaffold protein complex, dubbed ‘apop-
tosome’ for caspase-9 [20] and death-inducing
signaling complex (DISC) for caspase-8 [21].
The inflammatory caspase-1 is activated by the
inflammasome [22,23]. The ultimate role of the
multimeric scaffold protein complex is to help
the initiator caspase adopt a productive active site
conformation. Previous studies suggest that the
intra-chain cleavage is indispensable for the activa-
tion of effector caspases, but not for some initiator
caspases such as caspase-9 [24,25]. However, in
these studies, the protease activity of caspase-3
was measured as an indirect readout of caspase-9
activation. Relying on the direct measurement of
caspase-9 activity, recent biochemical characteriza-
tion shows that the intra-chain cleavage is essential
for the apoptosome-mediated stimulation of the
protease activity of caspase-9 [26].

THE SCAFFOLD PROTEINS
The major component of the mammalian apopto-
some is Apaf-1 that forms a heptameric complex
in the presence of cytochrome c and ATP/dATP
[27]. The Apaf-1 apoptosome physically recruits
procaspase-9 zymogen and facilitates its auto-
catalytic activation [20,28–31]. In Drosophila, the
activation of the caspase-9 homologue Dronc is
mediated by an octameric protein complex of the
Apaf-1 homologue Dark [32], also known as Hac-1
[33] or Dapaf-1 [34]. In C. elegans, the activation
of the CED-3 caspase zymogen is facilitated by the
octameric CED-4 complex [35–40]. Both Dark
and CED-4 share significant sequence and domain
homology with Apaf-1 (Fig. 4). In each case, the
scaffold protein complex is generally referred to as
apoptosome.
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Figure 3.Mechanism of activation for effector caspases. (A) Structural features of an
activated caspase-3. The structure of active caspase-3 bound to a covalent peptide
inhibitor is shown in the right panel. All known effector caspases are homo-dimeric,
with two active sites. The active site of an effector caspase molecule is formed by five
loops, four from within (loops L1–L4) and one from the neighboring caspase molecule
(loop L2′). The L2′ loop interacts with loops L2 and L4 to stabilize the active site con-
formation. (B) Structure of the effector caspase-7 zymogen. The L2′ loop is covalently
restrained and unable to interact with the L2/L4 loops. Consequently, the active site
fails to adopt a productive conformation. (C) Comparison of the active site loop confor-
mations between procaspase-7 zymogen and active caspase-7.

The scaffold protein of caspase-1-activating in-
flammasome is known as the nucleotide-binding
and oligomerization domain (NOD)-like recep-
tor (NLR) (Fig. 4), which senses microorganism-
derived pathogen within the intracellular environ-
ment. There are 23 NLR family members in the
human genome and at least 34 in mouse genome
[41,42]. Similar to Apaf-1 and Dark, an NLR ex-
ists in an auto-inhibited conformation in its rest-
ing state. Relief of the auto-inhibition of the NLR
is triggered by binding the inflammatory signal—
a pathogen-associated molecular pattern (PAMP)
or a host-derived danger-associated molecular pat-
tern (DAMP). Subsequently, through a set of yet-to-
be defined processes, NLR oligomerizes and binds
the adaptor protein apoptosis-associated speck-like
protein containing a CARD (ASC) to form the
multimeric inflammasome. ASC in turn recruits
procaspase-1 zymogen, leading to its auto-catalytic
activation [41,42].

Except NLRP1, Apaf-1, Dark and other NLRs
share a conserved tripartite domain organization:

an amino-terminal homotypic interaction motif, a
central nucleotide binding oligomerization domain
(NOD) and a carboxyl-terminal ligand-sensing do-
main (Fig. 4). The homotypic interaction motifs in-
clude CARD, pyrin-like domain (PYD) and bac-
uloviral IAP repeat (BIR). The ligand-sensing do-
main is represented by leucine-rich repeats (LRRs)
inNLRsand two tandemβ-propellers, each contain-
ing 7–8 WD40 repeats, in Apaf-1 and Dark. NOD
is related to the AAA+ ATPases hallmarked by the
structurally conserved nucleotide-binding domain
(NBD) and belongs to the STAND subfamily [43].
NOD can be further divided into NBD, helical do-
main 1 (HD1), winged-helix domain (WHD), and
helical domain 2 (HD2) (Fig. 4).

There are other scaffold proteins that form mul-
timeric caspase-activating complexes. For example,
the activation of caspase-2 in mammalian cells de-
pends on the PIDDosome, which consists of the
scaffold protein PIDD and the adaptor protein
RAIDD [44], whereas caspase-8 is activated within
the DISC [21], which comprises the scaffold FAS
and the adaptor FADD. To date, PIDDosome and
DISC are yet to be completely reconstituted in vitro
using purified recombinant proteins. In this review,
we focus our discussion on the apoptosomes, involv-
ing Apaf-1 and its homologues in Drosophila and
C. elegans, and the inflammasomes.

APAF-1 APOPTOSOME
Discovery and function
The Apaf-1 apoptosome is responsible for the acti-
vation of caspase-9, the initiator caspase controlling
several forms of intrinsic apoptosis. To date, a great
deal has been learned about the function, regulation
and three-dimensional structure of caspase-9, Apaf-
1 and the Apaf-1 apoptosome [45–47]. Yet the cen-
tral question of exactly how caspase-9 is activated by
the Apaf-1 apoptosome remains largely unknown.

Formation of the Apaf-1 apoptosome involves
cytochrome c, a molecule that had been known for
over half a century to play an essential role in en-
ergy production within mitochondria. The remark-
able discovery of its crucial role in apoptosis galva-
nized the entire apoptosis field and exposed the se-
cret life of cytochrome c in the cytoplasm just prior
to cell death. Cytochrome c was first identified as
an important cofactor for caspase-3 activation [48]
and quickly shown to be an activating ligand for the
cellular protein Apaf-1 [49]. In the presence of cy-
tochrome c and dATP, Apaf-1 was found to form a
stable complex with caspase-9 [50], which then acti-
vates caspase-3 and caspase-7.
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Figure 4. Schematic representation of the scaffold proteins for apoptosomes and in-
flammasomes. Apaf-1, Dark, and CED-4 are drawn to scale, whereas the NLRs are
shown in distinct subfamilies. Notably, while mouse NLRP1s have no PYD, human
NLRP1 may harbor a PYD [132]. The various domains are color-coded and labeled.
Homotypic interaction motif (CARD, PYD, BIR, CC, TIR): green; NBD, blue; HD1, cyan;
WHD, magenta; HD2, red; WD1, gray; WD2, dark gray; cytochrome c, yellow; LRR, light
purple; FIIND, purple. This coloring scheme is preserved in Figures 5–11 except Figure
6B. Each scaffold protein usually contains a homotypic interaction motif at the amino-
terminus, a central NOD, and a ligand-sensing domain at the carboxyl-terminal half.
NOD comprises NBD, HD1, WHD, and HD2.

Subsequent investigation revealed that, in the
presence of dATP or ATP, Apaf-1 and cytochrome
c assemble into a multimeric complex of∼1.4MDa,
referred to as the apoptosome [20,28–31]. Apaf-1
CARD directly interacts with the CARD domain of
procaspase-9 zymogen, resulting in its recruitment
into the Apaf-1 apoptosome, where procaspase-9
undergoes autocatalytic activation [50,51]. Unex-
pectedly, the fully processed caspase-9 bound to the
Apaf-1 apoptosome displays a drastically higher pro-
tease activity, typically by 2–3 orders of magnitude,
than that of the free, processed caspase-9. This find-
ing constitutes the experimental basis for theholoen-
zyme concept [30], where the primary function of
theApaf-1 apoptosomewas thought to stimulate the
protease activity of caspase-9, rather than just to fa-
cilitate its autocatalytic cleavage.

Mechanism of Apaf-1 auto-inhibition
Apaf-1 contains three distinct domains, an amino-
terminal CARD, a NOD and 14–15 WD40 re-
peats at its carboxyl-terminal half (Fig. 4A). Apaf-
1 directly binds caspase-9 through homotypic in-
teractions involving their respective CARD do-
mains [51]. The NOD is responsible for Apaf-1
oligomerization in the presence of cytochrome c
and ATP/dATP, whereas the WD40 repeats inter-
act with cytochrome c. Apaf-1 has four splicing vari-
ants; the two longer variants, eachwith 15WD40 re-
peats, appear to be responsible for the caspase-9 ac-
tivating function of Apaf-1 [52]. Notably, the NOD
contains all the hallmarks of an AAA+ ATPase, and
a WD40-deleted Apaf-1 protein exhibits detectable
ATPase activity in vitro [53].

Prior to cell death stimuli, Apaf-1 exists in an
auto-inhibited conformation in normal cells to avoid
accidental activation of the procaspase-9 zymo-
gen. Auto-inhibition of Apaf-1 is relieved by bind-
ing to cytochrome c and replacement of ADP by
ATP/dATP. The molecular mechanism by which
Apaf-1 maintains its auto-inhibitory state is nicely
deciphered by the crystal structures of Apaf-1
[53,54]. Specifically, the role of nucleotide replace-
ment is revealed by the structure of the WD40-
deletedApaf-1 [53], whereas the role of cytochrome
c binding is inferred from the structural analysis of
the full-length Apaf-1 [54].

The structure of the WD40-deleted Apaf-1 re-
veals a closed, ADP-bound conformation that is
maintained by extensive inter-domain interactions
among five subdomains: CARD, three-layered α/β
domain (or NBD), HD1, WHD and HD2 [53]
(Fig. 5A). In this closed conformation, the caspase-9
binding surface in Apaf-1 CARD is partially buried,
unavailable for caspase-9 recruitment. This feature
explains why Apaf-1 exhibits only weak interactions
with caspase-9 in the absence of ATP/dATP or
apoptosome formation [50,53]. The deeply buried
ADP molecule interacts with three adjoining sub-
domains to help maintain the closed conformation
(Fig. 5A). Due to the buried nature of ADP, its
replacement by ATP/dATP, a mandatory step in
apoptosome formation, is predicted to require pro-
nounced inter-domain movements in Apaf-1, which
may drive the assembly of the caspase-9-activating
apoptosome.

The structure of the full-length Apaf-1 reveals
an important role for the WD40 repeats in stabi-
lizing the auto-inhibited conformation (Fig. 5B),
where three charged amino acids from the 7-bladed
β-propeller interact with three complementarily
charged residues in NBD and HD2 through hy-
drogen bonds (H-bonds) [54]. These interactions
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Figure 5. Mechanism of auto-inhibition for Apaf-1. (A) The WD40-deleted Apaf-
1 exists in an auto-inhibited state [53]. CARD, NBD, HD1, and WHD closely stack
against each other, with the nucleotide ADP buried and bound at the interface among
NBD/HD1/WHD. The caspase-9-binding surface on Apaf-1 CARD is partially buried
and unavailable for recruitment of caspase-9. (B) The WD40 repeats of Apaf-1 fur-
ther stabilize the auto-inhibited conformation. Shown here is a composite image of
CARD-disordered Apaf-1 structure [54], with CARDmodeled on the basis of theWD40-
deleted Apaf-1 structure [53]. The first β-propeller directly interacts with NBD through
H-bonds. The cytochrome c binding surfaces in the two β-propellers are indicated. (C)
The activated conformation of Apaf-1. Shown here is a modeled structure of a single
full-length Apaf-1 molecule from the assembled Apaf-1 apoptosome. The CARD is not
shown because it forms a separate structure with the CARD of caspase-9. All structural
figures were prepared using PyMol [133].

further strengthen the extensive inter-domain con-
tacts among CARD, NBD, HD1, WHD and HD2,
presumably disfavoring the replacement of ADP
by ATP/dATP. These structural features provide a
plausible explanation to the observation that the re-
placement of ADP by ATP/dATP is preceded by
cytochrome c binding. Cytochrome c is sandwiched
between two front faces of the two β-propellers
[55] (Fig. 5C), which leads to the disruption of the
observed interactions between WD40 repeats and
NBD/HD2 and facilitates the subsequent replace-
ment of ADPbyATP/dATP. Structural comparison

of the auto-inhibited Apaf-1 with that in the apopto-
some allows detailed speculation on the conforma-
tional changes of Apaf-1 following cytochrome c and
ATP/dATP binding [54].

CARD plays a key role in maintaining the auto-
inhibited conformation of Apaf-1. The extensive
interactions between CARD and NBD/WHD, in-
volving 13 H-bonds, are considerably stronger than
those between the seven-bladed β-propeller and
NBD/HD2 [53,54]. Consistent with the struc-
tural observations, the WD40-deleted Apaf-1 only
weakly interacts with caspase-9 in the absence of
ATP/dATP [53]. In cells, Apaf-1 and caspase-9
only interact with each other in the presence of
ATP/dATP and cytochrome c [50]. Given the im-
portance of CARD, why is it invisible in the crys-
tal structure of the full-length Apaf-1 [54]? Exam-
ination of the Apaf-1 crystal structure [54] reveals
that correct positioning of CARD interferes with the
formation of the crystal lattice; thus, CARD must
be dislodged from its usual position for the crys-
tals to grow. In addition, the non-physiologically
high ionic strength in the crystallization buffer
(1.4–1.5M sodiummalonate [54]) likely facilitated
the displacement of CARD from its usual position.
By contrast, the WD40-deleted Apaf-1 was crystal-
lized under considerablymilder condition (250mM
sodium chloride [53]). This analysis highlights the
importance of cautious interpretation for crystal
structures.

Apoptosome formation and regulation
Structure of the Apaf-1 apoptosome, determined
by electron cryo-microscopy (cryo-EM), shows a
wheel-shaped architecture with 7-fold symmetry
[27,56] (Fig. 6A).The NOD constitutes the central
hub; theβ-propellers form the extended spokes. Re-
cruitment of caspase-9 zymogen to the apoptosome
leads to a dome-shaped structure in the center [27].
Improvement of cryo-EMresolution, in conjunction
with the atomic structure of Apaf-1 [53], revealed
the identity of the dome tobe anoligomeric complex
of CARDs fromApaf-1 and caspase-9 [55]. Remark-
ably, a single molecule of caspase-9 was found to be
bound in the central hub of the apoptosome,making
contacts with NBD andHD1 [57] (Fig. 6B). As will
be discussed in detail, this experimental observation
provides tantalizing clues about the activationmech-
anism of caspase-9.

The apoptosome assembly is thought to be quite
dynamic. In several studies, the monomeric, auto-
inhibited Apaf-1 was found to contain predomi-
nantly ADP, not ATP or dATP [53,54,58,59]. The
replacement of ADP by ATP/dATP drives the
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Figure 6. Assembly of apoptosomes in mammals and Drosophila. (A) The Apaf-1 apop-
tosome has a wheel-shaped appearance with 7-fold symmetry [55]. NOD forms the
central hub, whereas the cytochrome c bound WD40 repeats constitute the spokes.
Two perpendicular views are shown here. Following cytochrome c binding, assembly
of the Apaf-1 apoptosome is triggered by replacement of ADP by ATP or dATP. (B) A
single caspase-9 molecule is bound to the central hub of the Apaf-1 apoptosome. Per-
haps due to caspase-9 binding, the CARD disk is off center. (C) Structural features of
the octameric Dark apoptosome [81]. Unlike the Apaf-1 apoptosome, cytochrome c is
dispensable for the assembly of the Dark apoptosome. Two perpendicular views are
shown here.

apoptosome assembly. As an AAA+ ATPase, Apaf-
1 has a low, but detectable, level of catalytic turnover
rate [20,53]. We speculate that the ATPase activ-
ity of Apaf-1 might be important for the functional
regulation of the apoptosome, because ATP hydrol-
ysis likely leads to the disassembly of the apopto-
some. In another study [60], Apaf-1 was found to
mainly contain dATP and binding to cytochrome c
triggered hydrolysis of dATP to dADP, which was
subsequently replaced by exogenous dATP. Given
that recombinant Apaf-1 was used in all cases, it is
unclear what contributes to the contrasting observa-
tions about the identity of the bound nucleotide in
auto-inhibited Apaf-1.

The oncoprotein prothymosin-alpha was
thought to inhibit the apoptosome assembly, thus
negatively regulating caspase-9 activation [61]. A
small molecule alpha-(trichloromethyl)-4-pyridine-
ethanol (PETCM) countered prothymosin-alpha
mediated inhibition and allowed apoptosome
formation [61]. Intriguingly, physiological concen-
trations of potassium and calcium ions were found
to inhibit apoptosome formation and subsequent
caspase activation [58,62,63]. In particular, calcium
binds to auto-inhibited Apaf-1 and impedes the
apoptosome assembly by blocking the exchange of
ADP/dADP by ATP/dATP [58]. These findings
suggest that the disruption of potassiumand calcium
homeostasis in cells likely precedes the onset of
apoptosome formation and the execution of cell
death.

In addition to potassium and calcium ions, mul-
tiple intracellular nucleotides at physiological con-
centrations also appear to guard against cell death
by binding to cytochrome c and inhibiting the for-
mation of the apoptosome [64]. At concentrations
higher than 1mM, ATP or dATP was also found to
negatively regulate apoptosis by binding to and in-
hibiting caspase-9 [65]. Binding to ATP/dATP by
procaspase-9 zymogen or processed caspase-9 re-
sults in the marked inhibition of their ability to be
activated by the apoptosome [65].

Mechanism of caspase-9 activation
Despite some tantalizing clues and frequent over-
statements, the underlying molecular mechanisms
by which caspase-9 is activated by the Apaf-1 apop-
tosome remains poorly understood. The same as-
sessment can bemade for just about any other initia-
tor caspase.The central puzzle that remains to be de-
ciphered is: how exactly does a multimeric machin-
ery facilitate the activation of an initiator caspase?

In a general sense, the prevailing model for
initiator caspase activation—induced proximity—
seems to explain the puzzle already. The initial
hypothesis states that the initiator caspases un-
dergo accelerated auto-catalytic processing when
brought into the close proximity of each other [16].
The induced proximity model was refined by the
proximity-drivendimerizationmodel [66].Basedon
thismodel, the oligomeric apoptosome recruitsmul-
tiple molecules of inactive caspase zymogen into
close proximity of one another, which favors dimer-
ization and hence activation [27,67]. This model,
along with other hypotheses, is consistent with the
observed second-order activation of caspase-9 by a
mini-apoptosome [68].
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In a molecular sense, the induced proximity or
the proximity-drivendimerizationmodel reveals few
mechanistic insights. The observation that high lo-
cal concentrations facilitate caspase activation has
been known for decades. Thus, induced proximity
is merely a succinct summary of experimental ob-
servations. In addition, the concept that active cas-
pases are dimeric was revealed by the crystal struc-
tures of caspase-1 [69,70] and caspase-3 [71] and
has been confirmed by just about every caspase crys-
tal structure determined to date. The reason that
the dimeric caspase is catalytically active lies in the
fact that the L2′ loop from one molecule can con-
veniently stabilize the active site conformation of
a neighboring molecule (Fig. 3). Without the L2′

loop, a dimeric effector caspase is catalytically inac-
tive [17]. The observation that a leucine zipper in-
duced homo-dimer of caspase-9 exhibits drastically
enhanced protease activity [72] suggests that the
dimerization of caspase-9may be sufficient for its ac-
tivation but says little about how caspase-9 is acti-
vated within the Apaf-1 apoptosome.

In principle, elucidation of the activation mecha-
nism of caspase-9 requires a detailed structural anal-
ysis of the Apaf-1 apoptosome bound to the full-
length caspase-9 and structure-guided biochemical
characterization. Despite rigorous efforts in the past
decade, the atomic structure of the Apaf-1 apopto-
some by itself or in complex with caspase-9 has re-
mained elusive. Are the interactions between Apaf-
1 and caspase-9 restricted to their respective CARD
domains? How many molecules of caspase-9 are re-
cruited into an apoptosome assembly? What is the
role of the helical disc formedby theCARDdomains
in caspase-9 activation?Does theproteasedomainof
caspase-9 physically associate with the Apaf-1 apop-
tosome?Conclusive answers to these questions are a
pre-requisite for understanding the activationmech-
anism of caspase-9 by the Apaf-1 apoptosome.

After all, the essence of caspase activation is
correct positioning of the four active site loops to
achieve a proteolytically active conformation. De-
spite the fact that homo-dimerization is utilized
by most caspases to achieve the active conforma-
tion, there is little experimental evidence to sup-
port such a mechanism for caspase-9 within the
apoptosome. The induced conformation hypothe-
sis was proposed to explain the mechanism of ini-
tiator caspase activation [73,74]: it stresses the im-
portance of active site conformation, and the recruit-
ment of caspase-9 by the Apaf-1 apoptosome was
thought to facilitate the formation of a productive
active site conformation. Supporting this hypothe-
sis, an interface-engineered caspase-9, which exists
as a constitutive homo–dimer in solution, exhibited
a much lower level of catalytic activity compared to

the apoptosome-activated caspase-9 [74].This find-
ing hints at an additional interface between the pro-
tease domain of caspase-9 and the Apaf-1 apopto-
some. Cryo-EM analysis of the apoptosome holoen-
zyme reveals such a binding site for a singlemolecule
of the caspase-9 protease domain on the central hub
of the apoptosome [57] (Fig. 6B). This observa-
tion gives rise to the proximity-induced association
model [57], which is similar in nature to the in-
duced conformation hypothesis. Although available
experimental evidence supports the possibility that
the Apaf-1 apoptosomemay employ a strategy other
thanhomo-dimerization to achieve caspase-9 activa-
tion, many more experiments need to be performed
to scrutinize this hypothesis.

Dark apoptosome in fruit flies
Dronc, the Drosophila homolog of mammalian
caspase-9, is required for programmed cell death
during the normal development of fruit flies [75–
77].An important downstream target ofDronc is the
effector caspase Drice, which bears considerable se-
quence homolog with mammalian caspase-3. Sim-
ilar to caspase-9, Dronc activation in cells requires
the Apaf-1 homolog Dark (also known as Hac-1
or Dapaf-1) [32–34]. However, unlike caspase-9,
the N-terminal CARD domain is proteolytically re-
moved in the mature Dronc caspase in Drosophila
cells [78], suggesting a variation of the activation
mechanism compared to caspase-9.

The recombinant, full-length Dark protein ex-
ists as a monomer in solution [79]. In contrast to
the Apaf-1 apoptosome, the in vitro assembly of the
Dark apoptosome can be initiated by the presence
of dATP, but not by cytochrome c [79]. In the ab-
sence of exogenous ATP/dATP, the incubation of
themonomeric, full-lengthDark proteinwithDronc
zymogen leads to the efficient assembly of an apop-
tosome complex, within which Dronc zymogen is
proteolytically activated (Y Shi, unpublished data).
This observation suggests that theDark apoptosome
may be assembled upon encounter with the Dronc
zymogen. It is unclear whether the assembly of the
Dark apoptosome in cells is triggered by binding to
Dronc zymogen or ATP/dATP, or both.

A structural analysis of the Dark apoptosome
by cryo-EM revealed two face-to-face assembled,
wheel-shaped particles, each involving eight Dark
molecules [79] (Fig. 6C). In this initial model, the
assignment of individual domains of Dark is differ-
ent from that for other oligomeric AAA+ ATPases
[80]. For example, the CARD domains were placed
at the center of the Dark apoptosome to constitute
the inner ring [79]. Subsequent cryo-EM analysis at
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higher resolution led to the structural revision of the
Dark apoptosome, most notably with the placement
of the CARD domains on top of the apoptosome
disk [81]. The revised Dark apoptosome shares the
same set of assembly principles as those for theApaf-
1 apoptosome (Fig. 6A) and the CED-4 apopto-
some (to be discussed later).

There are only a few in vitro studies on the ac-
tivation mechanism of Dronc zymogen, but none
directly employing the Dark apoptosome [82–84].
Unlike caspase-9, the CARD domain of Dronc is
removed from the mature Dronc caspase. Conse-
quently, the mature Dronc caspase is not associ-
ated with the Dark apoptosome (Y Shi, unpub-
lished data). Thus, unlike the Apaf-1 apoptosome,
the Dark apoptosome appears to only facilitate the
auto-catalytic maturation of Dronc zymogen. Com-
pared to the Dronc zymogen, themature Dronc cas-
pase was reported to exhibit a markedly enhanced
catalytic activity [84]; by contrast, Dronc process-
ing was thought to be unnecessary for its catalytic
activity [82,83]. Despite these differences, dimeriza-
tion of Dronc is believed to be the key for its acti-
vation. Indeed, the mature Dronc formed a homo-
dimer, whereas the uncleaved Dronc zymogen ex-
isted exclusively as a monomer [84].Thus, the auto-
catalytic cleavage in Dronc appears to induce its sta-
ble dimerization [83,84], allowing two adjacent pro-
tomers to mutually stabilize their active sites. The
structural analysis of a CARD-deleted Dronc zymo-
gen revealed an unproductive conformation at the
active site, explaining why the zymogen remains cat-
alytically inactive [84].

CED-4 apoptosome for CED-3 activation
Relative to mammals and fruit flies, the apoptotic
pathway is simpler in worms. Four genes, egl-1,
ced-9, ced-4 and ced-3, genetically identified in C. el-
egans, control the death of 131 somatic cells dur-
ing hermaphrodite development [2,85]. CED-3 had
long been considered the only cell-killing caspase
until CSP-1 was found to promote apoptosis in a
subset of cells destined to die during C. elegans em-
bryogenesis [15]. Similar to caspase-9 and Dronc,
CED-3 exists as an inactive zymogen in cells and
undergoes a process of auto-catalytic activation that
is mediated by CED-4 [35–40]. In normal cells,
the pro-apoptotic CED-4 appears to be sequestered
by the mitochondria-bound CED-9 [38,39,86–89],
thus unable to activate CED-3. At the onset of cell
death, the BH3-only protein EGL-1 is transcription-
ally activated and unleashes the pro-apoptotic ac-
tivity of CED-4 by disrupting the CED-4-CED-9
complex [90–93].The released CED-4 is thought to

form an oligomeric apoptosome, that then facilitates
the activation of CED-3 [40].

Biochemical and structural investigations have
provided significant mechanistic insights into the
interplay among EGL-1, CED-9, CED-4, and
CED-3. Only the oligomeric CED-4 apoptosome,
but not the monomeric or homo-dimeric form of
CED-4, is capable of activating the CED-3 zymogen
[94]. Atomic structure of a CED-4-CED-9 complex
revealed that one molecule of CED-9 sequesters
CED-4 in its homo-dimeric form through extensive
interactions, thus blocking formation of the CED-4
apoptosome [94,95] (Fig. 7A). Thus, unlike auto-
inhibition for Apaf-1, CED-4 at the resting state
is inhibited by CED-9 binding. How does EGL-1
counter CED-9-mediated sequestration of CED-4?
EGL-1 and CED-4 bind to two non-overlapping
sites on the surface of CED-9; however, the overall
CED-9 conformation required for CED-4 binding
is quite different from that required for EGL-1
binding. The binding affinity between CED-9 and
EGL-1 is considerably higher than that between
CED-9 and CED-4; consequently, EGL-1 is able
to interact with CED-4-associated CED-9 [94,95].
Binding to EGL-1 induces allosteric changes in
CED-9, leading to the dissociation of CED-9 from
the CED-4 dimer [94,96]. The freed CED-4 dimer
further oligomerizes to form a CED-4 apoptosome.

The crystal structure of the CED-4 apoptosome
reveals a funnel-shaped architecture, with eight
molecules of CED-4 organized as a tetramer of an
asymmetric dimer [97] (Fig. 7B). The basic unit—
asymmetric dimer of CED-4—is exactly what is se-
questered by CED-9. Thus, unlike Apaf-1 or NLR,
CED-4 in the resting state already exists in an ac-
tivated conformation, except that the interface re-
quired for apoptosome formation is blocked by
CED-9 [97]. Similar to caspase-9, the mature CED-
3 protease is predominantly monomeric in solution
and forms an active holoenzyme with the CED-4
apoptosome, within which the protease activity of
CED-3 is markedly stimulated [97]. Unexpectedly,
the octameric CED-4 apoptosome appears to bind
only two, not eight, molecules of mature CED-3.
The EM analysis of the CED-3-CED-4 holoenzyme
strongly suggests that the twoCED-3moleculesmay
be bound within the hutch of the funnel-shaped
CED-4 apoptosome [97].

The L2′ loop of CED-3 was recently found to
play a major role in the formation of an active CED-
4-CED-3 holoenzyme [98]. The crystal structure
of the CED-4 apoptosome bound to the L2′ loop
fragment of CED-3 reveals specific interactions be-
tween a stretch of five hydrophobic amino acids
from CED-3 and a shallow surface pocket within
the hutch of the funnel-shaped CED-4 apoptosome.
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Figure 7. Assembly of the CED-4 apoptosome in C. elegans. (A) CED-9 sequesters an
asymmetric dimer of CED-4 [94]. Unlike Apaf-1 or Dark, CED-4 exists in a constitu-
tively active conformation, with ATP bound at the interface between NBD and HD1.
However, CED-9 binding prevents the CED-4 homo-dimer from oligomerization. (B) The
CED-4 apoptosome has a funnel-shaped appearance and contains eight molecules of
CED-4 [97]. Assembly of the CED-4 apoptosome is initiated by displacement of CED-
9 by EGL-1 from the CED-4–CED-9 complex. (C) The CED-3 zymogen is thought to be
recruited into the hutch of the funnel-shaped CED-4 apoptosome, where CED-3 under-
goes auto-catalytic activation. The freed CED-4 dimer further oligomerizes to form the
CED-4 apoptosome.

Structure-guided biochemical analysis confirms the
functional importance of the observed CED-4–
CED-3 interface [98]. Structural analysis, in con-
junction with published evidence, strongly suggests
a working model, in which two molecules of CED-
3 zymogen, through specific recognition, are forced
into the hutch of the CED-4 apoptosome, conse-
quently undergoing dimerization and auto-catalytic
maturation (Fig. 7C). Although how exactly two
CED-3 molecules are bound and forced to dimerize
within the CED-4 apoptosome remains to be char-
acterized, the available experimental observations

are consistentwith the induced conformationmodel
[73,74], or the proximity-driven association model
[57].Thismechanism represents amajor refinement
of the induced proximity model for initiator caspase
activation.

AUTO-INHIBITION OF NLR
Most of the inflammasomes described to date
contain an NLR scaffold protein, such as NLRP1,
NLRP3 and NLRC4 (NOD-, LRR- and CARD-
containing 4; also known as IPAF or Card12)
(Fig. 4). NLRC4 contains an amino-terminal
CARD, an NOD and LRRs at the carboxyl-
terminal half. The crystal structure of the mouse
CARD-deleted Nlrc4 reveals an auto-inhibited
conformation [99] (Fig. 8A). Similar to Apaf-1, the
auto-inhibition of Nlrc4 is partly achieved by inter-
domain interactions among NBD, HD1, WHD and
HD2, which is stabilized by a bound ADPmolecule.
Notably, the relative domain organization among
NBD/HD1/WHD is the same between Apaf-1 and
Nlrc4 (Fig. 8A, B), further supporting a conserved
mechanism of auto-inhibition.

Despite low sequence homology, the NBD of
Nlrc4 is structurally similar to that in CED-4 (which
represents the activated form) [97]. However, rel-
ative to NBD, the WHD in Nlrc4 is located in
a strikingly different position compared to CED-
4 (Fig. 8A), suggesting that the activation of NLR
mainly involves the structural re-organization of its
WHD relative to NBD. This is supported by cryo-
EM studies of the Apaf-1 and Dark apoptosomes
[55,81]. The HD2 of Nlrc4 that packs against one
side of the NBD is positioned similarly as the WHD
of CED-4, suggesting that the HD2 may have a
role in Nlrc4 auto-inhibition. In agreement with the
structural analysis,mutations of the amino acids crit-
ically involved in the HD2-NBD interactions re-
sulted in a constitutively activeNlrc4,which induced
processing of IL-1β in a ligand-independentmanner
[99].

Structural comparison of Nlrc4 with a CED-4
dimer provides additional insights into the mech-
anism of NLR auto-inhibition by its carboxyl-
terminal sensor domain. When superimposed with
one molecule of a CED-4 dimer, the LRR domain
of Nlrc4 overlaps with the other CED-4 molecule,
suggesting that the LRR may also play a key role
in sequestering Nlrc4 in a monomeric state. In-
deed, Nlrc4 mutants with either LRR deleted or
the LRR-NBD interaction compromised consti-
tutively activated the processing of IL-1β [99–
101]. The LRR-mediated Nlrc4 inhibition is rem-
iniscent of CED-4 inhibition by CED-9 in which
CED-9 blocks CED-4 oligomerization by blocking
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Figure 8. Mechanism of auto-inhibition for Nlrc4. (A) Structural comparison of the
auto-inhibited Nlrc4 with activated CED-4. Overall structure of the auto-inhibited Nlrc4
(residues 90–1024) is shown in the left panel [99]. Two neighboring CED-4 molecules
from the CED-4 apoptosome are shown in the right panel. The interface between the
two CED-4 molecules is indicated by a red dashed line. The NBD-HD1 domains of
the CED-4 molecule to the top left were aligned with the corresponding domains of
Nlrc4. (B) Structural comparison of the auto-inhibited Apaf-1 with activated Apaf-1.
Left panel: Overall structure of auto-inhibited Apaf-1 (residues 105–1248) [54]. Right
panel: Two neighboring Apaf-1 molecules from the Apaf-1 apoptosome [55].

theCED-4 interface that is required for oligomeriza-
tion [97] (Fig. 7A). Notably, when placed into the
Apaf-1 apoptosome based on NOD, the carboxyl-
terminal β-propeller in the auto-inhibited Apaf-1
overlapswith an adjacentApaf-1molecule (Fig. 8B).
Thus, in addition to contributing to the stability
of the locked conformation in NOD, the WD40
repeats sterically occlude the monomeric Apaf-1
fromoligomerization.TheHD2- andLRR-mediated
auto-inhibition of Nlrc4 appears to be additive, be-
cause an Nlrc4 variant carrying the Y617A and
G520Y mutations predicted to perturb the NBD-
HD2 and NBD-LRR interaction, respectively, is
more efficient for ligand-independent IL-1β acti-
vation than either mutation alone [99]. Given the
highly conserved structural organization, the mech-
anism of auto-inhibition by Nlrc4 may hold true for
other NLRs.

NLR ACTIVATION AND FORMATION
OF INFLAMMASOME
NLR proteins are thought to function as binary
molecular switches, with the ADP-bound form cor-

responding to the monomeric ‘off’ state and the
ATP-bound form to the oligomeric ‘on’ state [102].
Indeed, ADPwas bound in the auto-inhibited forms
of Nlrc4 [99] and Apaf-1 [53,54], whereas ATP is
present in the activated formofCED-4 [94]. In both
Nlrc4 and Apaf-1, ADP is buried at the interface
formed by NBD, HD1 andWHD. Except His438 of
Apaf-1 or His443 of Nlrc4 (both from WHD), all
the amino acids involved in recognition of ADP are
fromNBDandHD1, andmanyof them, inparticular
those from the P loop, are conserved among Apaf-1,
Nlrc4 and other AAA+ ATPases [103]. His438 of
Apaf-1 and His443 of Nlrc4, however, are uniquely
conserved in Apaf-1 and NLRs from both mammals
and plants (Fig. 9A).

The mutation H443L in Nlrc4 resulted in the
constitutive activation of Nlrc4 in HEK293 cells, in-
dependent of protein concentration [99]. Notably,
there is only one H-bond from WHD to ADP, me-
diated by His443 (Fig. 9B). As mentioned above,
WHDs of Apaf-1 and DARK undergo substantial
structural rearrangement with respect to NBD fol-
lowing their activation. A similar conformational
change is also expected for the auto-inhibited Nlrc4
upon activation. Thus, the H-bond between ADP
and His443 may be exclusively present in the auto-
inhibited Nlrc4. For this reason, we propose His443
in Nlrc4 (or His438 in Apaf-1) to be an ‘ADP sen-
sor’ (Fig. 9A). Disruption of the unique H-bond
would favor conformational changes in the WHD
of the auto-inhibited Nlrc4. As normal cells con-
tain 5–10-foldmoreATP thanADP, a compromised
ADP–Nlrc4 interaction by the H443L mutation fa-
vors ATP binding. The impact of H443L is reminis-
cent of GTPase activation by guanine nucleotide ex-
change factors [104]. His443 is located in theMHD
motif; themutation ofMet orHis in the ‘MHD’mo-
tif results in the constitutive activation of the recep-
tors [105–108]. Intriguingly, while invariant in plant
NLRs, His443 is absent in 5 out of the 23 human
NLRs. It is unclear whether any amino acid from the
WHD of these NLRs is involved in the interaction
with ADP.

Compared to apoptosomes, there is scant
structural information on the inflammasomes.
Electron micrograph studies of the NLRP1 and
NAIP/NLRC4 infammasomes suggest that the
assembly of the inflammasome may share the same
set of principles as the formation of the apopto-
some. Both NLRP1 [109] and NAIP/NLRC4
[110] inflammasomes have a disk-like structure,
generally similar to that of the apoptosomes. The
NLRP1 inflammasome is likely to be a heptamer,
whereas the NAIP/NLRC4 inflammasome appears
to contain 11 or 12 protomers with one or two
NAIP5 molecules (Fig. 9C). Incorporation of more
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Figure 9. Activation mechanism of NLRs. (A) Most NLR proteins have a conserved histidine residue as the ADP sensor. This histidine, His443 in Nlrc4
and His438 in Apaf-1, is located in the WHD and makes a H-bond to ADP. (B) The ADP sensor is the only residue that coordinates ADP but is not from
the NBD or HD1 domains in Nlrc4 and Apaf-1. Shown here is structural overlay of Nlrc4 [99] and Apaf-1 [53] around the ADP binding site. Most of the
ADP-coordinating residues from NBD and HD1 are omitted for clarity. (C) An electron micrograph of the NAIP5-NLRC4 inflammasome. The NAIP-NLRC4
inflammasome shares a similar set of structural features as the apoptosomes. The image was adapted from a published study [110]. (D) A putative
ligand-binding groove in Nlrc4 resembles the cytochrome c binding site in Apaf-1. Shown here are structures of auto-inhibited Apaf-1 (left) and Nlrc4
(right). The regions identified by red circles indicate a cytochrome c binding site in Apaf-1 and a putative ligand-binding groove in Nlrc4.

NAIP5molecules into the inflammasome is thought
to be unfavorable for caspase-1 activation, because
the CARDs of NLRC4, thought to be important for
pro-caspoase-1 recruitment, may be occupied by
NAIP5. It is unclear how NAIP5 induces NLRC4
oligomerization.

In the Apaf-1 apoptosome, the cytochrome c
binding site is located far away from WHD [55].
Structural comparison of Apaf-1 in auto-inhibited
and activated forms reveals striking rearrangement
of the firstβ-propeller relative to the combined rigid
block of WHD, HD2 and second β-propeller dur-
ing activation. Thus, the binding of cytochrome c
results in the swinging of the first β-propeller out
of its resting position (Fig. 9D, left panel), thereby
releasing its attachment to NBD [54]. In addition,
cytochrome c binding may induce conformational
changes in the first β-propeller, which may also per-
turb the neighboring domains, such as NBD, HD2

or the second β-propeller. Because HD2 andWHD
remain as a rigid body during activation, any per-
turbation in HD2 can be relayed to WHD and ad-
versely affect theH-bond betweenHis438 andADP.
This would facilitate the exchange of ADP by ATP
and Apaf-1 activation. Interestingly, similar to the
cytochrome cbinding site inApaf-1, a surface groove
is present between the central inner surface of the
LRR solenoid and HD2/NBD in Nlrc4 (Fig. 9D,
right panel). Upstream ligand may bind to this site
and induces Nlrc4 activation through a mechanism
similar to that for Apaf-1.

DISEASE-ASSOCIATED MUTATIONS
IN NLR
Compared to the inflammasomes formed by
NLRC4, NLRP1 and other known NLRs, the
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Figure 10. Mapping of disease-associated mutations on a modeled structure
of NLRP3 NOD. The structure of human NLRP3 (residues 90–650) shown was
predicted using the program ROBETTA (http://robetta.bakerlab.org/index.html).
The model was constructed using the structure of Nlrc4 (PDB code: 4KFX)
as the template. The disease mutations were taken from the database
(http://fmf.igh.cnrs.fr/ISSAID/infevers/index.php). Criteria for grouping of the
mutations: mutation of a residue located at the NBD-WDH or NBD-HD2 interface
belongs to “Interface mutations”; mutation of a solvent-inaccessible or structural
residue belongs to “Buried mutations”; all the others belong to “surface mutations”.

NLRP3 inflammasome can be activated by a much
wider range of stimuli including microorganisms,
endogenous danger signals and environmental
irritants [111–113]. However, no direct interaction
between any of these activators and NLRP3 has
been demonstrated, suggesting that NLRP3 is
unlikely to recognize these activators directly.
Several models for the activation of the NLRP3
inflammasome have been proposed, involving fac-
tors, such as potassium efflux, generation of reactive
oxygen species (ROS) and lysosomal destabilization
[114]. Recent studies revealed an essential role
for mitochondria in NLRP3 inflammasome acti-
vation [115–118]. Although the precise activation
mechanisms for NLRP3 inflammasome remain to
be defined, the mechanism of auto-inhibition for
NLRP3 is thought to be similar to that for NLRC4
due to their conserved structural organization and
sequence features.

Mutations in NLR have been associated with hu-
man inflammatory disorders [41,119,120]. For in-

stance, many disease-derived mutations have been
reported for NLRP3 (Cryopyrin/NALP3) [121–
124] and most of them map to the central NOD
encoded by exon 3, with a few in LRR. The mu-
tations that cause abnormal activation of NLRP3
are thought to contribute to theCryopyrin/NALP3-
associated periodic syndromes (CAPS) [124,125],
which feature skin rashes and prolonged episodes of
fever without apparent infection [126]. The mecha-
nism by which the CAPS mutations cause diseases
is poorly understood. In vitro studies showed that
the disease-associated mutations enhance caspase-1
activation and IL-1β secretion [127], and mononu-
clear cells from CAPS patients spontaneously se-
crete IL-1β and IL-18 [128], suggesting that these
mutations generate a gain-of-function effect. Struc-
tural modeling of NLRP3 structure usingNLRC4 as
a template provides tantalizing clues to some of the
disease-associated mutations.

Several different programs predict a strikingly
similar structure for human NLRP3 with LRR re-
moved (Fig. 10). As anticipated, most of the mu-
tations map to NBD, HD1, and WHD, with a few
in HD2. Many of the NLRP3 disease-associated
mutations with high incidence are located at or
close to the interface between NBD and WHD
or HD2. These interface mutations likely disrupt
auto-inhibition of NLRP3 by destabilizing the in-
teractions among the subdomains. For example, the
recurring mutation R260W that leads to inflam-
masome hyper-activation and consequently Th17-
dominant inflammation in autoinflammatory dis-
eases [129] affects Arg260, which is predicted to in-
teractwith residues fromWHD.MutationofArg260
to the hydrophobic and bulky Trp is expected to dis-
turb the NBD-WHD interaction, consequently ac-
tivating NLRP3. Phe525 is located close to His522
(equivalent to His443 in Nlrc4), and the mutation
F525Lmay cause local conformational changes that
indirectly affect the interaction betweenADP and its
putative sensor His522 in NLRP3.

In addition to the interface mutations, there are
a number of mutations that target the buried amino
acids (Fig. 10). These buried mutations mostly map
to the NBD, WHD and HD2 domains, and are pre-
dicted to perturb structural stability, thus attenuat-
ing inter-domain interactions and contributing to
activation. Previous studies suggest that the gain-of-
function mutations in mammalian and plant NLR
proteins can be attributed to impairment of ATP
hydrolysis in the mutant proteins [130,131]. Fi-
nally, a number of mutations map to the surface of
NLRP3 (Fig. 10). These surface mutations may af-
fect interactions with other proteins or block the
oligomerization interface that is required for inflam-
masome formation. Although further biochemical
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characterization of the disease-associated mutations
is needed, this analysis strongly suggests that at
least some mutations directly lead to relief of auto-
inhibition and the constitutive activation ofNLRP3,
yielding uncontrolled production of IL-1β and
IL-18.

PERSPECTIVE
Our understanding on the assembly of apoptosome
and inflammasomes is far fromcomplete. At present,
the apoptosome complex involving Apaf-1, Dark or
CED-4has been successfully reconstituted using ho-
mogeneous recombinant proteins. The in vitro re-
constitution of specific apoptosomes represents the
first essential step inunderstanding the structure and
functional mechanism of the apoptosomes. Kinetics
and the regulation of the apoptosome assembly are
only beginning to be investigated. The differential
role of ATP/dATP in the assembly of various apop-
tosomes is yet to be scrutinized.The structure of the
apoptosomes at an atomic resolution is expected to
reveal critical insights into the assembly and mecha-
nisms of the various apoptosomes. By sharp contrast
to apoptosome, we have little understanding on the
assembly of the inflammasomes.

Available experimental evidence suggests a
common set of principles for the assembly of
apoptosome and inflammasomes (Fig. 11). In the
resting state, the scaffold protein—Apaf-1, Dark,
or NLR—exists in an ADP-bound, auto-inhibited
conformation. Such a closed conformation is
maintained through extensive inter-domain in-
teractions and stabilized by ADP. The binding of
the activating ligand—cytochrome c for Apaf-1
and PAMP/DAMP for NLR—to the carboxyl-
terminal ligand-sensing domain results in partial
relief of auto-inhibition. Subsequently, the bound
ADP is replaced by ATP, which triggers a major
structural rearrangement to allow formation of the
oligomeric apoptosome or inflammasome. It should
be stated that, despite strong suspicion, nucleotide
exchange has yet to be demonstrated for NLRs in
the formation of inflammasomes.

By contrast to the central focus on the as-
sembly of apoptosome and inflammasomes, little
is known about the disassembly of such caspase-
activating complexes—whether they can be disas-
sembled, and if so, how disassembly is regulated.
The fact that Apaf-1 exhibits a low level of ATPase
activity strongly suggests that ATP hydrolysis may
occur within the apoptosome, which could lead to

Figure 11. A general model for the assembly and disassembly of caspase-activating apoptosomes or inflammasomes. In
the resting state, the scaffolding protein—Apaf-1 or NLR, exists in the ADP-bound, auto-inhibited state. Auto-inhibition is
achieved by ADP-facilitated inter-domain interactions among NBD/HD1/WHD and incorrect positioning of the ligand-sensing
domain (which impedes structural rearrangement required by oligomerization). Binding of the activating ligand results in con-
formational changes in the ligand-sensing domain (WD40 repeats in Apaf-1 and LRR in NLRs), lowering the barrier for further
structural rearrangement. Replacement of ADP by ATP requires major structural rearrangement among NBD/HD1/WHD/HD2.
Such rearrangement leads to the formation of an apoptosome or inflammasome. We speculate that ATP hydrolysis, or bind-
ing to a disassembly factor, may cause the disassembly of the apoptosome or inflammasome. The assembled apoptosome or
inflammasome recruits the initiator caspase or additional adaptor proteins (ASC).
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its disassembly (Fig. 11). There is a distinct pos-
sibility that ATP hydrolysis might be a general
mechanism for the disassembly of apoptosome and
inflammasomes.

Thepredominant purpose for the assembly of the
multimeric apoptosome or inflammasome is to ac-
tivate the initiator or inflammatory caspases, which
are synthesized as inactive zymogens in the cell.
Understanding the activation mechanism of initia-
tor or inflammatory caspases requires comprehen-
sive structural information and rigorous structure-
guided biochemical characterization. Despite in-
tense investigation of the past decade, there is
only limited structural data on the apoptosome and
scant information on the inflammasomes. As such,
the detailed activation mechanism has yet to be
convincingly elucidated for any initiator or inflam-
matory caspase. What we understand today may
amount to the gross approximation of the hidden
fact. This seemingly grim scenario embodies ample
opportunity for research discoveries for many years
to come.
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