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a one-to-one correspondence between

the functional readout (i.e., binding

competent versus binding incom-

petent), the degree of structure, and/or

the effect of phosphorylation of any states

within the ensemble. For the example

shown (Figures 1C and 1D), both

expanded and compact states

are stabilized, and not all stabilized states

bind ligand. If this is the case, the average

properties of the ensemble provide very

little mechanistic insight about the

component species (Figure 1E). Insight

can be gained, however, if we know the

important conformational states, their af-

finity for ligand, and their degree of stabi-

lization by phosphorylation.

Will this ensemble model of phos-

phorylation reveal the underlying orga-

nizing principles for how phosphorylation

affects ID proteins? Will this model

be applicable to other post-translational

modifications? The existence of orga-

nizing principles in ID sequences that

are determined by charge and chemical

properties is now well established (Das

and Pappu, 2013). Can the ensemble

model help in understanding how these
sequences interact with other ID pro-

teins and RNA? Are certain states in the

ensemble responsible for the phase-

transition behavior observed in many ID

proteins (Brangwynne et al., 2015), a

behavior that has even been shown to

be modulated by phosphorylation (Wang

et al., 2014)? The answers to these ques-

tions are presently unknown. However,

with the rapidly growing number of

cases where post-translational modi-

fication are known to modulate func-

tional properties of disorder, this topic

will likely be a dominant feature in future

studies.
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While earlier studies of Apaf-1 holo-apoptosome architecture revealed the spectacular heptameric wheel-
like structure formed by Apaf-1, the central CARD disk responsible for caspase-9 recruitment remained
incompletely resolved. In a recent issue of Structure, Su et al. (2017) describe a crystal structure of the com-
plex between Apaf-1 CARD and caspase-9 CARD. Together with two recent cryo-EM structures, this work
brings us closer to a full view of the holo-apoptosome.
The human apoptosome is the central

platform for caspase-9 activation in

response to mitochondrial damage and

cytochrome c release in the intrinsic

apoptosis pathway, which is critically

important for embryonic development

and the maintenance of cellular homeo-

stasis. The human holo-apoptosome

contains Apaf-1, cytochrome c, and cas-
pase-9 (Figure 1A), and previous cryo-

EM structures have established that

the nucleotide-binding oligomerization

domain (NOD) of Apaf-1 mediates hepta-

meric oligomerization, while its trypto-

phan-aspartic acid (WD40) domain inter-

acts with cytochrome c (Yuan and Akey,

2013) (Figure 1B). However, understand-

ing how its caspase recruitment domain
(CARD) brings in caspase-9 via CARD/

CARD interactions to form the holo-apop-

tosome remained unclear, even in the

context of whatwe have learned on helical

oligomerization of the death domain (DD)-

fold family, of which CARD is a member

(Ferrao and Wu, 2012).

The helical oligomerization typically

involves three types of asymmetric
25, April 4, 2017 ª 2017 Elsevier Ltd. 575
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Figure 1. CARD Disk in the Apaf-1 Apoptosome
(A) Domain architectures of Apaf-1, caspase-9, and cytochrome c.
(B) Top view of the cryo-EM structure of the Apaf-1 apoptosome (PDB ID: 3JBT).
(C) Side view of the Apaf-1 holo-apoptosome showing the 4:4 Apaf-1:caspase-9 CARD disk above the heptameric wheel-like structure (PDB ID: 5JUY).
(D) A schematic of structurally captured steps in CARD disk assembly and activation of Apaf-1 holo-apoptosome.
(E) Superimposed type I, II, and III (for both Apaf-1:Apaf-1 and caspase-9:caspase-9) interactions between those in the crystal structure (PDB ID: 5WVC, Apaf-1 in
slate and caspase-9 in orange) and the cryo-EM structure (PDB ID: 5JUY, Apaf-1 in cyan and caspase-9 in yellow).
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interactions, type I, II, and III, which coop-

erate to generate homo- and hetero-olig-

omers from relatively small assemblies

to open-ended filaments. The first crystal

structure of the Apaf-1CARD/caspase-

9CARD complex revealed a 1:1 asymmetric

complex that uses type I interface (Qin

et al., 1999). However, cryo-EM structure

of the holo-apoptosome revealed an olig-

omeric CARD disk above the hepta-

meric apoptosome ring (reviewed in

Yuan and Akey, 2013), and the molar ratio

between Apaf-1 and caspase-9 was esti-

mated to be around 7:4 (Hu et al., 2014).

Moreover, another crystal structure of

the Apaf-1CARD/caspase-9CARD complex

presented a trimeric assembly contain-

ing 2 Apaf-1CARD and 1 caspase-9CARD,

assembled using all three types of inter-

faces (Hu et al., 2014). Extensive muta-

genesis further confirmed that all type I,

II, and III interfaces are crucial for

caspase-9 activation by the apopto-

some (Hu et al., 2014). Nonetheless, the

2:1 Apaf-1CARD/caspase-9CARD complex

structure is still too small to explain the
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size of the CARD disk, leaving the nature

of the CARD assembly unresolved.

In a recent issue of Structure, the Lin

group presented the crystal structure of

a 3:3 Apaf-1CARD/caspase-9CARD com-

plex (Su et al., 2017). Almost concurrently,

the Akey (Cheng et al., 2016) and Shi (Li

et al., 2017) groups reported two indepen-

dently determined cryo-EM structures of

the CARD disk in the context of the holo-

apoptosome (Figure 1C), which were

refined without imposing the seven-fold

symmetry and reached sufficient resolu-

tion to visualize a helices in the CARDs.

Collectively, these three studies reveal

a novel helical assembly of the CARD

disk involving a core 3:3 arrangement

with a final 4:3 or 4:4 Apaf-1CARD/cas-

pase-9CARD complex and implicate a

unique assembly pathway for the forma-

tion of the CARD disk (Figure 1D). First,

Apaf-1CARD does not oligomerize in the

absence of caspase-9CARD, as evidenced

by the presence of CARD disk density

only in the holo-apoptosome (Yuan and

Akey, 2013). The crystal structure and
the associated biochemical data clearly

established that in solution, Apaf-1CARD

and caspase-9CARD initially form a 1:1

complex, which at higher concentrations

is further oligomerized into a 3:3 complex

(Su et al., 2017) (Figure 1D). The 1:1 Apaf-

1CARD/caspase-9CARD complex, but not

the 3:3 oligomer, is stable at high salt

(Qin et al., 1999; Su et al., 2017), justifying

the lack of a higher-order structure in the

initial crystal obtained under 1.75M phos-

phate despite the high concentration

used in crystallization (Qin et al., 1999).

Second, given the ability of many DD-

fold proteins to form open-ended, hetero-

geneous oligomeric mixtures, it is surpris-

ing that the Apaf-1CARD/caspase-9CARD

complex stops oligomerizing at 3:3. The

Lin group argued that this is because the

complex assembles from the stable 1:1

Apaf-1CARD/caspase-9CARD ‘‘protomer,’’

and the helical rise per protomer is too

short, so that the 4th protomer would

clashwith the first protomer. The 3:3 com-

plex then forms the ‘‘open jump ring’’ or

‘‘split ring’’ architecture in the words of
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the authors (Su et al., 2017). A similar size

restriction mechanism dubbed ‘‘lock

washer’’ was seen in the tetrameric struc-

ture of the tandem CARD of RIG-I (Yin

et al., 2015). Third, the 3:3 complex

essentially represents the core of the

4:3 and 4:4 Apaf-1CARD/caspase-9CARD

CARD disk in the context of the holo-

apoptosome (Cheng et al., 2016; Li

et al., 2017). The 4th Apaf-1CARD is not

assembled as an Apaf-1CARD/caspase-

9CARD protomer, but is brought into the

CARD disk as a low affinity subunit at

the high Apaf-1 concentration in the

apoptosome (Figure 1D). Linkers con-

necting 4 Apaf-1 CARDs in the CARD

disk to their cognate Apaf-1 molecules

are partially visible (Cheng et al., 2016),

further demonstrating the correctness

of the composition. Similarly, the 4th cas-

pase-9CARD is observed only in some

holo-apoptsome cryo-EM maps, and

must also represent a low affinity subunit,

which is mediated by a type II interaction

with Apaf-1 and type I and III interactions

with other caspase-9CARD subunits in the

CARD disk (Figure 1D).

Although apoptosomes are found

from invertebrates to mammals in

response to death signals, structural

studies of the Dark apoptosome in

the fly D. melanogaster and the CED-4

apoptosome in the nematode C. elegans

revealed a double octameric wheel-like

structure and an octameric dome-like

structure, respectively (Yuan and Akey,

2013; Pang et al., 2015). While eight

versus seven subunits in these apopto-

somes may represent a certain degree

of divergence at their respective NODs,

the CARD disks may be much more

divergent among these complexes. In

the Dark apoptosome with the caspase

Dronc, the CARD disk contains eight pairs

of heterodimeric DarkCARD/DroncCARD

complexes assembled via the type II

interface located between the two octa-

meric wheels (Pang et al., 2015). In

the CED-4 apoptosome, a two-layered,

4-fold symmetric octameric CARD disk

is formed via type II interfaces between

the top and bottom layers (Yuan and

Akey, 2013), but the mode of recruit-

ment of CED-3 is currently unknown.

Despite the variable structural architec-

ture, the universal presence of the type

II interaction in Dark and CED-4, as

well as the observed type II interaction
in the PelleDD/TubeDD complex from

D. melanogaster, led the Lin group to pro-

pose that the type II interface may have

appeared first in the evolution of the DD-

fold family (Su et al., 2017); only in higher

organisms do true helical complexes us-

ing all three types of interactions become

more prevalent, as seen in almost every

signaling pathway in mammalian innate

immunity (Yin et al., 2015).

In the holo-apoptosome, recruitment of

caspase-9 may occur before oligomeriza-

tion in the CARD disk, which presumably

brings the caspase domain into prox-

imity for their dimerization and activation.

As pointed out by the Lin group, this sce-

nario is quite different from most of the

mammalian DD-fold complexes, in which

upon stimulation, the upstream DD-fold

protein can often form an oligomeric plat-

form before recruitment of the down-

stream DD-fold protein (Su et al., 2017).

In fact, unlike caspase-9, many of the

downstream DD-folds can oligomerize

on their own, for example, in the filaments

of caspase-1CARD (Lu et al., 2016), and

auto-inhibition of these proteins may be

required to keep spontaneous activation

at bay.

Although the 3:3 crystal structure repre-

sents the core of the 4:3 or 4:4 CARD disk

from the Apaf-1 holo-apoptosome, small

differences do exist in the exact molecu-

lar orientations that relate the pairs of

CARDs in the type I, II, and III interactions

(Figure 1E). This situation is reminiscent of

the filament structure of the GFP-fused

pyrin domain (PYD, a member of the

DD-fold family) of AIM2, in which the

GFP fusion may have tweaked the inter-

faces, leading to a different symmetry of

the filament, yet maintaining its apparent

stability and the ability to interact with

ASCPYD (Lu et al., 2015). This structural

plasticity may be intrinsic to DD-fold

assemblies and may facilitate gene-

duplication-mediated evolution from one

primordial interaction pair to other

interactions.

Structural elucidation of the CARD

disk of the holo-apoptosome also raises

additional questions. For example, it

remains controversial why Apaf-1 does

not use all seven CARDs to bind

caspase-9CARD,and where the remaining

Apaf-1 CARDs localize. The Shi group

found an additional 2:1 Apaf-1CARD/

caspase-9CARD complex that binds at
the periphery of the central heptameric

hub (Li et al., 2017), while the Akey group

found density at a similar location on

the central hub, which was better fit

by the catalytic domain of caspase-9,

with the caveat that this density was at

lower resolution (Cheng et al., 2016;

Yuan and Akey, 2013). It is tempting to

speculate that evolution of these systems

has taken a path of least resistance,

where assemblies that worked sufficiently

well were selected although they may not

have been the most efficient. A reduc-

tionist might reason that despite all the

different architectures in apoptosomes

and other molecular machines assembled

by DD-folds, the oligomeric scaffolds

all increase the local protein concentra-

tion to promote activation. In sum, these

studies suggest that DD-folds may

use diverse biophysical mechanisms to

achieve their biological functions. It is

therefore our job to dive deeper into DD-

folds and unravel not only additional

CARD tricks in apoptosomes, but also

processes used by other versatile molec-

ular machines of the DD-fold family.
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