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ABSTRACT: Apoptosome assembly is highly regulated in the
intrinsic cell death pathway. To better understand this step, we
created an improved model of the human apoptosome using a
crystal structure of full length Apaf-1 and a single particle,
electron density map at ~9.5 A resolution. The apoptosome
model includes N-terminal domains of Apaf-1, cognate S-
propellers, and cytochrome c. A direct comparison of Apaf-1 in
the apoptosome and as a monomer reveals conformational
changes that occur during the first two steps of assembly. This
includes an induced-fit mechanism for cytochrome ¢ binding to
regulatory f-propellers, which is dependent on shape and
charge complementarity, and a large rotation of the nucleotide

binding module during nucleotide exchange. These linked conformational changes create an extended Apaf-1 monomer and
drive apoptosome assembly. Moreover, the N-terminal CARD in the inactive Apaf-1 monomer is not shielded from other
proteins by S-propellers. Hence, the Apaf-1 CARD may be free to interact with a procaspase-9 CARD either before or during
apoptosome assembly. Irrespective of the timing, the end product of assembly is a holo-apoptosome with an acentric CARD—
CARD disk and tethered pc-9 catalytic domains. Subsequent activation of pc-9 leads to a proteolytic cascade and cell death.

he intrinsic death pathway in metazoans is responsible for
terminating infected or inappropriately dividing cells and
also removes superfluous or damaged cells during development,
tissue homeostasis, stroke, and neurodegeneration.l_5 In
humans, apoptosis protease activating factor 1 (Apaf-1) resides
in the cytoplasm of healthy cells in an inactive conformation.%’
Pro-death signals result in the release of cytochrome ¢ from
binding sites on the inner mitochondrial membrane that
contain cardiolipin molecules.® Cytochrome ¢ transits to the
cytosol upon permeabilization of the mitochondrial membrane’
and interacts with Apaf-1, which triggers nucleotide exchange
and apoptosome assembly.*”'°"'? For Apaf-1, either dATP or
ATP can be used during assembly,'®"*™"* but the concen-
tration of the latter NTP is much higher in cells and thus may
be more important.'®
The apoptosome is a heptameric platform that binds and
activates procaspase-9 (pc-9) to form the holo-apopto-
some.'” "> The resulting holo-apoptosome is an asymmetric
proteolysis machine, which contains a disk comprised of Apaf-1
and pc-9 CARD:s that sits on top of the platform in an acentric
position.'”*® The active apoptosome cleaves procaspase-3 and
-7 dimers to start a proteolytic cascade that results in cell
death.>'~>* Two models have been considered for pc-9
activation. In one model, pc-9 monomers bind to the
apoptosome via CARD—CARD interactions, and subsequent
dimerization of the zymogens results in activation.”>*>™>” In a
second model, pc-9 catalytic domains bind to a site on the
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apoptosome and become activated in a process that may
require either dimers or monomers.>%*>28 Importantly, both
models require a high local concentration of pc-9 molecules in
the vicinity of the platform to trigger activation.

A crystal structure was recently determined for the C. elegans
apoptosome,” and models have been obtained by single
particle electron cryo-microscopy for Drosophila and human
apoptosomes.'”*® To provide a better understanding of
apoptosome structure and assembly, we have modeled the
human complex using a recent crystal structure of full length
mouse Apaf-1,%° cytochrome ¢, and a previous electron density
map of the apoptosome at ~9.5 A resolution.'” We then
compared structures of ADP and ATP bound conformations of
Apaf-1 to highlight changes that occur during assembly. We
find that the 7-blade S-propeller undergoes a large rotation to
clamp cytochrome ¢ between two fB-propellers in the regulatory
region. This previously unsuspected conformational change
may alter the dynamics of Apaf-1, so that ADP can be
exchanged for ATP at the other end of the monomer. Thus, a
large rotation of the nucleotide binding domain (NBD) and
helix domain 1 (HD1) may occur in a concerted manner during
cytochrome ¢ binding to promote nucleotide exchange. In the
absence of pc-9, Apaf-1 conformational changes drive the
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Figure 1. An improved model of the human apoptosome. (A) Top and bottom views are shown of the human apoptosome docked within the
electron density at ~9.5 A resolution. Domains of Apaf-1 are color-coded as indicated. Cytochrome ¢ is bound between two f-propellers in the
regulatory region. (B) The Apaf-1 model is shown in two views, docked within segmented electron density for a single subunit. (C) The fit of 7- and
8-blade f-propellers is shown within electron density from the regulatory region. At a higher threshold individual 4-stranded blades of the two f-
propellers are visible in the density map (not shown) (D) Cytochrome ¢ docking between two f-propellers is shown in top and side views. Extra
density that may arise from the 38 loop is indicated with an asterisk. An additional spur of density on cytochrome ¢ is marked with a black circle. This
density may indicate an alternative position for the short N-terminal helix of bound cytochrome c.

assembly of a wheel-like platform with disordered CARD:s.
However, the Apaf-1 CARD may be accessible in the monomer
and thus could interact with a pc-9 CARD, either before or
during assembly. Multiple CARD—CARD interactions would
then create an acentric disk that converts the apoptosome to an
asymmetric proteolysis machine.

B MATERIALS AND METHODS

To create an improved model of the apoptosome, we used an
electron density map from our previous study with an estimated
resolution of ~9.5 A (EMDB 5186)," along with crystal
structures of a full length mouse Apaf-1 (pdb id: 3SFZ),** a
truncated human Apaf-1-391 (pdb id: 1Z6T)," and oxidized
bovine cytochrome ¢ (pdb id: 2B4Z). We started with an
existing rigid body model of the human apoptosome (pdb id:
31ZA) that has two generic f-propellers. In addition, the
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apoptosome model deposited in the PDB did not contain
cytochrome ¢ due to uncertainties in the docking of this small
heme protein within the regulatory region in the presence of
generic f-propellers.

First, we segmented a monomer density from the
apoptosome map using the Chimera Segment Map tool.*! To
this end, we zoned around the docked rigid body model of
Apaf-1 containing the NBD, HDI, winged helix domain
(WHD), helix domain 2 (HD2), two generic f-propellers,
and a roughly docked cytochrome c. We then created human
versions of the Apaf-1 f-propellers with MODELER using
mouse f-propellers as templates.>> These domains, with the
exception of cytochrome c, were then flexibly docked within the
monomer density using Rosetta.’® In this step, cognate f-
propellers moved into density and individual helices within the
N-terminal half of Apaf-1 also achieved a better fit. Two large
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Figure 2. Shape and charge complimentarity are present between f-propellers and cytochrome c in the apoptosome. (A) An electrostatic surface
representation is shown for the Apaf-1 monomer, as viewed from above the V-shaped groove between the f-propellers. The regulatory region is
highly acidic (shown in red). The linear color scale was set from —7 to 7 kcal/mol. (B) Cytochrome c is shown bound in the V-shaped groove of the
regulatory f3-propellers. Note that there is a strong charge complementarity between cytochrome ¢ and the V-shaped groove. (C) A side view is
shown of the V-shaped groove. (D) A similar view to that in panel C is shown, with bound cytochrome c. (E) The electrostatic surface for the entire
human apoptosome is shown in top and bottom views to highlight the unusual charge distribution on the platform.

loops that were incomplete in the S-propellers (L788-E795;
E1170-T1175) were also created by MODELER and
subsequently refined with Rosetta.

The small size of cytochrome ¢ and its position between the
two f-propellers made this docking more challenging. We
roughly docked bovine cytochrome ¢ (pdb id: 2B4Z) into one
of the monomers’ empty densities and zoned around it within 9
A, making sure that any density attributable to the f-propellers
was excluded from this mini-map. Next we used Situs>* to find
the top solution for docking bovine cytochrome ¢ into the
segmented density. We then retrieved all PDBs identified as
cytochrome ¢ using the sequence of bovine heart cytochrome ¢
(UniProt number: P62894), within a default cutoff E-value of 1
X 1072 Each of the ~120 related structures was superimposed
onto the initial Situs fit and then fitted locally in the map using
Chimera®" The top 10 fits based on Chimera’s cross-
correlation coefficient were then manually inspected, and
2B47Z was selected as the best fit. Starting from different initial
positions for local fitting did not result in a higher cross-
correlation coefficient.

Finally, a complete apoptosome model with C7 symmetry
was generated with Moleman2*® and molecular contacts in the
model were evaluated using PDB validation software. Electro-
static potential surfaces were calculated using APBS.® All
figures were made by capturing images in Chimera,>" and
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subsequent assembly steps were carried out in Adobe

Photoshop.

B RESULTS

An Improved Model of the Human Apoptosome. A
3D map of the human apoptosome with an Apaf-1 CARD/pc-9
CARD disk was obtained previously at a nominal resolution of
~9.5 A, using single particle electron cryo-microscopy.'® This
resolution estimate was based on the quality of fit after rigid
body docking of the nucleotide oligomerization domain
(NOD) and HD2 arm, combined with an FSCO0.5 value of
~8.5 A, which overestimated the map resolution.’® However,
atomic structures for the Apaf-1 f-propellers, or closely related
templates, were not available for docking into the density. This
prevented us from accurately modeling the regulatory region
within the apoptosome and precluded a precise docking of
cytochrome ¢ between f-propellers. Together, the S-propellers
and cytochrome ¢ account for ~50% of the mass of the ground-
state apoptosome and represent 3 of the 7 ordered domains.

A recent crystal structure of full length mouse Apaf-1*°
allowed us to revisit these issues. Thus, we have now created an
improved model of the ground state apoptosome that includes
homology models of human p-propellers and bovine
cytochrome c. Top and bottom views of the final apoptosome
model are shown docked within the density map in Figure 1A.
The rmsd for Ca atoms within the NOD and HD2 arm is ~1.3
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A for a comparison between rigid and flexibly docked models
using all atoms and ligands. Flexible fitting by Rosetta also
improved the overall fit within the low pass filtered map (9.5 A
resolution), with a cross-correlation value of 0.939 relative to
the rigid body model (0.901).

The quality of the new model in the regulatory region can be
seen in a close-up of an Apaf-1 subunit excised from the 3D
map (Figure 1B, left and right panels). Individual 7- and 8-
blade B-propellers and their linkers are in good density in the
regulatory region. The fit was accurate enough to obtain the
correct rotational register between p-propellers while main-
taining the connectivity of linkers between these domains
(Figure 1B,C). However, the novel linker that connects helix
a32 of the HD2 arm with the 7- and 8-blade S-propellers
remains problematic. Rosetta extended a small helical region in
this linker into a full d-strand on the last blade of the 7-blade
propeller, and the polypeptide chain then crossed over to form
the a-strand of the N-terminal blade of the 8-blade propeller.*°
On the basis of the density map, it is likely that this linker may
also form a larger loop between helix @32 in HD2 and the d-
strand of the 7-blade propeller. This possibility is indicated by
the presence of density for an a32 loop extension that was too
fragmented for modeling due to flexibility (Figure 1B,C). The
absolute registration of these linker residues with respect to
other residues in the map may not be correct, since the map
does not have sufficient distinctive features to allow an accurate
modeling.

Although loop modeling is only approximate, we found that
two extended loops in Apaf-1f-propellers may play important
roles in the assembled apoptosome. These loops were partly
disordered in the crystal structure.*® First, a long loop that
connects the d-strand of blade 4 with the a-strand of blade 5 in
the 7-blade propeller (f7 loop, Figure 1B,D) appears to bend
back toward the Y-shaped regulatory region and may interact
with cytochrome c. Second, a long loop that connects the d-
strand of blade 6 with the a-strand of blade 7- in the 8-blade
propeller (38 loop) bends toward the HD2 arm. There is extra
density at the base of the V-shaped groove between pJ-
propellers and cytochrome ¢. The 8 loop is long enough to
contribute to this feature (unfilled density marked with an
asterisk in Figure 1D, right panel).

Once density in the regulatory region was assigned to f-
propellers, we docked cytochrome ¢ between the S-propellers
with Situs (Figures 1C,D and 2). In particular, this docking
placed the longest helix of cytochrome ¢ in a prominent
tubelike density running between the two f-propellers. There
are a number of notable features concerning interactions
between cytochrome ¢ and the S-propellers. First, cytochrome ¢
interacts strongly with both f-propellers. Second, the heme
group is buried in the interface between cytochrome ¢ and the
7-blade propeller and is not very solvent exposed, consistent
with earlier measurements.'* Third, numerous basic residues of
cytochrome c are present in or near the two interfaces with the
P-propellers, including lysine residues 7, 8, 13, 25, 27, 72, 73,
and 86—88.%” Fourth, the calculated electrostatic potential of
cytochrome c is positive, with the highest potential centered on
the heme edge facing the two fS-propellers, while the V-shaped
groove between f-propellers has an electronegative potential
(Figure 2). Finally, the short N-terminal helix of cytochrome ¢
may rotate into a new position when bound to the regulatory
region (extra density marked with a dot, Figure 1D, right).
However, we did not model this reorientation. We surmise that

2322

both shape and charge complementarity may play important
roles in cytochrome ¢ binding to the regulatory f-propellers.

We also determined the overall charge distribution on the
apoptosome (excluding the CARDs which are disordered in the
ground state).'”” The pattern is quite striking with top and
bottom surfaces of the central hub being rather neutral, while -
propellers and the bottom surfaces of the HD2 arm and WHD
are electronegative (Figure 2E, top and bottom views). While
cytochrome ¢ binding partly neutralizes the rather negatively
charged regulatory region, large negative patches remain on the
bottom of the platform, and this is accentuated by the 7-fold
symmetry. Possible biological roles for these strongly negative
regions remain to be determined. However, the negative
patches could mediate interactions with basic binding sites,
including positively charged phospholipid head groups on
membrane surfaces. It must also be noted that the charge
distribution on the underside of the Apaf-1 apoptosome differs
significantly from that shown for the CED-4 apoptosome (see
ref 29). Given this discrepancy, we recalculated the charge
distribution on the CED-4 apoptosome and found that it too is
very electronegative, as suggested by its acidic isoelectric point
(not shown). Low calculated PIs for WHD, HD2, and -
propellers of Dark suggest that the fly apoptosome will also
have a strongly negative lower surface. Hence, all apoptosomes
may share this striking property.

Apaf-1 Conformational Changes during Assembly. An
improved model of the human apoptosome and two crystal
structures of the Apaf-1 monomer'>> allowed us to investigate
conformational changes that occur during assembly. To this
end, we created a chimeric Apaf-1 monomer with bound ADP,
a CARD, and a disordered CARD-NBD linker, by super-
imposing Apaf-1-591 which contains an N-terminal CARD'
with mouse Apaf-1 in which the CARD was disordered (Figure
3, left).>® We compared the Apaf-1 monomer with ADP to the
extended conformation with bound ATP in the apoptosome
(Figure 3, right), by aligning the two molecules on the central
WHD-HD2 module. In this alignment, major conformational
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Figure 3. Closed and open conformations of the Apaf-1 subunit. A
closed Apaf-1 conformation with bound ADP and an ordered CARD is
shown on the left, while an open form of the molecule with bound
ATP is shown on the right. A disordered CARD in the assembled
conformation of Apaf-1 is not shown. The two Apaf-1 conformations
have been aligned on the relatively rigid WHD—HD?2 module, which is
in the plane of the figure.
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changes involve large rotations and translations of domains
located at either end of the central WHD—HD2 module.

The rationale for using the crystal structure of full length
mouse Apaf-1 as a model for the inactive, ADP conformation is
as follows. First, the conformation of the NBD—HD1—-WHD
region with a buried ADP molecule is nearly identical in crystal
structures of human and mouse Apaf-1.'"*° Second, the
WHD—-HD?2 interface in the central module is extensive and
appears to be rather rigid. Third, the interface between the
HD?2 arm and 8-blade f-propeller is similar in the mouse Apaf-
1 crystal structure and in the apoptosome, while the 7-blade -
propeller is in a very different orientation in these two Apaf-1
conformations (see below).

Previous studies have shown that truncated Apaf-1 without
B-propellers is constitutively active.">*® Hence, it was suggested
that S-propellers may regulate accessibility of the N-terminal
CARD by shielding this domain from interactions with
procaspase-9. Based on our studies, the overall rigidity of the
central WHD—HD2 module would probably preclude the f-
propellers from directly interacting with the N-terminal CARD.
Hence, the regulatory activity of the f-propellers may derive
from indirect effects that block Apaf-1 assembly and pc-9
activation.>

Since cytochrome c triggers assembly, we start with changes
in the regulatory region induced by activator binding.
Remarkably, only a small translation and rotation of the 8-
blade J-propeller occurs relative to the HD2 arm when
cytochrome ¢ is bound. However, the 7-blade p-propeller
undergoes a large twisting motion that brings the inside face of
the propeller into proper alignment to form a V-shaped groove,
with cytochrome ¢ clamped between the two J-propellers
(Figure 4A). Thus, cytochrome ¢ binding occurs by an induced-
fit mechanism that creates the proper binding groove in the
regulatory region. The large rotation of the 7-blade B-propeller
breaks three salt bridges to HD2 and the NBD that are present
in the ADP bound conformation of Apaf-1.*

At the N-terminal end of Apaf-1, nucleotide exchange leads
to a major reorganization of the NBD—HD1 module, relative to
the WHD—HD?2 arm, when ADP is replaced by ATP. The
NBD-HD1 rearrangement is complicated and can be
described in two parts. First, the nucleotide binding module
rotates ~180° about the HD1—WHD interface, and during this
process, the HD1—WHD loop flips about 60° to interact with
ATP (Figure 4B,C)."”*° The HDI1 also rotates about 10°
relative to the NBD. These large movements disrupt a salt
bridge between His438 in the WHD and the S-phosphate of
ADP during nucleotide exchange.">*** In addition, Arg265
(sensor I) may play a role in nucleotide exchange as this basic
side chain appears to stabilize a triad of carboxyl side chains
comprised of Asp244, -392, and -439 in the ADP bound
conformation of Apaf-1.°° While we do not have a high
resolution view of Apaf-1 with bound ATP, the nucleotide
pocket and HD1—-WHD loop are similar in CED4. Equivalent
arginine residues in the lateral dimer assembly intermediate and
the CED4 apoptosome interact with the y-phosphate of
ATP. 240 Hence, a rearrangement of the sensor I arginine
could favor large conformational changes that occur at the N-
terminal end of Apaf-1. Indeed, the inhibitory effect of Ca®"
ions on Apaf-1 assembly could be due to cation binding to
carboxyl groups in the triad, thereby locking the molecule in the
ADP bound form.*' Helix a8 also moves laterally relative to the
NBD to help form the subunit interface in the apoptosome,
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Figure 4. Conformational changes of Apaf-1 during apoptosome
assembly. (A) The 7-blade f-propeller twists about 45° toward the
reader to form the V-shaped groove, while clamping cytochrome ¢ in
the regulatory region. Molecules in the two views have been aligned on
the HD2 arm. (B) The NBD—HD1 module in the NOD undergoes a
large rotation about the HD1-WHD interface during nucleotide
exchange and assembly. The direction of view is roughly from above
the top surface of the apoptosome. The two views have been aligned
on the WHD—HD2 module. (C) A reverse view is shown of the
NOD-HD?2 region that clearly indicates the rearrangement of the
HD1-WHD loop. During this large rotation, the HD1-WHD loop
also flips ~60° to interact with bound ATP.

while helices @12 and a13 are positioned to form a picket fence
that encircles the central pore during ring assembly."

Based on our studies, apoptosome assembly requires two
major conformational changes that occur at either end of the
Apaf-1 molecule in response to cytochrome ¢ binding and
nucleotide exchange (summarized in Figure SA). However,
large scale rotation of the 7-blade S-propeller in the presence of
cytochrome c results in a significant clash of this domain with
the NBD which causes the two domains to interpenetrate
(Figure SB,C). Thus, disruption of salt bridges between the 7-
blade f-propeller, HD2, and NBD may predispose the NBD—
HD1 module to become more flexible, when coupled with
changes in the interface between the 8-blade B-propeller and
HD2 arm, and a small flexure of the WHD—HD2 arm. This
flexibility may allow the two major conformational changes to
occur in a concerted fashion, such that a major clash is avoided.

dx.doi.org/10.1021/bi301721g | Biochemistry 2013, 52, 2319-2327
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Apaf-1/ADP

nucleotide
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Figure S. A large clash occurs between the 7-blade f-propeller and the NBD in a simple stepwise reorganization of domains located at either end of
the Apaf-1 monomer, during cytochrome ¢ binding and nucleotide exchange. (A) Conformations of Apaf-1 are shown in the ADP and ATP bound
forms. Cytochrome c¢ binding and nucleotide exchange lead to conformational changes at either end of the molecule that promote assembly. (B)
Conformational changes must occur in a concerted fashion to avoid a steric clash between the 7-blade f-propeller and NBD (see dashed oval) that
would occur upon cytochrome ¢ binding. (C) The potential steric clash is shown in a view rotated clockwise by 60° about the arrow indicated.

B DISCUSSION

Implications for Apaf-1 Function, Apoptosome
Assembly, and pc-9 Activation. Apaf-1 assembly is a critical
precondition for pc-9 activation in programmed cell death.**
Intriguingly, apoptosomes are localized in the proximity of
mitochondria ~2 h after induction of cell death in rat pituitary
cells and interactions with pc-9 are enhanced.*” However, Apaf-
1 may also have a pro-survival role in which centrosome
maturation is regulated.” We have shown that Apaf-1
monomers and apoptosomes have an unusual charge
distribution with large electronegative surface patches dis-
tributed over the WHD, HD2, and fS-propellers. This property
may be used to target Apaf-1 to nascent centrosomes™ or to
recruit apoptosomes to mitochondria.*”

Apoptosome assembly and procaspase activation are
regulated quite differently in three benchmark metazoans,
including humans, flies, and worms.** In humans, Apaf-1 is
present in healthy cells as an inactive monomer with bound
ADP. This conformer of Apaf-1 must bind cytochrome ¢ to
initiate platform assembly and pc-9 activation (Figure 6). At
this point, there is no obvious structural “trigger” that may
couple cytochrome ¢ binding on one end of the Apaf-1
molecule to nucleotide exchange at the other end. Instead, a
series of small changes occur in the interface between the 7-
blade S-propeller and NBD/HD2 that may alter the dynamics
of Apaf-1 domains so that nucleotide exchange can occur more
readily. Indeed, a general loosening of the NBD—HD1-WHD
domains must occur for deeply buried ADP to exchange."

The Apaf-1 monomer with bound cytochrome ¢ and ATP/
dATP is in a more extended conformation that can form lateral
intersubunit contacts during apoptosome assembly. Thus,
rotation of the NBD—HDI module frees up important
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interface surfaces in the NBD so that the innermost ring of
NBDs can assemble, with @l2—al3 helix pairs forming a
cylindrical picket fence which encircles the central pore.
Movements of the nucleotide binding module (NBD—HD1)
also position HD1 to interact with the WHD of an adjacent
subunit. The HDI-WHD interaction allows formation of a
second ring which encircles the central NBD ring to stabilize
the hub. In addition, rotation of the 7-blade S-propeller during
cytochrome ¢ binding creates the V-shaped regulatory region
that extends from the central hub via the HD2 arm (Figure 6,
top right). Hence, cytochrome ¢ binding appears to proceed via
an induced fit mechanism.

In the absence of pc-9, cytochrome ¢ and ATP/dATP bind to
Apaf-1 to initiate assembly of the ground state apoptosome in
which CARD:s are flexibly tethered via CARD—NBD linkers to
the platform.'”** Since the CARD—NBD linker is disordered in
the ADP bound conformation of Apaf-1 and the CARD is
exposed,'® an Apaf-1 monomer may interact with pc-9 through
homotypic CARD—CARD interactions, either before or during
assembly (Figure 6, top). In fact, pc-9 promotes nucleotide
exchange and pc-9 activation."”> However, an interaction
between Apaf-1 and pc-9 monomers would not be sufficient
to activate pc-9 in the absence of platform assembly.

The end product of Apaf-1 and pc-9 coassembly is an
asymmetric proteolytic machine containing activated pc-9. In
this complex, the CARD—CARD disk is acentrically positioned
on the heptameric platform (Figure 6, bottom).* Currently,
the structure of this disklike feature remains mysterious.
However, CARDs are members of the Death Domain
superfamily of 6-helix bundle proteins that form activation
platforms, in which interacting DD pairs form short helical
stacks or lock washer like disks.**™*® Thus, a disk comprised of

dx.doi.org/10.1021/bi301721g | Biochemistry 2013, 52, 2319-2327
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Apaf-1 monomer (ADP)
[inactive]

holo-apoptosome

nucleotide
exchange

Apaf-1 (ATP)
[assembly competent]
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Figure 6. Apaf-1 assembly and formation of the holo-apoptosome. A composite model is shown for apoptosome assembly and pc-9 activation that
incorporates known structures and interactions in the pathway (see text for details). Linkers play important roles and are indicated with dashed lines.
Since the Apaf-1 CARD is accessible, it may form a complex with pc-9 either before or during apoptosome assembly, resulting in the formation of a
holo-apoptosome with an acentric CARD—CARD disk (shown as a magenta surface). This disk is probably larger in diameter but its size may have

been reduced due to a limited flexibility. The model for the holo-apoptosome is a composite derived from two recently determined structures.

19,20 5

pc-9 catalytic domain comprised of p20/p10 subunits is shown as a gold surface bound to an NBD in the central hub.

Apaf-1 and pc-9 CARDs may not follow the cylindrical
symmetry of the apoptosome. In fact, the disk has an
asymmetric and somewhat tilted structure in 3D maps of
apoptosomes with pc-9 or pc-9 CARDs that are calculated
without imposing 7-fold rotational symmetry.** Critically the
CARD—CARD disk serves to anchor pc-9 catalytic domains in
close proximity to the platform. The acentric orientation and
size of the disk may block possible binding sites for pc-9
catalytic domains on the central hub. In this model, an acentric
CARD—CARD disk would serve as a spatial filter that blocks
many of the potential binding sits on the central hub, leaving
only one site available to bind and activate pc-9 (Figure 6,
bottom).*#*

B CONCLUSIONS

We have provided a greatly improved 3D model of the human
apoptosome that contains the N-terminal NOD, HD2, cognate
P-propellers, and cytochrome c¢. This model allowed us to
describe conformational changes in Apaf-1. In particular,
cytochrome ¢ binding to regulatory f-propellers is probably
guided by an induced-fit mechanism and charge complemen-
tarity."* These conformational changes lead to nucleotide
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exchange and formation of a more extended Apaf-1 monomer
that is competent to assemble. Strikingly, Apaf-1 may
coassemble in the presence of pc-9 to form a functional holo-
apoptosome.'® Further studies are needed to reveal platform
and CARD—CARD disk assembly at higher resolution and to
clarify the mechanism of pc-9 activation.

B ASSOCIATED CONTENT

Accession Codes

Coordinates for the revised human apoptosome model have
been deposited in the Protein Data Bank (pdb code: 3]J2T).
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Apaf-1, apoptosis protease activation factor 1; pc-9, procaspase-
9; CARD, caspase activation and recruitment domain; NOD,
nucleotide oligomerization domain; NBD, nucleotide binding
domain; HD1, helical domain 1; WHD, winged helix domain;
HD2, helical domain 2; ATP, adenosine triphosphate; ADP,
adenosine diphosphate.
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