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Three-Dimensional Structure of the
Apoptosome: Implications for Assembly,
Procaspase-9 Binding, and Activation

include chromatin degradation into nucleosomes and
organelle destruction (Budihardjo et al., 1999; Salvesen
and Dixit, 1997). These steps prepare apoptotic cells
for phagocytosis and result in the efficient recycling of
biochemical resources (Desagher and Martinou, 2000).
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In many cases, apoptotic signals are transmitted to700 Albany Street
mitochondria, which act as integrators of cell death be-Boston, Massachusetts 02118
cause both effector and regulatory molecules converge2 Howard Hughes Medical Institute and
at this organelle. Apoptosis mediated by mitochondriaDepartment of Biochemistry
requires the release of cytochrome c into the cytosolUniversity of Texas
(Liu et al., 1996; Goldstein et al., 2000) through a processSouthwestern Medical Center at Dallas
that may involve the formation of specific pores or rup-Dallas, Texas 75235
ture of the outer membrane (reviewed in Desagher and3 Howard Hughes Medical Institute and
Martinou, 2000; Budihardjo et al., 1999). CytochromeDepartment of Cell Biology
c binds to Apaf-1 and in the presence of dATP/ATPHarvard Medical School
promotes assembly of the apoptosome. This large pro-240 Longwood Avenue
tein complex then binds and activates procaspase-9Boston, Massachusetts 02115
(Srinivasula et al., 1998; Zou et al., 1997, 1999; Li et al.,4 Department of Cell Biology
1997; Hu et al., 1999). A nonhydrolyzable ATP analogWashington University School of Medicine
(ADP-CP) also promotes apoptosome formation. This660 South Euclid Avenue
suggests that assembly may be initiated by nucleotideSt. Louis, Missouri 63110
binding rather than hydrolysis (Jiang and Wang, 2000).
Procaspase-9 contains a caspase recruitment domain
(CARD) that is used to mediate specific interactions withSummary
the Apaf-1 CARD, which becomes exposed on the apo-
ptosome during assembly (Srinivasula et al., 1998; ZouThe apoptosome is an Apaf-1 cytochrome c complex
et al., 1999). The precise size, number of subunits, andthat activates procaspase-9. The three-dimensional
structure of the apoptosome are not known. In addition,structure of the apoptosome has been determined at
the mechanism of procaspase-9 activation on the apo-27 Å resolution, to reveal a wheel-like particle with
ptosome has not been determined (see Budihardjo et7-fold symmetry. Molecular modeling was used to
al., 1999). After cleavage, mature caspase-9 remainsidentify the caspase recruitment and WD40 domains
bound to the apoptosome where it is able to activatewithin the apoptosome and to infer likely positions
executioner caspases such as caspase-3 and -7 (Rodri-of the CED4 homology motif and cytochrome c. This
guez and Lazebnik, 1999).analysis suggests a plausible role for cytochrome c in

Apaf-1 is a multidomain protein comprised of anapoptosome assembly. In a subsequent structure, a
N-terminal CARD, a central CED4 homology motif thatnoncleavable mutant of procaspase-9 was localized
binds dATP/ATP, and 12 or 13 WD40 repeats in theto the central region of the apoptosome. This complex
C-terminal region (Zou et al., 1997, 1999; Li et al., 1997;promotes the efficient activation of procaspase-3.
Hu et al., 1998). The CED4 protein from C. elegans doesTherefore, the cleavage of procaspase-9 is not re-
not contain WD40 repeats, but oligomer formation isquired to form an active cell death complex.
required for apoptotic activity (Yang et al., 1998). A trun-
cated Apaf-1, in which the WD40 repeats have been

Introduction removed, no longer binds cytochrome c and is constitu-
tively active (Srinivasula et al., 1998; Hu et al., 1999).

Apoptosis is the dominant form of programmed cell Hence, the WD40 repeats may function as intramolecu-
death during embryonic development and normal tissue lar inhibitors of apoptosome assembly. This autoinhibi-
turnover. This death process may also occur as a cellular tion is overridden by cytochrome c which promotes as-
response to stress or pathogens (reviewed in Aravind sembly in the presence of dATP/ATP (Srinivasula et al.,
et al., 1999). In addition, apoptosis is upregulated in 1998; Hu et al., 1999; Jiang and Wang, 2000). The impor-
diseases such as AIDS, neurodegenerative disorders, tance of cytochrome c is highlighted in cell lines that lack
and ischemic stroke (Thompson, 1995), while it is down- this electron carrier. When grown under conditions that
regulated in certain cancers (Song and Steller, 1999; mitigate the loss of cytochrome c, these cells failed to
Salvesen and Dixit, 1997). In apoptosis, death signals form the apoptosome and failed to activate procaspase-9
are transduced by biochemical pathways to activate in response to proapoptotic stimuli (Li et al., 2000).
caspases, a group of proteases that utilize cysteine at In this work, the three-dimensional (3D) structure of
their active sites to cleave specific proteins at aspartate the apoptosome has been determined at 27 Å resolution.
residues (Song and Steller, 1999). The proteolysis of We also determined the structure of apoptosomes con-
these critical proteins then initiates cellular events that taining a noncleavable mutant of procaspase-9 and lo-

cated the zymogen binding site. These data suggest a
model for the role of cytochrome c in promoting assem-5 Correspondence: akey@med-biophm.bu.edu
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Figure 1. Structure Determination

(A) The apoptosome is a wheel-like particle at �50 Å resolution with seven spokes and a central hub.
(B) The distal region of the spoke has a pronounced Y shape at �35 Å resolution.
(C) At �27 Å resolution, the connectivity of the central hub is revealed due in part to the diminished contrast of the low spatial frequency
components. The maps in (A)–(C) are not CTF corrected. The scale bar is 100 Å.
(D) Fourier shell correlation curves were used to estimate the resolution in each of the 3D datasets with a conservative cutoff of 0.5.
(E) Nine projections are shown from the final 3D model. These views are paired with the corresponding class averages.

bly of the apoptosome and provide insights into the reference was used to calculate two intermediate struc-
tures with stepwise increases in resolution (Figures 1Bmechanism of procaspase-9 activation.
and 1C). A total of �3400 particles was then corrected
for the contrast transfer function and combined to giveResults
a final map with a resolution of �27 Å (Figure 1D). Projec-
tion pairs from the final 3D model and the correspondingStructure of the Apaf-1 Cytochrome C Complex
class averages are shown in Figure 1E. The 7-fold sym-The low abundance of human Apaf-1 led us to overex-
metry of the model was not imposed upon the classes,press the His-tagged protein in insect cells. For these
which reflect averages of individual particles aligned instudies, Apaf-1 with 13 WD40 repeats (1248 residues)
a similar orientation.was used because it is more active than the isoform

The apoptosome is a wheel-like particle with sevenwith 12 repeats (Srinivasula et al., 1998; Zou et al., 1999;
spokes that radiate from a central hub (Figures 1A–1C,Hu et al., 1999). Although the purified monomer is labile,
1E, and 2A), and has a calculated mass of �1 MDa. Inwe obtained efficient assembly of Apaf-1, cytochrome
Figure 2, the apoptosome is rotated about a horizontalc, and dATP to form a functional apoptosome (see later
axis (see arrow) to reveal different views of the complex.discussion and Figures 5A and 5B). Samples were pre-
The concave hub and the bent spokes combine to givepared for electron cryomicroscopy by plunge freezing,
the apoptosome a puckered shape (Figure 2D). The huband micrographs were recorded for image processing.
domain is connected to the Y domain by a bent arm. TheOur initial survey suggested that apoptosomes have
bend in the arm occurs at an “elbow” located proximal to7-fold rotational symmetry under the conditions used
the hub (see asterisk in Figure 2D). Each Y domain isfor in vitro assembly. Particles with 6-fold symmetry
comprised of two lobes with density between them (seewere also observed, but they represent a small percent-

age of the total population (�1%). Thus, we have used bridge, Figure 2B). By raising the threshold, we were
able to delineate a possible path for the Apaf-1 monomerapoptosomes with 7-fold symmetry to determine a low

resolution 3D map. within the apoptosome (see black line in Figure 2B).
Thus, each Apaf-1 molecule contributes a hub domain,Apoptosomes have an unusual aspect ratio (�270 �

70 Å) that produces low contrast in many particle views. an arm, and a Y domain to the apoptosome (Figures 2A
and 2B).Therefore, we collected images in three defocus groups

and first processed the most strongly defocused data Rotary shadowing experiments were carried out with
the apoptosome and Apaf-1 to confirm our model (Fig-to take advantage of the better signal-to-noise ratio.

The EMAN package (Ludtke et al., 1999) was used to ure 3). We found that apoptosomes were bound prefer-
entially to the mica to give bottom views that were bettercalculate a low resolution 3D model (Figure 1A). This
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Figure 2. Three-Dimensional Structure of the
Apoptosome

The final 3D structure of the apoptosome
from all CTF-corrected particles is shown as
a series of surface views that are related by
rotations about the horizontal arrow.
(A) The apoptosome is shown in a top view
along the 7-fold symmetry axis. Features of
interest are labeled, including the central hub,
the spoke, and the arm.
(B) Details of the spoke are evident in an
oblique top view. They include the Y domain
with two lobes that are marked large (L) and
small (S). A bridge is located between the two
lobes. By varying the threshold, we deline-
ated the most likely path for an Apaf-1 mono-
mer by tracing the regions with strongest
connectivity within the hub (see Y-shaped
black line).
(C) A side view of the apoptosome reveals
the unusual axial ratio of this particle. The
scale bar is 100 Å.
(D) An oblique bottom view shows the puck-
ered shape of the particle. The arms are bent
at an elbow (see asterisk) located proximal
to the hub.

preserved than top views (Figure 3A, compare panels are expected to form � propellers (see Smith et al., 1999).
In these domains, four � strands pack together to form a1–3 with 4). These images confirmed the 7-fold symme-

try of the particles and also showed a two-lobed archi- blade-like feature and multiple blades are then arranged
with a cyclic symmetry that corresponds to the numbertecture for each spoke, consistent with our 3D model.

However, we could not determine the handedness of of WD40 or Kelch repeats. Inspection of the apoptosome
suggests that each lobe within the Y domain is roughlythe apoptosome due in part to flattening effects. Experi-

ments with Apaf-1 monomers revealed two principal the right size and shape to be a � propeller. In addition,
conformations. These included Y-shaped molecules no other region of the apoptosome is big enough to
with a small globular domain located at the base of the accommodate the � propellers. We next placed � pro-
tail (Figure 3B, see panels 2, 3, 4, 7, and 8) and molecules pellers with five, six, seven, and eight blades into the two
with a compact shape (Figure 3B, e.g., panels 5, 11, and lobes of the Y. Although the thickness of a � propeller is
12). When combined with our 3D structure, the data similar within the WD40 and Kelch families, its diameter
suggest that Apaf-1 adopts a Y-like conformation within increases significantly with the addition of each blade.
the apoptosome. The possible significance of the com- We found that one lobe of the Y is markedly larger (Figure
pact monomers will be discussed later. 2B, marked L), and this region can accommodate a

seven-blade � propeller (Figures 4A and 4C), while the
smaller lobe (Figure 2B, marked S) is better fit with aDomain Architecture of Apaf-1 and Interactions
six-blade � propeller (Figures 4B and 4C). The �150with Cytochrome C
residues between the CED4 homology motif and theThe primary sequence of human Apaf-1 is readily di-
WD40 repeats, along with a linker of �50 residues be-vided into three major regions, including an N-terminal
tween WD40 repeats seven and eight, may form connec-CARD, a central CED4 homology motif, and a large
tions between the arm and the two � propellers. At thisC-terminal tract containing 12 or 13 WD40 repeats (Zou
stage, the limited resolution of the map and the lack ofet al., 1999; Figure 7A). To date, there are no high resolu-
high resolution structures for the Apaf-1 � propellerstion structures available for the Apaf-1 CED4 homology
prevent us from attaining a precise molecular docking.and WD40 domains. However, crystallographic struc-
However, the fit of the seven- and six-blade � propellerstures for the Apaf-1 CARD, cytochrome c, and a number
suggests that they face outwards away from the centerof WD40 and Kelch repeat domains are available. Hence,
of the Y domain with an angle of �90� between themwe tried to locate Apaf-1 sequence motifs and cyto-
(Figure 4C).chrome c within the framework of the apoptosome map.

Biochemical evidence suggests that cytochrome cIn this approach, high resolution domain structures were
may trigger apoptosome assembly by interacting withplaced within the 3D map using the graphics program
the WD40 repeats (Srinivasula et al., 1998; Hu et al.,“O” (Jones et al., 1991), to identify regions with a similar
1999). We noticed that the bridge region between thesize and shape.

We started with the 13 WD40 repeats because they lobes of the Y (Figure 2B) is left empty after placing the
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forms a bridge between the � propellers. At higher
thresholds, there is a dimple between the two � propel-
lers, and this feature is retained when cytochrome c is
docked in this fashion (Figure 4C). It may be possible
to place a second cytochrome c at the base of the Y;
however, this region may not accommodate the two
Apaf-1 linkers and cytochrome c. The small size of cyto-
chrome c would also allow it to be placed in other re-
gions of the spoke. However, cytochrome c would not
make contact with the WD40 repeats in these locations.
Higher resolution will be required to ascertain whether
there are one or two cytochrome c molecules per Apaf-1
in the apoptosome and to identify their orientation(s)
(Purring, et al., 1999).

The Apaf-1 CARD represents the active site for pro-
caspase-9 binding. We next placed the Apaf-1 CARD
(Qin et al., 1999) within the upper region of the hub
domain (Figures 4D and 4E). This assignment produces
a good fit and is supported by our identification of the
procaspase-9 binding site on the apoptosome (see next
section). In addition, we used the constraint that the
procaspase-9 CARD should not seriously clash with the
apoptosome when the procaspase-9/Apaf-1 CARD-
CARD structure is placed within the map.

Based on our analysis, the remaining CED4 homology
Figure 3. Rotary Shadowing of the Apoptosome and Apaf-1 motif must contribute to the hub domain, the arm, and
Monomers perhaps to the connection between the lobes of the Y
(A) Rotary shadowing confirms the 7-fold symmetry of the apopto- (white dots in Figure 4E). In this model, Apaf-1 is orga-
some. Three bottom views and one top view (panel 4) are shown. nized in an extended fashion such that the N-terminal
Actin filaments were added as a control (see panel 1). region is involved in hub formation, while the C-terminal
(B) A gallery of monomer views is shown for Apaf-1. The monomers

WD40 repeats form the lobes of the Y domain. Givenappear in distinct conformations, including a Y form (e.g., panels 3,
this molecular topology and the relative volumes of the4, and 8) and a compact form (see panels 5 and 11).
hub domain and the CARD, it is then possible to estimate
the location of the Walker boxes (Walker et al., 1982).

seven- and six-blade � propellers into their respective These nucleotide binding motifs are probably localized
density. A single cytochrome c was then placed into within the lower domain of the hub and the proximal

region of the arm. A similar location is deduced for thethis region (Figures 4C and 4E) such that its long axis

Figure 4. Sequence Motifs and Cytochrome
C within the Apoptosome

Representative atomic structures of four do-
mains were positioned within the apopto-
some based on their size, shape, and known
interactions to identify functional regions.
(A) The seven-bladed � propeller from trans-
ducin G� was used to model the first seven
WD40 repeats in Apaf-1. The larger lobe of
the Y domain accommodates the � propeller,
as shown by a view along its pseudo 7-fold
rotation axis (shown in blue).
(B) The � propeller from TolB was used to
model the last six WD40 repeats. The smaller
lobe of the Y domain accommodates the six-
bladed � propeller, as shown by a view along
its pseudo 6-fold rotation axis (shown in
yellow).
(C) Cytochrome c (in red; cyt c) was placed
in density between the two � propeller do-
mains. A side view of the Y domain is shown
with these components. The cytochrome c
model was taken from a crystallographic di-
mer (Takano and Dickerson, 1980).
(D) The Apaf-1 CARD (in green) was placed

within the hub at a position adjacent to the central hole. The C-terminal residue is shown in yellow.
(E) The circumferential packing of Apaf-1 CARDs is shown in a top view of the apoptosome. For clarity, only a portion of the hub with one
spoke is visible. The three components that were modeled into the Y domain are also included. By subtraction, the intervening regions of the
hub and arm must be comprised of the CED4 homology domain (white dots).
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Walker boxes, even if Apaf-1 adopts an alternate con-
nectivity within the hub. Thus, nucleotide binding may
regulate assembly because the region that contains the
Walker boxes may interact directly with the Apaf-1
CARD and also contact the CED4 homology domain in
an adjacent monomer (Figure 4E).

The Location of Procaspase-9 on the Apoptosome
Procaspase-9 is comprised of an N-terminal CARD fol-
lowed by large and small domains. The maturation of
procaspase-9 involves a proteolytic cleavage in the loop
between the large and small domains to form caspase-9
subunits. This process may require the binding of pro-
caspase-9 molecules in close proximity on the apo-
ptosome, and a D315A mutation creates a poor sub-
strate for cleavage (Srinivasula et al., 1998). We
assembled an apoptosome with this procaspase-9 mu-
tant and fractionated the mixture on a Superdex 200
column. Intriguingly, apoptosomes with mutant procas-
pase-9 are active in cleaving procaspase-3 (Figure 5A,
fractions 10 and 11). The fractions were silver stained
and revealed a complex of Apaf-1, procaspase-9, and
cytochrome c (fraction 10 is shown in Figure 5B). This
confirms the observation that procaspase-9 may pos-
sess significant proteolytic activity when it associates
with the apoptosome (Srinivasula et al., 2001).

Apoptosomes with bound procaspase-9 show a strik-
ing tendency to form lateral contacts between particles
(data not shown). This microaggregation was not ob-
served in apoptosomes without procaspase-9 and may
be due to the zymogen. Edge-on views of apoptosome
dimers were also observed at a low frequency in these
preparations (Figure 5C). An average map calculated
from 22 dimers (see Figure 5C, panel 9) indicates that
two apoptosomes are oriented face-to-face within the Figure 5. Characteristics of the Apoptosome with Bound Procas-
dimers. Based on the telltale curvature of the edge views pase-9
(Figure 1E), we deduce that the top surface of each (A) Apoptosomes with bound procaspase-9 (D315A) were fraction-
apoptosome is oriented toward the dimer interface. The ated on a Superdex 200 column, and the fractions were assayed
gap between particles (�100 Å) is too large to allow for their ability to activate procaspase-3 by cleaving the zymogen

into its two subunits (see arrows). The activity peak coincides withdirect interactions between the hubs. However, material
the apoptosome in fractions 10 and 11. Thus, the apoptosome withis present between the apoptosomes and appears to link
procaspase-9 (D315A) is a functional activator of procaspase-3.them together (arrowheads in Figure 5C). This material
(B) Fraction 10 was run on an SDS gel and silver stained. The posi-must originate from procaspase-9 bound to the top sur-
tions of Apaf-1, procaspase-9, and cytochrome c are indicated by

face of each apoptosome. Procaspase-9 is tethered to stars in descending order, and the positions of the molecular weight
the apoptosome through CARD-CARD interactions with markers are shown.
Apaf-1 (Qin et al., 1999). Based on the crystal structures (C) Apoptosomes containing the procaspase-9 mutant are prone to

aggregation. In some cases, face-to-face dimers are formed con-of caspase-9 (Renatus et al., 2001) and its CARD (Qin et
taining two apoptosomes (e.g., panel 9, see white arrows). The di-al., 1999), we suggest that a procaspase-9 dimer would
mers have additional material between them, as indicated by thebe the right size to span the gap between apoptosomes.
arrowheads in panels 3, 5, 7, and 9. This material may correspondTo identify the binding site for procaspase-9, we de- to procaspase-9. The scale bar is 100 Å.

termined the 3D structure of an apoptosome with mutant
procaspase-9 (Figure 6). Surface views of this map re-

Discussionveal a dome-like feature on the central hub (Figures 6A
and 6B). The dome contacts the hub in a region where

Recently, there has been a major effort to provide awe had previously modeled the Apaf-1 CARD. However,
structural framework for signaling interactions betweenthe dome is too small to contain seven procaspase-9
death domains and to understand the mechanisms thatmonomers, which suggests that most of the zymogen
govern the activation and inhibition of caspases (re-is invisible in the 3D map. This may be due to mobility
viewed by Shi, 2001 and Fesik, 2000). However, thereof procaspase-9 on the hub (see Figure 8). Procaspase-9
is a paucity of information concerning the structure ofbinding also induces an upward movement of the Apaf-1
Apaf-1 and its interactions with cytochrome c, dATP/CARD (�15 Å) with a concomitant widening of the cen-
ATP, and procaspase-9. In this report, we provide thetral hole (Figure 6C). Other details of the spoke are simi-
first structure of the apoptosome and provide a guidelar in both apoptosomes (compare gold and green maps

in Figure 6C). to the locations of defined sequence motifs within the
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Figure 6. 3D Structure of the Apoptosome
with Bound Procaspase-9

(A) An oblique top view is shown of the apo-
ptosome with bound procaspase-9. A central
dome-like feature is present on the hub.
(B) A bottom oblique view suggests that the
concave surface of the procaspase-9 com-
plex is similar to the apoptosome without pro-
caspase-9.
(C) Density maps for the apoptosome (in yel-
low) and the procaspase-9 apoptosome (in
green) were aligned in “O.” A central slab of
density suggests that the hub may have an
altered conformation when procaspase-9 is
bound. This conformational change involves
an upward movement of the putative Apaf-1
CARD (see asterisks) and results in a larger
diameter for the central pore.

Apaf-1 cytochrome c complex. In a subsequent struc- and an N-terminal portion of the CED4 homology motif
may participate in hub formation. CED4 from C. elegansture, we identified the procaspase-9 binding site on the

apoptosome. When taken together, this work provides a has an N-terminal CARD and oligomerizes but lacks the
regulatory WD40 domains (Yang et al., 1998). This sug-basis for understanding apoptosome assembly and gives

insight into the mechanism of procaspase-9 activation. gests that CED4 molecules will form a ring-like oligomer
with extended arms but will lack the Y domains. It re-
mains to be seen if other proteins from plants and bacte-Apaf-1 within the Apoptosome
ria with CED4 homology motifs will form rings, as theyIn previous work, Apaf-1 was predicted to form a large
have different N-terminal adaptors (Aravind et al., 1999).oligomer in the presence of cytochrome c and dATP/

ATP (Zou et al., 1999; Srinivasula et al., 1998). We now
show that Apaf-1 and cytochrome c coassemble in vitro Assembly of the Apoptosome

Apoptosome assembly is a critical step in the mitochon-to form a wheel-like particle with seven spokes. In addi-
tion, the assembly of these complexes is polymorphic, drial death pathway and requires Apaf-1, cytochrome

c, and dATP/ATP (Liu et al., 1996; Goldstein et al., 2000).as wheel-like particles with 6-fold symmetry were also
observed at a low frequency. Apaf-1 is normally inactive and the WD40 repeats may

be responsible for maintaining this state, as their dele-The Apaf-1 molecule has an unusual Y shape that is
evident within the apoptosome. Although it is usually tion results in the constitutive assembly of an active

complex (Hu et al., 1998; Srinivasula et al., 1998). Adifficult to place sequence motifs into a low resolution
map, we were able to use biochemical data and crystal- similar defect occurs upon deletion of the WD40 repeats

in DARK, a Drosophila homolog of Apaf-1 (Rodriguez etlographic structures to deduce a self-consistent model
for the location of Apaf-1 domains (Figures 7A and 7B). al., 1999). The existence of an inactive conformation is

also supported by the observation that procaspase-9The pattern of 13 WD40 repeats in Apaf-1 suggests that
there may be two � propellers comprised of seven and CARD will not bind to full-length Apaf-1 in the absence

of cytochrome c but readily binds to purified Apaf-1six blades within each spoke. We placed � propellers
with different symmetries into the map and found an CARD (Qin et al., 1999). These data suggest that the

assembly of a functional apoptosome may require aacceptable solution with seven (transducin G�; Gaudet
et al., 1996) and six blades (TolB; Carr et al., 1999). We defined sequence of events. In the first step, cytochrome

c binds to Apaf-1 (Liu et al., 1996; Zou et al., 1997; Hunext placed the Apaf-1 CARD within the hub in a position
consistent with the location of the procaspase-9 binding et al., 1999). This is followed by dATP/ATP binding to

the CED4 homology domain, which promotes assemblysite. The remaining CED4 homology motif must be lo-
cated within the arm, where it may make contributions of the apoptosome (Jiang and Wang, 2000). In the final

step, procaspase-9 binds to the exposed Apaf-1 CARDto the hub and perhaps to the junction between � propel-
lers (Figure 4E). The low resolution of our apoptosome to form an active apoptosome.

We now propose an assembly model for the apopto-map precluded us from making a pseudo-atomic model
by molecular docking. However, the resulting model some that incorporates known biochemical and struc-

tural data. Our studies suggest that cytochrome c maydoes allow inferences to be made about assembly and
activation. bind between the two WD40 � propellers. We also note

that the Apaf-1 CARD and the region of the CED4 homol-Our analysis of Apaf-1 suggests that both the CARD
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Figure 7. The Role of Apaf-1 Sequence Mo-
tifs in the Assembly of an Apoptosome

(A) The relative positions of the CARD, CED4
homology motif, WD40 repeats, and linker re-
gions are shown on a linear map of Apaf-1.
The approximate positions of the hub, the
arm, and the Y domains are indicated and
color-coded. The positions of the Walker A
and B nucleotide binding motifs are shown.
Thus, the nucleotide binding pocket may be
located in close proximity to the hub, where
it may regulate assembly.
(B) Apaf-1 normally adopts an autoinhibited
conformation in healthy cells (top left). In
actuality, only one globular region of the hub
domain may interact directly with the � pro-
pellers. Cytochrome c then displaces the hub
domain (left side), which allows Apaf-1 to bind
dATP/ATP (bottom). Upon nucleotide bind-
ing, a second conformational change may
promote assembly (right side). For clarity, the
length of the arm has been extended in this
diagram.

ogy motif within the hub domain are each similar in size the Apaf-1 arm must have at least one flexible joint
that becomes more rigid upon binding dATP/ATP. Theto cytochrome c. Indeed, computer modeling indicates

that the Apaf-1 CARD will fit between the � propellers. Walker A and B boxes participate in nucleotide binding
and are centered on Apaf-1 residues 145 and 230 (ZouTherefore, we propose that one or both of the globular

regions within the hub domain may bind between the et al., 1997; Walker et al., 1982). Our model for the topol-
ogy of Apaf-1 suggests that the nucleotide binding sitetwo � propellers to generate an autoinhibited conforma-

tion (Figure 7B, top left). This autoinhibited Apaf-1 would may be located within the hub and the proximal region
of the arm. Thus, conformational changes associatedhave a compact shape, similar to particles observed in

rotary shadowing experiments (Figure 3B). The forma- with dATP/ATP binding could be transmitted to both
the hub domain and the arm.tion of a compact monomer would also require the CED4

homology domain to be intrinsically flexible. As apopto- Cytochrome c has been chosen during evolution to
promote assembly of Apaf-1 into the apoptosome. Asome assembly is a tightly regulated process, it is un-

likely that the extended Y conformation of Apaf-1 (Figure primary consideration in this selection may have been
that holo-cytochrome c is never found in the cytosol but3B) would coexist with the compact monomer in the

absence of cytochrome c. Perhaps interactions with the instead is sequestered within mitochondria. The choice
of cytochrome c may also have depended upon the factmica surface are responsible for a limited “unfolding” of

the compact monomer to form the Y-shaped molecules that it is similar in size to the Apaf-1 CARD and the
globular region of CED4 within the hub domain. Hence,observed in our experiment.

We suggest that cytochrome c may displace one hub it is well suited to regulate assembly by a mechanism
of physical displacement. This model also explains whydomain from between the � propellers (Figure 7B, bot-

tom left). This in turn would allow the CED4 homology cytochrome c binding to the � propellers may enhance
the nucleotide affinity of the CED4 homology domaindomain to bind dATP/ATP and undergo a conforma-

tional change. Two conditions may be required for effi- (Jiang and Wang, 2000). Release of the hub domain
from the chaperone-like environment of the � propellerscient assembly. First, cytochrome c must be present so

that the hub domains are free to assemble into the hub. would allow the CED4 homology domain to adopt con-
formations with a higher nucleotide affinity. The modelSecond, nucleotide binding may lock the CED4 homol-

ogy domain into a more extended conformation that also explains the observed synergism between procas-
pase-9 and nucleotide binding (Jiang and Wang, 2000).would prevent the hub domain from reassociating with

the � propellers (Figure 7B, right side). In this model, In the presence of cytochrome c, an equilibrium may
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exist between Apaf-1 molecules that have bound their
own hub domain and those which have bound cyto-
chrome c (Figure 7B, left side). If procaspase-9 is pres-
ent, then it would bind to the exposed Apaf-1 CARD
and likely prevent the hub domain from reassociating
with the � propellers. Therefore, procaspase-9 should
enhance nucleotide binding to Apaf-1 and promote as-
sembly of the apoptosome.

Overall, this model suggests that Apaf-1 sequence
motifs have functions that are distinct yet complemen-
tary. The Apaf-1 CARD has at least three functions. First,
it may be bound between the two WD40 � propellers to
render Apaf-1 inactive. Second, it plays a critical role in
forming the central hub of the apoptosome. Third, the
CARD provides a binding site for procaspase-9. The
CED4 homology motif also has multiple functions. It
forms the lower domain within the hub, and in concert
with the proximal region of the arm, binds dATP/ATP to
promote assembly. In addition, the CED4 homology mo-
tif forms the arm, which may be a key element in regulat-
ing assembly by virtue of its flexibility. Finally, the role
for two WD40 domains is now apparent; by acting to-
gether the � propellers may jointly sequester the hub
domain to inhibit assembly. Thus, cytochrome c may
be an efficient activator because it is able to displace Figure 8. A Model for Procaspase-9 Activation on the Apoptosome
the hub domain from between the � propellers. In solution, procaspase-9 is a monomer with an inactive catalytic

site (marked with an “i”). In the first step of activation, procaspase-9
binds to the central hub of the apoptosome through CARD-CARDThe Activation of Procaspase-9
interactions. At this point, the bound procaspase-9 monomer is mobileThe atomic structures of caspase-1, -3, -7, -8, and -9
(indicated by circular arrows) and inactive. A second procaspase-9are known (see Fesik, 2000; Renatus et al., 2001). In all
molecule from solution may then associate with bound procaspase-9

cases, the active enzyme is a dimer formed by mono- to form a dimer containing one active catalytic site (marked with an
mers packed in an antiparallel manner. In turn, each “a”) and one inactive site (Renatus et al., 2001). We suggest that the

active catalytic site for each caspase-9 dimer would be formedmonomer is comprised of large and small subunits, de-
by the monomer that is bound to the apoptosome by its CARD.rived by proteolysis of the loop between corresponding
Proteolytic cleavage then generates the mature caspase-9 dimer.domains of the zymogen (Kumar and Colussi, 1999).

Recent data indicate that caspase-9 without a CARD is
a monomer in solution (Renatus et al., 2001). However, it may subsequently form active dimers. This in turn sug-

gests that proteolytic cleavage may be more importantcaspase-9 will form dimers in the presence of a peptide
inhibitor or at the high concentrations required for crys- in downregulating procaspase-9 on the apoptosome, as

IAPs bind to the exposed N terminus of the caspasetallization. In addition, proteolytic assays suggest that
the dimer possesses significant activity while the mono- small subunit (Srinivasula et al., 2001; Shi, 2001).

We next showed that procaspase-9 binds to the cen-mer is inactive. Remarkably, a crystal structure of the
caspase-9 dimer without CARDs suggests that only one tral hub of the apoptosome at a site consistent with the

Apaf-1 CARD position deduced by modeling. Unexpect-catalytic site has an active conformation, as reflected
by a covalently bound peptide inhibitor. The second site edly, we found that a large part of the procaspase-9

molecule is invisible in the map. This is presumably dueremains inactive due to an altered positioning of the
activation loop (Renatus et al., 2001). This asymmetry to a flexible link between the procaspase-9 CARD and

the large domain. In addition, procaspase-9 binding todoes not arise from crystal contacts and may be an
intrinsic property of the caspase-9 dimer. the apoptosome may induce the Apaf-1 CARD to un-

dergo a conformational change and become more mo-The structure of a dimeric procaspase-7 highlights
the important role of the interdomain loop in activation bile. Given that procaspase-9 is tethered to the apopto-

some in a flexible manner, why is it incapable of(Chai et al., 2001). Proteolytic cleavage of this loop pro-
motes the formation of an active catalytic site within undergoing proteolytic activation in solution? Perhaps

the free CARD of procaspase-9 may downregulate zy-each caspase-7 monomer. However, procaspase-9 is
unusual because it exhibits a low but significant level mogen activity by interfering with dimer formation. In

support of this model, caspase-9 has much greater ac-of processing activity (�10%; Stennicke et al., 1999).
Intriguingly, the interdomain loop is longer in procas- tivity when bound to the apoptosome than when free in

solution (Rodriguez and Lazebnik, 1999; Stennicke etpase-9, and this feature may allow the zymogen to adopt
an active conformation. In our work, a cleavage site al., 1999).

We now present a model for procaspase-9 activationmutant of procaspase-9 (D315A) showed significant
proteolytic activity when bound to the apoptosome (Fig- on the apoptosome. The stoichiometry of Apaf-1 CARD

to procaspase-9 CARD is one-to-one (Zou et al., 1999;ure 5A). Thus, procaspase-9 activation may require the
zymogen to bind to the apoptosome as a monomer where Qin et al., 1999), and the apoptosome has 7-fold symme-
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Electron Cryomicroscopy and Image Processingtry. Hence, seven procaspase-9 molecules are required
Two microliter aliquots of assembled complexes were pipetted ontoto saturate binding sites on the apoptosome. At this
hydrophobic holey carbon films on 400 mesh Cu grids. Holey gridsstage, the catalytic sites of procaspase-9 monomers
were also obtained from Quantifoil and used after stabilization with

would extend into solution but remain inactive (Figure additional carbon. Specimens were blotted and plunged into liquid
8, top). The high local concentration of procaspase-9 on ethane at a relative humidity of at least 85% at 4�C. A Gatan

cryotransfer system and cryoholder (626-DH) were used to transferthe hub may then facilitate the recruitment of monomers
grids into a CM12 electron microscope equipped with a cryo-blade-from solution to form dimers. Importantly, each of the
type anticontaminator, a specimen relocation system, and a LaB6procaspase-9 dimers would contain a single active cata-
filament. Electron micrographs were recorded at 35,000� magnifi-lytic site (Figure 8, bottom; Renatus et al., 2001). As
cation on KODAK SO163 with minimal dose at 100 kV.

procaspase-9 in solution is inactive, we suggest that Micrographs were evaluated by optical diffraction, and those with
the monomer with a free CARD would be inactive. This minimal astigmatism and drift were processed. Negatives were digi-

tized with a Zeiss SCAI scanner with a 7 �m step size, subsequentlymodel also places the active catalytic sites distal to the
binned to a pixel size of 14 �m (corresponding to 4 Å/pixel), andhub surface where there is less steric hindrance for
converted to MRC format. Particles were selected from the imagessubstrate binding. Proteolysis of the interdomain loop
in the EMTOOL package. The 3D image processing was carried outwould then generate mature caspase-9. We suggest
with EMAN (Ludtke et al., 1999) and SPIDER (Frank et al., 1996). In

that the subsequent cleavage of procaspase-3 may uti- all, �3400 particles with a nominal defocus range of –1.5 to –3.5
lize the flexibility of the bound caspase-9 molecules. �m were used in three major defocus groups. An initial 3D model

for the apoptosome was obtained from the most strongly defocusedThis property of caspase-9 may promote the binding of
images using EMAN. Top and side views were merged to form themultiple procaspase-3 zymogens to the apoptosome
first 3D model using the C7 rotational symmetry of the particle. Thisand enhance the efficiency of activation.
model was refined within EMAN using cycles of classification andThis model also reconciles the apparent symmetry
projection matching to assign Euler angles. This model was then

mismatch between Apaf-1 and the procaspase-9 dimer. used to refine two additional datasets with lower defocus to provide
The activation of procaspase-9 generates a strict one- intermediate 3D structures. The CTF parameters were determined

for individual micrographs, and the corresponding particles cor-to-one correspondence between active catalytic sites
rected for the CTF phase flips in SPIDER. The combined data wereand Apaf-1 monomers within the apoptosome. Given that
then refined in EMAN to produce a final 3D map of the apoptosomeprocaspase-9 and caspase-9 may both be dimers on the
with good angular sampling. The final 3D model retained all major

apoptosome, it is then possible to form a larger complex features of the intermediate structures. The resolution was esti-
in which two apoptosomes are linked together. Further mated with the Fourier shell correlation using a cutoff of 0.5.
experiments are now required to ascertain the oligomeric The structure of the apoptosome with bound procaspase-9 was

determined using a noncleavable mutant (D315A). In this work,state of caspase-9 on the apoptosome and to evaluate
�5400 particles with a defocus of about –2.5 �m were CTF correctedthe possible significance of the apoptosome dimer.
and processed to provide the final 3D structure. The lowest resolu-
tion 3D model of the apoptosome was used as the first reference
(Figure 1A). A larger number of particles were used to provide accu-Experimental Procedures
rate class averages within the asymmetric triangle because the parti-
cles tended to orient preferentially within the ice. Edge-on views ofApaf-1 Complexes and the Activation Assay
apoptosome dimers (�22) were aligned in SPIDER to provide anA His-tagged isoform of Apaf-1 (Apaf-1-1L-WD13) and a D315A
average. Images of Apaf-1 monomers and apoptosomes were ob-mutant of procaspase-9 were overexpressed and purified (Zou et al.,
tained by rotary shadowing using the technique of Heuser (1989).1999; Jiang and Wang, 2000). For the purification of procaspase-9, a
Graphics were prepared using WEB (Frank et al., 1996) and “O”further heparin chromatography was performed. A 1 ml HiTrap hepa-
(Jones et al., 1991). Models of � propellers with seven blades (trans-rin column (Amersham Pharmacia Biotech) was used, and procas-
ducin G�/1GFW; Gaudet et al., 1996) and six blades (TolB/1CRZ;pase-9 was eluted with 0–200 mM NaCl gradient in buffer A (20 mM
Carr et al., 1999) were manually positioned within the 3D map ofHEPES-KOH [pH 7.5], 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1
the apoptosome based on their size and shape. A similar processmM EGTA, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl
was carried out with cytochrome c (3CYT; Takano and Dickerson,fluoride). Horse cytochrome c was obtained as described (Liu et
1980) and the Apaf-1 CARD (3YGS; Qin et al., 1999).al., 1996), and dATP was purchased from Amersham Pharmacia

Biotech. Frozen aliquots were used immediately upon thawing to
Acknowledgmentsset up assembly reactions at 30�C for periods of 30–60 min. Apaf-1

in buffer A (Jiang and Wang, 2000) at �0.4 mg/ml was mixed with
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Procaspase-3 processing activity was assayed as follows. In a 60
�l incubation, 0.1 mg/ml BSA, 1.5 �M Apaf-1, 5 �M cytochrome c, 1
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