
Inventory of Supplementary Material for Yuan et al. 
 
Supplementary methods and references are provided that give a more detailed 
explanation of the modeling that was done in the paper. 
 
Figure 2:   The apoptosome-prodomain map.   
See Figure S1 for resolution tests on the final 3D map. 
 
Figure 3:  HD2 within the arm of the apoptosome. 
See Figures S2 and S3 for a sequence/structure diagram for the N-terminal half 
of Apaf-1 and the fit of other domains in the map. Table S1 provides fitting 
cross-correlation values for domains in the map. 
 
Figure 4: The global fit of Apaf-1 and cytochrome c within “active” and ground 
state apoptosome 3D maps. 
 See Figures S4 and S5 for additional views of the apoptosome model and 
subunit interface. 
 
Figure 6: Critical interactions in the heptameric platform. 

 See Figures S7 and S8 for further details of the tandem 7- and 8-blade -
propeller modeling and fit in the map. 
 
Figure 7: Assembly of the human apoptosome. 

 See Table S2 and Figure S9 for a summary of NOD mutations that effect 
apoptosome assembly and function. 
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Supplemental Methods 

 

Molecular modeling of Apaf-1 

The sequence of Apaf-1 can be divided into three parts (UniProt accession number: 

O14727): the N-terminal caspase recruitment domain (CARD), a central nucleotide-binding 

oligomerization domain (NOD) with helix domain 2 (HD2), and multiple WD40 repeats at the C-

terminal region (Acehan et al., 2002, Riedl et al., 2005). A crystal structure in an ADP-bound form 

(1Z6T) is known for the first 591 residues, which can be divided into 5 domains: CARD (residues 

1-89), NBD domain (residues 106-281), Helical Domain 1 (HD1, residues 286-347), Winged-Helix 

Domain (WHD, residues 361-450), and Helical Domain 2 (HD2, residues 452-586) (Riedl et al., 

2005).  To gain more insight into the structure of dATP-bound Apaf-1, we generated a pseudo-

atomic model that is compatible with our cryo-EM map. We started by docking residues 106-586 

from the crystal structure into the density of one of the seven Apaf-1 subunits (8 linker helix, 

NBD, HD1, WHD, and HD2) using UCSF Chimera (Pettersen et al 2004). When examining the 

docked structure, it became clear that NBD, HD1, WHD, and HD2 displayed significant domain 

rearrangements in the EM structure with respect to the crystal structure. To improve the initial 

fit, we docked each of the NBD-HD1 and WHD-HD2 domain pairs as a rigid body into the cryo-

EM density, followed by a local refinement of the individual domains. Next, the HD1-WHD 

linker was generated based on the crystal structure of CED-4/CED-9 complex (2A5Y; Yan et al., 

2005) using MODELLER-9v7.  

For the C-terminal regulatory region of Apaf-1, we applied remote homology detection to 

residues 592-1249 using HHpred (Söding et al., 2005) and LOMETS (Wu and Zhang, 2007) in 

combination with PSIPRED secondary structure prediction (Jones, 1999). Our analysis revealed 

15 WD40 repeats, most likely arranged as consecutive 7- and 8-blade -propellers (P7 and P8, 

respectively). Based on our analysis, we predict that the first strand in the sequence is likely to 

be the d-strand inserted in the last blade of P8. The sequence then continues into a linker to P7, 

which is followed by a second linker back to P8 (Figure S8). A similar topology was seen in two 

7-blade -propeller domains of yeast Actin Interacting Protein 1 (AIP1, 1PGU). Homology 

models of the two propellers were built separately based on HHpred alignments, using 
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MODELLER-9v7 (Sali and Blundell, 1993). Due to a lack of homology, we could not generate 

reliable models for the two linkers between P7 and P8, and therefore left them unconnected. We 

docked the homology models of the two -propellers into the corresponding density in the 

regulatory region of each Apaf-1 subunit. The search for the correct fit, which was performed by 

a local rigid fitting with Chimera, included both “flip orientations” of each propeller and the 7 

and 8 possible in-plane rotations, respectively. The final fit corresponds to the following 

arrangement: the bases of the two propellers facing each other, with blades 1 and 7 of P7 

positioned in proximity to 8 and 1 of P8, respectively. Bovine-heart cytochrome c (2B4Z, 90% 

identical to human cytochrome c; Mirkin et al., 2008) was then fitted into the remaining density, 

between the two -propellers.  

Finally, the entire model was refined with Flex-EM (Topf et al., 2008), to optimize the 

position of non-hydrogen atoms with respect to their cross-correlation with the map, as well as 

stereochemical properties and non-bonded interactions, using a conjugate gradient 

minimization and simulated annealing, molecular dynamics. The optimization was performed 

hierarchically, such that initially each domain was treated as a rigid body, while atoms in linkers 

connecting the domains were treated individually, and as the optimization progressed some 

flexibility was allowed between sub-domains. However, due to the limited resolution the 

movement of individual secondary structure elements was not allowed in most cases. The cross-

correlation coefficient of the final model within the map was 0.91 using Chimera. 
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Supplemental Tables 

 

Table S1. Cross-correlation values for Apaf-1 domains docked into the map of the 
apoptosome-pc-9 CARD complex using CHIMERA “Fit in Map”. 

 
Domain NBD HD1 WHD HD2 7-blade  

β-propeller 
8-blade  
β-propeller 

cytochrome c     all  
subunits 

CCF 0.853 0.904 0.880 0.920 0.931 0.934 0.949 0.909 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meng%20EC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wu%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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Table S2. Summary of NOD protein mutations. 

Protein Mutation Position  
in Figure  

10 

Loss/Gain of 
function 

Region affected § References 

Apaf-1 Apaf-1L  None Linker between CARD 
and NBD 

(aa 99-109 omitted) 

Saleh et al., 1999 

 Apaf-1-
ALT 

1 Loss of function WHD (missing WHD 
and β-propellers) 

Ogawa et al., 2003 

 L415P 2 Loss of function WHD (helix α23 is 
broken) 

Harlan et al., 2006 

 437ter 3 Loss of function WHD (missing helix 
α24) 

Harlan et al., 2006 

CED-4 CED-4L 4 Loss of function NBD (ISM helix) Shaham et al., 1996 
Dark V316I 5 Loss of function HD1 (helix α18 region) Srinvastava et al., 2007 

 D333Q 6 Loss of function HD1 (helix α18 region) Srinvastava et al., 2007 

 A336T 7 Loss of function HD1 (helix α18 region) Srinvastava et al., 2007 
NOD2 C333Y 8 Loss of function NBD (ISM helix) Tanabe et al., 2004 

 S344T 9 Loss of function NBD (ISM helix) Tanabe et al., 2004 

 L348V 10 Loss of function NBD (ISM helix) Hugot et al., 2001 
 H352R 11 Loss of function NBD (ISM helix) Hugot et al., 2001 
 V492E 12 Loss of function HD1 (helix α18 region) Tanabe et al., 2004 
 D382E 13 Gain of 

function 
NBD (Walker B motif) van Duist et al., 2005 

 E383K 13 Gain of 
function 

NBD (Walker B motif) van Duist et al., 2005 

 R334Q 8 Gain of 
function 

NBD (ISM helix) Miceli-Richard et al., 2001 

 R334W 8 Gain of 
function 

NBD (ISM helix) Miceli-Richard et al., 2001 

NLRP3 D303G 13 Gain of 
function 

NBD (Walker B motif) Danot et al., 2009 

 D303N 13 Gain of 
function 

NBD (Walker B motif) Yu et al., 2006 

 R260W 8 Gain of 
function 

NBD (ISM helix) Yu et al., 2006 

§ Apaf-1 nomenclature is used. 
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Supplemental Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1.  FSC and R-measure curves for the apoptosome-pc-9 CARD complex. 
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Figure S2. Sequence alignment and structural elements of Apaf-1 and related proteins. This 
figure has up-dated from a similar figure in Riedl et al., (2005). Walker motif residues are 
indicated by red triangles and the motifs and domains are labeled. 
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Figure S3. Docking NBD, HD1 and WHD within the central hub. 

A. A bottom view is shown of the WHD-HD1 region of the central hub. The fit is quite good as 
seen in semi-transparent and slabbed views. Density for the HD1-WHD linker is indicated. A 
black mesh is displayed on the inside of the iso-surface to distinguish it from the outer surface. 
B. The fit of the model is shown for a rotated view of the WHD-HD1 region. In this side view, 

the 7-8 hairpin “wing” (H) which gives the WHD its name is shown within density along 

with helix 25 from HD2. C. A top view is shown of the central hub which contains density from 
3 Apaf-1 subunits. The positions of NBD and HD1 are indicated with dashed outlines. 
D. A similar view to panel C is shown, with the map rendered semi-transparent. The overall fit 
of NBD, HD1 and WHD within the map is apparent including density for the NBD-HD1 linker 

and -hairpin (H) of the WHD. E. A similar view to panel D is shown with the top surface 

removed, to show the fit of helices 8, 9 and 13 from NBDs. F. A deeper slab into the map 
region shows the fit of a central β-sheet of the NBD and reveals a deep pocket for nucleotide. 
The fit of the 4-helix bundle in HD1 is also shown. 
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Figure S4. Bottom and side views of the heptameric platform. 

A. A molecular model of the platform is shown in a bottom view of the apoptosome. A complete 
Apaf-1 subunit is outlined by a dashed outline. Nucleotide is bound between the NBD, HD1 and 

a loop from the 8 linker helix. B. The overall dimensions of the platform are ~290 x 75Å in a 
side view. Flexibly-linked CARDs (not shown) would sit above the central hub in this view. 
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Figure S5. A bottom view of the model reveals subunit boundaries within the apoptosome. Each 
Apaf-1 subunit has a different color with the exception of the subunit at 6 o’clock which is color 
coded by domain. 
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Figure S6. Comparison of models for the ISM ring. 

Top and side views are shown for molecular models of the central ISM ring, based on the cryo-
EM density map (in blue) and a computational model based on other AAA+ crystal structures 

(shown in light purple; Diemand and Lupas, 2006). The ISM-13 ring is aligned nearly vertical 
along the 7-fold symmetry axis in the cryo-EM density whereas helices in the model show are 
tilted by ~50-60° from the vertical (see lines). 
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Figure S7. Sequence alignment and structure predication for 7- and 8-blade β-propellers. 

Blades and individual β-strands are indicated. The HD2 linker is predicted to form the d-strand 
in the last blade of the 8-blade β-propeller before continuing on to form the 7-blade propeller 
and the rest of the 8-blade propeller. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. The fit of 7- and 8-blade β-propellers is shown within the regulatory region of the 

map.  HD2 -helices are also labeled. 
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Figure S9. NOD mutations from Apaf-1, Dark, CED4 and other NOD proteins mapped onto the 
Apaf-1 hub based on sequence alignments.  




