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A family of cysteinyl aspartate-specific proteases (caspases) induces 

dramatic biochemical and morphological changes during apoptosis.  Initiator 

caspases are thought to be activated through induced homodimerization, 

whereas their downstream effector caspases, are activated through cleavage of 

the intersubunit linkers between their large and small subunits. During cellular 

stress, mitochondrial outer membrane permeabilization triggers cytochrome c 

release and formation of the Apaf-1 apoptosome, which in turn recruits and 

activates the initiator procaspase-9. Mutations in the putative caspase-9 

dimerization interface reduce its catalytic activity.  However, whether caspase-9 

dimerization actually occurs within the apoptosome—and its requirement for 

caspase activation—remain unclear. In this study, we utilized a novel method for 

incorporating unnatural, cross-linkable amino acids into the dimerization interface 

of procaspase-9 and have found that caspase-9 does indeed homodimerize 
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within the apoptosome, the first such demonstration for any initiator caspase 

within its caspase-activating complex. Interestingly, procaspase-9 also 

heterodimerized with Apaf-1 through the same region, implying that caspase-9 

exists within the apoptosome in two distinct states. In agreement with this finding, 

saturation experiments with excess Apaf-1 indicated that procaspase-9 could be 

activated within the apoptosome as a heterodimer. Our lab has found that 

cleavage of procaspase-9 leads to its dissociation from the apoptosome and a 

subsequent loss in activity. This study further demonstrates that proteolytic 

cleavage of procaspase-9 does not result in the loss of its small subunit, but 

rather disrupts the interaction of processed caspase-9 with itself and Apaf-1. 

SEC-MALS (size-exclusion chromatography-multi-angle light scattering) and 

SPR (surface plasmon resonance) data indicated that procaspase-9 possessed 

higher for itself than did processed caspase-9 for itself, and displacement assays 

showed that dimerization defective caspase-9 failed to displace caspase-9 from 

the apoptosome. Collectively, the data suggested that procaspase-9 homo-

dimerization stabilizes its presence within the apoptosome, but that procaspase-9 

may also be activated when it transitions from a caspase-9:caspase-9 

homodimer to a caspase-9:Apaf-1 heterodimer. Cleavage of procaspase-9 to its 

processed form then leads to its eventual loss from the complex altogether. To 

understand the mechanism of caspase-9 activation in vivo, procaspase-9 and 

IAP un-inhibitable caspase-9 knock-in mouse models were also generated, and 

stress-induced phenotypes will be characterized in the future. 
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Chapter 1: Introduction 

1.1 Apoptosis 

1.1.1 Overview 

Apoptosis is a programmed cell death process that plays important roles 

during development and aging. Apoptosis serves as a homeostatic mechanism to 

maintain cell populations in tissues by ridding the body of unwanted, damaged or 

infected cells (Kerr et al., 1972). It also serves as a defense mechanism in the 

immune system towards disease or noxious agents (Norbury and Hickson, 

2001). Imbalance of apoptosis can cause several problems. Inhibition of 

apoptosis is found in diseases including cancer, autoimmune diseases, and 

maintenance of viral infections, whereas increased apoptosis is commonly 

associated with AIDS, neurodegenerative disorders, myelodysplastic syndromes, 

and ischemic injury (Fadeel et al., 1999). 

Biochemical events occurring during apoptosis result in characteristic 

morphological changes including plasma membrane blebbing, cell shrinkage, 

nuclear fragmentation, chromatin condensation and chromosomal DNA 

fragmentation (Fadok et al., 1992; Wyllie, 1980). Unlike necrosis, apoptosis does 

not initiate an inflammatory response since intact membrane-wrapped ―apoptotic 

bodies‖ are eventually engulfed by adjacent macrophages (Fadeel et al., 1999).   
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Cysteinyl aspartic-specific proteases (caspases) are essential for apoptosis, 

and some play roles in inflammatory signaling. Caspases are expressed as 

zymogens, with each containing a prodomain (~3-24 kDa), a large subunit (~20 

kDa), and a small subunit (~10 kDa) (Fuentes-Prior and Salvesen, 2004) (Fig. 

1.1). In humans, twelve caspases have been identified. There are two groups of 

apoptotic caspases: initiator (apical) and effector (executioner) caspases. The 

initiator caspases (e.g. caspase-2, caspase-8, caspase-9, and caspase-10) are 

typically monomers in cells. They are thought to be activated through 

dimerization caused by interaction with adapter proteins. Effector caspases (e.g. 

caspase-3, caspase-6, and caspase-7) exist as constitutive dimers. They are 

activated through cleavage of their intersubunit linkers by the initiator caspases 

(Tait and Green, 2010). Active effector caspases then ultimately cleave hundreds 

of substrates in the cells and instigate the apoptotic process. 

The two well-distinguished signaling pathways that control apoptosis in 

mammals are the extrinsic and intrinsic pathways. The extrinsic pathway is 

triggered by the interaction of a death ligand with its transmembrane death 

receptor, whereas the intrinsic pathway relies on cytochrome c release from the 

mitochondrial inner membrane space into the cytosol. In both pathways, 

signaling results in the activation of effector caspases and leads to cell death 

(Fuentes-Prior and Salvesen, 2004).  
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Figure 1.1 Classification of apoptotic caspases according to their function. 

Shown above is a cartoon structure of apoptotic caspases. Prodomain (blue), 

large (green) and small subunits (orange), and internal caspase cleavage sites 

(arrow) of each caspase are represented. The autocatalytic cleavage sites in 

initiator caspases and the first cleavage sites in effector caspases are labeled as 

large arrows. The smaller arrows represent feed-back cleavage sites normally 

targeted by effector caspases. The L2 loop (between the large and small 

subunits) is highlighted with yellow. Initiator caspases contain long N-terminal 

pro-domains, while effector caspases contain very short prodomains. Intersubunit 

linker cleavage is required for activation of effector caspases, but whether it is 

required for initiator caspases is debated. The length of the L2 loops in caspase-

6 and capscase-9 are longer than other caspases. 
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1.1.2 The extrinsic pathway of apoptosis 

The extrinsic pathway involves single transmembrane spanning Type II 

receptors of the Tumor Necrosis Factor (TNF) receptor superfamily (Locksley et 

al., 2001). The death receptors contain cysteine-rich extracellular domains and a 

cytoplasmic domain, some of which contain death domains (DD) (~80 amino acid 

long) (Ashkenazi and Dixit, 1998). The death domain delivers the death signal 

from the cell surface to the cytoplasm. The best-identified ligands and 

corresponding death receptors include TNF-α/TNFR1, FasL/Fas, Apo2L/DR4 

(TRAIL/TRAIL-R1), Apo2L/DR5 (TRAIL/TRAIL-R2), and Apo3L/DR3 (Ashkenazi 

and Dixit, 1998; Chicheportiche et al., 1997; Peter and Krammer, 1998; Rubio-

Moscardo et al., 2005; Suliman et al., 2001). 

In TNF-α/TNFR1 and FasL/Fas signaling pathways (Fig. 1.2), the 

homologous trimeric ligands interact with clusters of receptors, resulting in 

recruitment of cytoplasmic adaptor proteins that also contain corresponding DDs 

to the receptors. TNF-α/TNFR1 signaling recruits the adapter protein TRADD, 

which in turn recruits the adaptor protein FADD (Fas-associated protein with 

death domain) and RIP (Receptor-interacting protein), whereas the FasL/Fas 

signaling directly recruits FADD (Grimm et al., 1996; Hsu et al., 1995; Wajant, 

2002). FADD then recruits procaspase-8 through dimerization of death effector 

domains (DED) present in both proteins, and forms a death-inducing signaling 

complex (DISC). Ultimately, DISC formation leads to autocatalytic activation of 
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procaspase-8 (Kischkel et al., 1995). 

Procaspase-8 is composed of a prodomain that contains two DEDs, followed 

by a large subunit and a small subunit. Caspase-8 is activated through a two-

step autocatalytic cleavage mechanism. Two cleavage intermediates p43/p41 

and p12 are produced by the initial cleavage at Asp-374 of the intersubunit linker. 

Afterwards, the prodomain is removed from the p18 large subunit by an 

additional cleavage at Asp-216. The DED-containing cleavage products p43/p41 

and p26/p24 (cleaved prodomain) remain bound to the DISC (Lavrik et al., 2003). 

The execution phase of death receptor-mediated apoptosis begins once 

caspase-8 is activated, and it, in turn, cleaves and activates the effector 

caspases-3 and -7, leading to cell death. 

The extrinsic apoptosis signaling pathway can be inhibited by a protein 

called c-FLIP (cellular-FLICE-like inhibitory protein), which interacts with FADD 

and competes with caspase-8 for recruitment to the DISC (Kataoka et al., 1998; 

Scaffidi et al., 1999), or perhaps by Toso (Fas apoptotic inhibitory molecule 3, 

Faim3) that blocks Fas-induced apoptosis by preventing caspase-8 autocleavage 

(Hitoshi et al., 1998) (Fig. 1.2). 
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Figure 1.2 Death receptor-mediated pathways: TNF, FasL and TRAIL 

signaling.  TRAIL-R1/R2, Fas and TNFR1 DISC formation results in caspase-8 

activation. C-FLIP inhibits caspase-8 activation by interacting with FADD and 

competing with caspase-8 for recruitment to the DISC. XIAP directly inhibits the 

proteolytic activity of processed caspase-3 (Adapted from S. Malladi, 2010).   
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1.1.3 The intrinsic pathway of apoptosis 

Non-receptor-mediated stimuli including chemo therapeutics, irradiation, and 

reactive oxygen species (ROS) induce cell stress and lead to specific intracellular 

signals that directly affect targets in cells and trigger apoptosis. These stimulate 

mitochondrial outer membrane permeabilization (MOMP), which results in the 

release of several pro-apoptotic factors into cytosol. These factors include 

cytochrome c (cyt c), apoptosis-inducing factor (AIF), endonuclease G, the IAP 

antagonist Smac/DIABLO, and the serine protease Omi/HtrA2 (Du et al., 2000; Li 

et al., 2001; Susin et al., 1999; Suzuki et al., 2001; Verhagen et al., 2000). Cyt c 

and dATP (or ATP) interact with apoptosis protease-activating factor-1 (Apaf-1), 

resulting in the formation of a large heptameric Apaf-1 complex (Acehan et al., 

2002) called the apoptosome (Li et al., 1997; Liu et al., 1996; Zou et al., 1997). 

Apaf-1 alone binds to dATP poorly, whereas cyt c-bound Apaf-1 binds dATP ~10-

fold more tightly (Jiang and Wang, 2000). Whether this increase in affinity is due 

to cyt c opening up the nucleotide binding site or stabilizing the bound nucleotide 

to Apaf-1 is unclear. Once the apoptosome is formed, this complex then recruits 

procaspase-9, ultimately facilitating autocatalytic cleavage of caspase-9. Once 

caspase-9 is activated, it cleaves and activates effector caspases, thereby 

triggering apoptotic cell death (Fig. 1.3). 

    The intrinsic apoptosis signaling pathway can be inhibited by inhibitor of 

apoptosis (IAP) proteins. IAPs are a family of eight functionally- and structurally-
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related proteins, including XIAP (X-linked Inhibitor of Apoptosis), cIAP1 (Cellular 

Inhibitor of Apoptosis -1), cIAP2 (Cellular Inhibitor of Apoptosis-2), and ML-

IAP/Livin (melanoma inhibitor of apoptosis) (Ashhab et al., 2001; Kasof and 

Gomes, 2001; Kasof et al., 2001; Vucic et al., 2000) (Fig. 1.4). They were 

originally identified in baculoviruses and are endogenous inhibitors of apoptotic 

cell death in the host cell. IAPs have characteristic BIR (Baculoviral IAP Repeat) 

domains required for inhibition of caspases and some have a RING (Really 

Interesting New Gene) domain (Fig. 1.4). XIAP, cIAP1, cIAP2, and ML-IAP/Livin 

have been shown to specifically target caspase-9, and caspase-3, and/or 

caspase-7 (Deveraux et al., 1999). IAPs with three BIR domains (such as XIAP, 

cIAP1, and cIAP2) can directly target caspases via their BIR2 and BIR3 domains, 

and down-regulate caspase activity through direct inhibition or by inducing 

protein degradation (Choi et al., 2009; Davoodi et al., 2004; Deveraux et al., 

1997; Roy et al., 1997; Takahashi et al., 1998). ML-IAP/Livin contains only a 

single BIR but also inhibits the activity of caspase-9 (Ashhab et al., 2001; Kasof 

and Gomes, 2001; Kasof et al., 2001; Vucic et al., 2000). CIAP1 does not inhibit 

caspase activity, but it leads to degradation of caspase-3 and -7 (Choi et al., 

2009). Apollon, containing a single BIR domain and an ubiquitin-conjugating 

enzyme (UBC) domain, facilitates protein degradation of SMAC and caspase-9 

(Hao et al., 2004).  However, not all IAPs inhibit apoptosis. Survivin, another 

protein that contains only a single BIR domain, does not inhibit caspase activity 

but is involved in mitosis (Altieri, 2001; Li et al., 1998). 
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X-linked IAP (XIAP) is the best-characterized member of the family, which 

potently inhibits the proteolytic activity of caspase-3/-7, and caspase-9 through 

distinct linker-Bir2 and Bir3 domains, respectively (Chai et al., 2001; Riedl et al., 

2001; Shiozaki et al., 2003). Proteolytic processing of procaspase-9 at Asp-315 

leads to the exposure of an internal tetrapeptide motif (ATPF) on the N-terminus 

of the small (p12) subunit of caspase-9, which XIAP specifically binds to in order 

to inhibit the enzyme (Bratton et al., 2002; Srinivasula et al., 2001). A non-

cleavable caspase-9 mutant (D315A) that cannot produce the p12 subunit is 

resistant to inhibition by IAPs.  

Regulators of the intrinsic pathway will be described in the following 

sections. Although many players have been characterized, insight into the 

specific molecular mechanisms of action (or inaction) of these proteins has not 

been fully understood.  
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Figure 1.3 The mitochondrial-mediated pathway. MOMP leads to release of 

cytochrome c, Smac and Omi from the mitochondrial intermembrane space into 

the cytosol. Cyt c in turn triggers apoptosome formation and activates caspase-9. 

Note: the proposed mechanism of caspase-9 activation is controversial and 

unclear, and it is the focus of this thesis. XIAP inhibits the activities of caspase-9 

and -3. The inhibitory effect of XIAP is suppressed by Smac and Omi by 

competing off caspases from XIAP (Adapted from Tait and Green, 2010; Wu and 

Bratton, 2013). 
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Figure 1.4 Inhibitor of apoptosis (IAP) proteins. Shown above are the cartoon 
structures of IAPs. BIR (brown), CARD (light blue) and RING (grey), NBD 
(nucleotide binding domain; dark blue) and UBC (ubiquitin-conjugating enzyme 
domain; pink) are represented. 
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1.2 Regulators of the intrinsic pathway 

1.2.1 BCL2 family members and MOMP 

Intracellular stressors such as DNA damage and growth factor withdrawal 

trigger MOMP and activate the intrinsic apoptotic signaling pathway. The key 

event of MOMP is permeabilization of the outer mitochondrial membrane (OMM), 

which results from the activation of proapoptotic BCL2 (B Cell Lymphoma-2) 

family members (Youle and Strasser, 2008) (Fig.1.5).  

BCL2 proteins are composed of one to four BCL2 homology (BH) domains 

and regulate apoptosis either by inhibiting or promoting MOMP (Youle and 

Strasser, 2008). ―BH3-only‖ proapoptotic subfamily members include Bcl-2-

interacting mediator of cell death (BIM/BOD), BH3-domain interacting death 

agonist (BID), p53 up-regulated modulator of apoptosis (PUMA/BBC3), Bcl-2 

associated death promoter (BAD), PMA-Induced protein 1/NOXA, Bcl-2-

modifying factor (BMF), Harakiri Bcl-2 Interacting Protein (HRK/DP5), Bcl-2-

interacting killer (BIK/BLK/NBK), and Mcl-1 ubiquitin ligase E3 (MULE). 

Proapoptotic members include Bax itself, Bcl-2-associated X protein (BAX)-like 

subfamily or multidomain family (BAX, Bcl-2 antagonist/killer (BAK) and Bcl-2-

related ovarian killer (BOK/MTD) (Fig. 1.5A).  

MOMP and the release of cyt c are thought to be the results of activated 

BAX and BAK proteins (Korsmeyer et al., 2000). BAX and BAK contain BH 1-3 
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domains, but lack a BH4 domain, and they form pores in the OMM when 

activated (Fig. 1.5B). BH3-only proteins such as truncated BID (tBID) serve as 

apoptotic ―activators‖ or ―sensitizers‖ that antagonize antiapoptotic BCL2 family 

members and/or activate BAX-like family members directly (Cheng et al., 2001; 

Kim et al., 2006; Letai et al., 2002) (Fig.1.5B). 

Except for MCL-1 and A1, the antiapoptotic BCL2 family members (BCL-2, 

BCL-XL, and BCL-W) are generally comprised of all four BH domains. The 

antiapoptotic family members prevent BAX/BAK oligomerization and pore 

formation by neutralizing BAX-like and/or BH3-only family members through 

heterodimerization (Tait and Green, 2010; Youle and Strasser, 2008) (Fig. 1.5B). 
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Figure 1.5 BCL2 family members. (A) Structural organization of the anti- and 

proapoptotic BCL2 family members. (B) Roles of the anti- (green) and 

proapoptotic (orange) family members on MOMP. 



15 

 

1.2.2 Cyt c 

Cytochrome c (cyt c), a small hemeprotein localized in the inner-membrane 

space of mitochondria, is essential for the electron transport chain. Under normal 

cellular conditions, its heme group carries one electron and transfers the electron 

between Complexes III (Coenzyme Q - Cyt C reductase) and IV (Cyt C oxidase) 

(Ponchaut et al., 1991).  

However, during apoptosis, reactive oxygen species (ROS) in mitochondria 

trigger oxidation of cardiolipin, to which cyt c associates, resulting in detachment 

of cyt c from the mitochondrial inner membrane (Orrenius and Zhivotovsky, 2005). 

Following MOMP, small amounts of released cyt c then interact with the IP3 

receptor (IP3R) on the endoplasmic reticulum (ER), resulting in calcium release 

from ER. The calcium increase functions as a positive feedback loop that 

facilitates a massive release of cyt c (Boehning et al., 2003). Once in the cytosol, 

cyt c then interacts with Apaf-1 and stimulates formation of the apoptosome, 

resulting in apoptotic cell death (Li et al., 1997; Liu et al., 1996; Zou et al., 1997). 

As a consequence, cells lacking cyt c fail to undergo cell death in response to 

intrinsic apoptotic stimuli (Li et al., 2000). 

The interaction between cyt c and Apaf-1 is important for apoptosome 

formation. The Apaf-1 binding sites on cyt c have been revealed. Mutations on 

Lys-7, Lys-25, Lys-39, 62ETLM65, or Lys-72 in cyt c (namely, K7E, K25P, K39H, 

E62N, T63N, L64M, M65S, or K72X mutants) dramatically disrupt its effect on 
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caspase activation and apoptosis (Yu et al., 2001). In addition, cyt c is reported 

to interact with the WD-40 repeats in c-terminus of Apaf-1. The WD-40 motif is an 

~40 residue conserved protein domain, and Apaf-1 contains 12-13 of them. 

These WD-40 repeats form beta propellers that are thought to keep Apaf-1 

inactive until cyt c binds to them. In the presence of (d)ATP, cyt c leads to 

conformational changes in Apaf-1 that result in Apaf-1 oligomerization and 

caspase activation (Cain et al., 2000, Zou et al., 1999, Saleh et al., 1999, Hu et 

al., 1999). Interestingly, the electron transport function of cyt c is not required for 

its ability to trigger apoptosome formation and caspase activation in vitro, and a 

knock-in mouse study shows that cyt c possessing a Lys-72 mutation is able to 

carry out electron transport, but fails to trigger apoptosis (Hao et al., 2005).  

The Cyt c-induced conformational change in Apaf-1 then releases the auto-

inhibition imposed by the WD-40 repeats and triggers (d)ATP nucleotide 

hydrolysis. However, whether the hydrolysis leads to the exposure of the NBD 

region on Apaf-1 is unclear. Following NBD exposure, Apaf-1 is present in an 

open formation (Kim et al., 2005; Riedl et al., 2005). Apaf-1 then undergoes 

nucleotide exchange (replacing (d)ADP for (d)ATP) in order to properly 

oligomerize and form a functional apoptosome (Reubold et al., 2009; Riedl and 

Salvesen, 2007). Notably, release of cyt c from mitochondria does not 

necessarily result in the activation of caspase-9 and -3. In the absence of 

intracellular (d)ATP, cyt c functions as a negative regulator for apoptosome 

activity (Cain et al., 2000). Moreover, high mM concentrations of nucleotides are 
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reported to directly bind to cyt c on several key lysine residues to prevent cyt c 

from interacting with Apaf-1, indicating that on optimal intracellular concentration 

of nucleotides is critical for apoptosome activation (Chandra et al., 2006). As 

noted, nucleotide exchange is required for formation of a functional apoptosome. 

When nucleotide exchange is absent, cyt c binding to Apaf-1 triggers the 

formation of nonfunctional 1.4MDa inactive Apaf-1 aggregates (Cain et al., 2000).  

In this scenario, cells undergo necrosis in response to apoptotic stimuli as a 

consequence of depleting Apaf-1 protein without activating caspases (Eguchi et 

al., 1997). 

1.2.3 The apoptosome 

1.2.3.1 Structure and function of Apaf-1 

Apoptotic protease activating factor 1 (Apaf-1) is a human homolog of the C. 

elegans CED-4 gene (Kim et al., 1999; Zou et al., 1997). It is a 140 kDa 

cytoplasmic protein that contains an N-terminal caspase recruitment domain 

(CARD; residues 1–98), a nucleotide binding and oligomerization domain 

(NBD/NOD; residues 128–424), and a series of C-terminal WD-40 repeats 

(residues 613–1248) (Reubold et al., 2011; Riedl et al., 2005; Zou et al., 1997) 

(Fig. 1.6A). The NBD/NOD is composed of an AAA+ ATPase cassette with 

Walker’s A and B boxes that interact with (d)ATP and Mg2+, respectively (Hu et 

al., 1998; Reubold et al., 2011; Riedl et al., 2005) (Fig. 1.6A). WD-40 repeats 

form seven and six-blade ß-propellers, which bind to cyt c in the cytoplasm and 
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in turn induce (d)ATP hydrolysis that is thought to induce a semi-open 

conformation (Benedict et al., 2000; Hu et al., 1999; Kim et al., 2005). The 

(d)ATP hydrolysis allows Apaf-1-bound (d)ADP to be replaced by exogenous 

(d)ATP, which is a critical step that facilitates the exposure of NBDs for 

apoptosome formation (Kim et al., 2005). The newly added (d)ATP remains un-

hydrolyzed during apoptosome formation, or at least hydrolysis is not required for 

its formation (Kim et al., 2005). In the apoptosome cryo-EM structure, seven 

Apaf-1 molecules generate a wheel-like structure, which comprises of a central 

hub formed by NBDs. A ring of CARDs is assembled above the hub, and the WD-

40 repeats form spokes that radiate outwards from the bottom of the hub and 

interact with cyt c (Yuan et al., 2011; Yuan et al., 2010) (Fig. 1.6B). Following 

apoptosome formation, the CARDs recruit and activate caspase-9 (Fig. 1.6B).  

As already noted, the WD-40 repeats play an auto-inhibitory role in 

suppressing apoptosome formation in the absence of cyt c. WD-40-deleted Apaf-

1 (1-559) is able to associate with and activate procaspase-9 without the addition 

of cyt c (Hu et al., 1998; Srinivasula et al., 1998). However, the WD-40-deleted 

Apaf-1 is less stable. Studies shows that only ADP (but not dADP) is found 

bound to WD-40-deleted Apaf-1 following expression in bacteria, whereas dATP 

is found in full-length Apaf-1 expressed in insect cells (Adrain et al., 1999; Jiang 

and Wang, 2000; Riedl et al., 2005; Srinivasula et al., 1998). Mutation of Met-368 

to Leu in Apaf-1 constitutively actives Apaf-1 and may disrupt the inhibition by the 

WD-40 repeats. Studies show that Apaf-1-M368L enables self-association 
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independent of cyt c. The apoptosome generated by Apaf-1-M368L is reported to 

enhance apoptotic response, compared to that generated by wild-type Apaf-1. 

However, this process is (d)ATP dependent, suggesting that nucleotide exchange 

is still required for complex formation (Hu et al., 1999).  
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Figure 1.6 Formation of the Apaf-1 apoptosome. (A) A schematic of Apaf-1 

containing its CARD, nucleotide binding domain (NBD), and WD-40 repeats. 

Walker's A (P-loop) and B (Mg2+-binding site) boxes are represented. (B) Cyt c 

and (d)ATP-mediated apoptosome formation. Upon Apaf-1 binding of cyt c to the 

Apaf-1 WD-40 repeats, (d)ATP is hydrolyzed to (d)ADP. The hydrolysis provides 

the energy for Apaf-1 to assume a semi-open conformation and allows nucleotide 

exchange to occur. When (d)ADP is replaced with (d)ATP, Apaf-1 oligomerizes 

through its NBD/NOD domain and assembles into a fully functional apoptosome. 

If nucleotide exchange is absent, Apaf-1 forms aggregates that result in a 

nonfunctional complex. (Adapted from Acehan et al., 2002; S. Malladi, 2010) (C) 

A crystal structure of full-length Apaf-1 (Murine) (PDB ID: 3SFZ). 
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1.2.3.2 Structure and function of caspase-9 

Procaspase-9 is a single-chain 46 kDa protein comprised of an N-terminal 

prodomain containing a CARD, a large (~20 kDa) subunit and a small (~12 kDa) 

subunit. The large and small subunits are connected via an intersubunit linker 

(Bratton and Salvesen, 2010) (Fig. 1.1). Procaspase-9 is recruited to 

apoptosome complexes via CARD-CARD interactions with Apaf-1 (Qin et al., 

1999). Following recruitment, procaspase-9 generates a two-chain (p35/p12) 

cleaved caspase-9 enzyme by autocatalytically processing itself at Asp-315 

within its intersubunit linker (Srinivasula et al., 1998). Unlike caspase-8, during 

caspase-9 activation, the prodomain of caspase-9 remains connected to the 

large subunit. Thus, caspase-9 must remain bound to the apoptosome complex 

to be active (Bratton et al., 2001; Rodriguez and Lazebnik, 1999; Stennicke et al., 

1999). The Apaf-1-caspase-9 complex then cleaves and activates the effector 

procaspases-3 and -7 (Bratton et al., 2001; Rodriguez and Lazebnik, 1999; Yin et 

al., 2006). In some situations, active caspase-3 initiates a feedback loop by 

cleaving unbound procaspase-9 or p35/p12 caspase-9 at Asp-330 to produce 

p37/10 or p35/p10 caspase-9 proteins (Bratton et al., 2002; Srinivasula et al., 

1996; Srinivasula et al., 2001; Zou et al., 2003). 

1.2.3.3 Apoptosome-bound caspase-9: an active monomer or dimer? 

Unlike effector caspases, caspase-9 possesses a low affinity for itself and is 

normally monomeric in cells. Thus, the apoptosome is required for caspase-9 
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activity (Bratton et al., 2001; Rodriguez and Lazebnik, 1999). How caspase-9 

becomes activated within the apoptosome complex, however, is unclear. Two 

models have been proposed: in the ―dimerization model‖ or ―induced proximity 

model‖, the apoptosome is thought to serve as a platform that recruits caspase-9 

to increase its local concentration, thus facilitating its dimerization and resulting in 

its activation (Boatright et al., 2003; Pop et al., 2006) (Fig. 1.7B). Indeed, a 

crystal structure of caspase-9 suggests that caspase-9 dimerizes in an anti-

parallel fashion through interactions between small subunits, and mutations 

along the putative dimerization interface (402GCFNF406) eliminate the activity of 

caspase-9 (Renatus et al., 2001) (Fig. 1.7A). In addition, artificially enforcing 

caspase-9 dimerization induces its activity (Boatright et al., 2003; Pop et al., 

2006). Swapping the prodomain of caspase-8 for the CARD in caspase-9 also 

leads to caspase-8 activation within the apoptosome, arguing again that the 

apoptosome just serves as a platform to recruit caspase-9 and increase its local 

concentration (Boatright et al., 2003; Pop et al., 2006).  

    On the other hand, the competing ―holoenzyme model‖ argues that the 

apoptosome serves as a positive allosteric regulator of caspase-9, inducing 

conformational changes in caspase-9 that are necessary for its activation (Chao 

et al., 2005; Rodriguez and Lazebnik, 1999). Notably, caspase-9 has never been 

shown to dimerize in a reconstituted Apaf-1-caspase-9 apoptosome complex, 

and the seven-fold, rather than eight-fold, asymmetric structure of the 

apoptosome argues against the idea that caspase-9 dimerization is essential for 
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complex activity. In addition, the activity of CARD-deleted caspase-9 with 

enforced dimerization is significantly lower than that observed for the full-length 

Apaf-1-caspase-9 apoptosome complex (Chao et al., 2005). A constitutive 

caspase-9 dimer, generated by swapping the dimerization interface in caspase-9 

with that reported for caspase-3, also exhibits dramatically less activity than 

apoptosome-bound caspase-9 (Chao et al., 2005). Finally, a recent cryo-electron 

microscopy structure of the apoptosome suggests that a single catalytic subunit 

of caspase-9 can bind near the hub of the complex (Yuan et al., 2011) (Fig. 

1.7B). Taken together, both models agree that the apoptosome is required for 

caspase-9 activation, however, the precise mechanism of activation remains 

unclear. Therefore, in order to better understand the mechanisms of caspcase-9 

activation, one of the major goals of this thesis was to define the stoichiometry 

and dimerization status of caspase-9 in the complex and to establish whether the 

apoptosome functions as a holoenzyme. 
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Figure 1.7 Two models for caspase-9 activation within the apoptosome. (A) 

A crystal structure of dimerized caspase-9. Two large subunits (green) and two 

small subunits (orange) with the dimerization interface (dashed-line box) are 

shown. Caspase-9 dimerizes in an anti-parallel fashion through the 402GCFNF406 

motif in small subunits. (PDB ID: 1JXQ). (B) The apoptosome promotes caspase-

9 activation either by increasing its local concentration to induce dimerization 

(left), or by triggering a conformational change in caspase-9 to promote its 

activation (right) (Adapted from Wu and Bratton, 2013). 
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1.2.3.4 The apoptosome as a molecular timer for caspase activation 

Caspase-9 has to remain bound to the apoptosome complex in order to 

activate caspase-3 (Bratton et al., 2001; Rodriguez and Lazebnik, 1999). 

However, our laboratory has found that autocleavage of procaspase-9 at Asp-

315 actually leads to its inactivation due to its dissociation from the complex 

(Malladi et al., 2009) (Fig. 1.8). Compared to procaspase-9, processed caspase-

9 (p35/p12) displays weaker affinity for the apoptosome therefore can be easily 

displaced by procaspase-9, which starts a new cycle of caspase-9 recruitment, 

autocleavage, and dissociation from the complex. However, since the 

autocatalytic cleavage of procaspase-9 occurs rapidly, processed caspase-9 is 

still primarily responsible for activating caspase-3. Based on these findings, our 

lab proposed a model for the Apaf-1 apoptosome as a proteolytic-based 

―molecular timer‖. This timer is started by procaspase-9 autoprocessing and 

stopped by the dissociation of processed caspase-9 from the apoptosome. The 

intracellular concentration of procaspase-9 controls the overall duration of the 

timer and the dissociation rate of processed caspase-9 from the complex controls 

how fast the timer ticks (Malladi et al., 2009) (Fig. 1.8).  

In vitro studies suggest that non-cleavable caspase-9 disengages the timer 

by preventing its release from the complex (Malladi et al., 2009). However, the in 

vitro reconstitution experiments did not consider the effects from other 

apoptosome regulators present in vivo. For example, the inhibitory effect of IAPs 
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was not taken into account in these studies. In cells, processed caspase-9 is 

inhibited by IAPs (Bratton et al., 2002; Srinivasula et al., 2001). Therefore, it is 

important to study the interplay between IAPs and the apoptosome timer for 

regulation of caspase-9 activity in vivo. In this thesis, we have attempted to 

address the importance of caspase-9 autoprocessing and inhibition by XIAP in 

knock-in mouse models of caspase-9. 
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Figure 1.8 The apoptosome molecular timer model. In step (1), the 

apoptosome recruits and activates procaspase-9. Caspase-9 must be bound in 

order to exhibit significant catalytic activity. Active procaspase-9 is capable of 

activating effector caspase-3. In step (2), procaspase-9 autocatalytic cleavage 

starts the timer. Once bound to apoptosome, the rate of active procaspase-9 

autocatalytic cleavage into processed p35/p12 caspase-9 is very fast, such that 

caspase-9-p35/p12 activates the majority of caspase-3. In step (3), caspase-9-

p35/p12 has lower affinity for the complex, dissociates, and is replaced by 

another procaspase-9 protein (Adapted from Wu and Bratton, 2013). 
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Chapter 2: Methods and materials 

2.1 Reagents 

Cyt c from bovine heart (Sigma, cat# C3131); dATP (Sigma, cat# D-4788); 

T7-Tag monoclonal antibody (Novagen, cat# 69522-3); Caspase-9 antibody (Cell 

Signaling, cat# 9502S); LEHD-AMC (MP Biomedicals, cat# 03AMC154); DEVD-

AMC (MP Biomedicals, cat# 03AMC138); L-DOPA (ACROS organics, 99%); and 

Biacore sensor chip SA (GE Healthcare, cat# BR-1000-32). 

2.2 Molecular cloning 

Caspase-9 was cloned into the BamHI/XhoI sites of pET21b vector 

(Novagen) and various mutants were generated by site-specific mutagenesis 

listed in Table 2.1. CARD-deleted caspase-9 (Δ1-137) was cloned into the 

BamHI/NotI sites of pET28b. Caspase-9 CARD (1-132) was cloned into the 

BamHI/XhoI sites of pET21b. Caspase-9 constructs containing dimerization motif 

peptides attached to the C-terminus were generated by oligonucleotide cloning 

as listed in Table 2.1. Procaspase-3 was cloned into the BamHI/XhoI sites of 

pET21b and an active-site mutant (C163A) was generated by site-specific 

mutagenesis. Apaf-1 CARD containing C-terminal leucine zipper and AviTag was 

cloned into the NcoI/XhoI sites of pRSF-Duet1. The BIR2 fragment of XIAP was 

cloned into the EcoRI/NotI sites of pGEX-4T-1 (Pharmacia). The BIR3-RING 

fragment of XIAP was cloned into the EcoRI/NotI sites of pGEX-4T-1.  
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Name Construct property Mutations/Linker peptides 

C9* Catalytically inactive; pro-form C287A 

C9-F404D Dimerization defective; pro-form F404D 

C9-TM  Non-cleavable E306A/D315A/D330A 

C9-TM-
F404D 

Non-cleavable dimerization 
defective 

E306A/D315A/D330A/F404D 

C9-F404D* Catalytically-inactive dimerization-
deficient; pro-form 

C287A/F404D 

C9-CIVSM Constitutive dimeric; processed 
when over-expressed in E.Coli 

G402C/C403I/F404V 
/N405S/F406M 

C9-TM-Dopa L-Dopa incorporated non-cleavable 
caspase-9 for site specific cross-
linking experiments 

E306A/D315A/D330A 
/F406Amber-codon (TAG) 

C9-TM-
F404D-Dopa 

L-Dopa incorporated dimerization 
defective caspase-9 for site specific 
cross-linking experiments 

E306A/D315A/D330A/F404D 
/F406Amber-codon (TAG) 

C9-p35/p12 Processed into p35/p12 caspase-9 
when over-expressed in E.Coli 

N/A 

C9-p37/p10 Processed into p37/p10 caspase-9 
when over-expressed in E.Coli 

E306A/P312D/E313Q/P314L/
D327P/Q328E /L329P 

C9-p35/p10 Processed into p35/p10 caspase-9 
when over-expressed in E.Coli 

E306A/D327P/Q328E/L329P 

C9-p35/p12* Co-incubated with un-tagged 
caspase-3 to generate inactive 
p35/p12 caspase-9 

C287A/P312D/E313Q 
/P314L/D327P/Q328E/L329P 

C9-p37/p10* Co-incubated with un-tagged 
caspase-3 to generate inactive 
p37/p10 caspase-9 

C287A 

   

Table 2.1 Cloning and construct properties. 
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Name Construct property Mutations/Linker peptides 

C9-p35/p10* Co-incubated with un-tagged 
caspase-3 to generate inactive 
p35/p10 caspase-9 

C287A/P312D/E313Q/P314L 

C9-F404D-
p35/p12* 

Co-incubated with un-tagged 
caspase-3 to generate inactive 
dimerization defective p35/p12 
caspase-9 

C287A/F404D/P312D/E313Q/
P314L/D327P/Q328E /L329P 

C9-F404D-
p37/p10* 

Co-incubated with un-tagged 
caspase-3 to generate inactive 
dimerization defective p37/p10 
caspase-9 

C287A/F404D 

C9-F404D-
p35/p10* 

Co-incubated with un-tagged 
caspase-3 to generate inactive 
dimerization defective p35/p10 
caspase-9 

C287A/F404D/P312D 
/E313Q/P314L 

C9-WTLDP Containing a C-terminal linker 
following a dimerization domain 
peptide to perturb caspase-9 
dimerizing to another molecule 

GGSGGSGCFNF attached to 
the C-terminus 

C9-
F404DLDP 

Containing a dimerization domain 
peptide that is not capable to 
perturb caspase-9 dimerization 

GGSGGSGCDNF attached to 
the C-terminus 

C9-scrLDP Containing a scramble sequence 
on the C-terminus 

GGSGGSFNGFC attached to 
the C-terminus 

   

 

 

 

Table 2.1 (Continued) Cloning and construct properties. 
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2.3 Protein expression and purification 

Recombinant Apaf-1XL (full-length Apaf-1) protein was expressed in Hi-five 

(Invitrogen) or Sf21 cells (a gift from the Tanya Paull Lab) using a baculoviral 

expression system (Chandra et al., 2006). Recombinant caspase-9, catalytically-

inactive (C163A) procaspase-3 (C3*), fully mature active caspase-3, and Apaf-1 

CARD were expressed in the E. coli strain BL21(DE3)pLysS (Novagen) and 

induced overnight at 16-18°C or for 3 h at 25-30°C. Recombinant procaspase-3 

(WT) was induced for 15 min at 25°C. Proteins were purified using a FPLC 

coupled with a Ni-NTA column (Qiagen). The proteins were then buffer-

exchanged and further purified by anion-exchange chromatography (Mono-Q, 

Amersham Biosciences). Protein concentration was measured by the Bradford 

assay, and the activity of each protein was determined by LEHDase and/or 

DEVDase activity assays, as described in the following sections. 

2.4 Apoptosome reconstitution and caspase-9 activity assays 

For most apoptosome reconstitution assays, full-length Apaf-1 (300 nM, or 

43 nM of heptameric apoptosome complexes), cyt c (10 μM), dATP (2 mM), and 

MgCl2 (2 mM) were mixed alone with various recombinant T7-tagged caspase-9 

proteins (0-200 nM), as described in section 2.2. This was combined with T7-

tagged procaspase-3 (C3*) (500 nM) to serve as a caspase-9 substrate, in a final 

volume of 25 μL. Samples were then incubated at 37ºC for 20-30 min, separated 

by SDS-PAGE, and immunoblotted for T7 (Novagen), caspase-9 and/or caspase-
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3 (Cell Signaling) antibodies.  

In some experiments, native lysates from caspase-9-/- MEFs were used for 

apoptosome reconstitution assays. In short, caspase-9-deficient MEFs were 

trypsinized, washed with PBS, and resuspended in PIPES buffer containing 

protease inhibitors [0.5 M PIPES (KOH), pH6.5; 0.5 M EDTA, pH8.0; 0.1% 

CHAPS; 10 mg/mL leupeptin; 10 mg/mL pepstatin; 10 mg/mL aprotinin; 200 mM 

phenylmethylsulfonyl fluoride]. Cells were then lysed by repeated freeze-thaw 

cycles, following passage through a 1 mL syringe fitted with a 26 G needle (30 

plunges). The lysate was centrifuged for at 4ºC 15 min at 1,000 x g, and the 

supernatant was further centrifuged at 4ºC for 20 min at 20,000 x g. The 

concentration of the final supernatant was measured by the Bradford assay. The 

lysate was diluted to final concentration of 20 mg/mL and incubated with 

caspase-9 (200 nM) and cyt c/ dATP, in a final volume of 25 μL. Caspase-9 

activation assays were performed at 37ºC for 30 min. The activation of 

endogenous procaspase-3 by the Apaf-1-caspase-9 apoptosome was then 

determined by immunoblotting.  

2.5 Salt-driven caspase-9 activity assay 

    Recombinant CARD-deleted caspase-9 proteins described in section 2.2 were 

incubated with T7-tagged procaspase-3 (C3*) (500 nM) in caspase activity buffer 

containing a high concentration of ammonium citrate (1 M), as previously 

described (Boatright et al., 2003), in a final volume of 25 μL at 37ºC for 20-60 
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min. Samples were then separated by SDS-PAGE, and immunoblotted with 

caspase-3 and caspase-9 antibodies (Cell signaling). 

2.6 LEHDase and DEVDase assays 

In displacement assays and Apaf-1 saturation assays, described in the 

following sections, fluorescence-based assays were used to measure caspase 

activity. Following apoptosome reconstitution assays, LEHD-AMC (500 μM) was 

added to a final volume of 25 μL. The direct activity of caspase-9 was then 

measured by a plate reader SpectraMax M5 (Molecular Devices) monitoring 

LEHDase activity as previously described (Cain et al., 2000). A coupled 

DEVDase assay was also performed to measure caspase-9-driven activity of 

procaspase-3 within the apoptosome complex. After Apaf-1-casapse-9 

apoptosome reconstitution, DEVD-AMC (15 μM) and procasapse-3 (500 nM) 

were added to initiate the reaction. The activation of procaspase-3 was 

determined by a SpectraMax M5 measuring DEVDase activity, as previously 

described (Cain et al., 2000). 

2.7 Gel filtration assay 

Apoptosome complexes were assembled by incubating Apaf-1 (300 nM), 

caspase-9 (300 μM), with or without cyt c/ dATP, in a final volume of 200 μL at 

37ºC for 30 min. The samples were then fractionated by Superose-6 gel filtration 

chromatography (GE Healthcare) in gel filtration buffer [20 mM HEPES, 50 mM 
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NaCl, pH 8.0]. Proteins in each fraction (500 μL) were then trichloroacetic acid 

(TCA) precipitated, separated by SDS-PAGE, and immunoblotted using anti-

Apaf-1 and caspase-9 antibodies (Cain et al., 2000). 

2.8 Displacement Assay 

Catalytically-inactive (C287A) procaspase-9 (C9*), dimerization defective 

(F404D) procaspase-9 (C9-F404D*), and various inactive processed caspase-9 

proteins (C9-p35/p12*, C9-p35/p10*, C9-p37/p10*, C9-F404D-p35/p12*, C9-

F404D-p35/p10*, and C9-F404D-p37/p10*) were expressed in E. coli strain 

BL21(DE3)pLysS. To generate inactive, processed caspase-9 variants, bacterial 

lysates were incubated with un-tagged active caspase-3. Caspase-3 was then 

removed via incubation with GST-XIAP-Bir2, followed by pull-down using GST 

sepharose beads (GE Healthcare). Catalytically-inactive caspase-9 variants were 

then purified using Ni-NTA agarose as described in section 2.3.  

Apoptosome complexes were reconstituted by incubating Apaf-1 (300 nM), 

cyt c/dATP, and caspase-9 enzymes (caspase-9-p35/p12 or procaspase-9-TM; 

200 nM) at 37°C for 5 min. Inactive caspase-9 variants were then added at 

increasing concentrations (0-2,000 nM) and incubated at 37°C for an additional 5 

min. Finally, LEHD-AMC (500 μM) was added to the samples and LEHDase 

activity was monitored as described in section 2.6. 
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2.9 Apaf-1 saturation assay 

Increasing concentrations of Apaf-1 apoptosome (0-2,000 nM Apaf-1) were 

formed. A fixed concentration of procaspase-9 or processed casapse-9 (10 nM) 

was added and incubated for an additional 5 min. The direct activity of caspase-9 

was then measured using LEHDase assay. To monitor the caspase-3 activity 

driven by active casapse-9 in the apoptosome, procaspase-3 (WT) (500 nM) was 

added 5 min after adding caspase-9 enzymes, and a coupled DEVDase assay 

was performed. 

2.10 Unnatural amino acid incorporation and site-specific cross-linking 

    C9-TM-Dopa or C9-TM-F404D-Dopa plasmids described in Table 2.1 were 

transformed into E. coli strain BL21(DE3)pLysS, and the transformants were 

made competent. PAC/tRNA-RS plasmid (a gift from Dr. Jonathan Zhang; 

Umeda et al., 2009) was transformed into the competent mutants. The double-

transformed cells were then grown in amber flasks in M9-based glucose minimal 

medium [20 mM glucose, 2 mM MgSO4, 100 μM CaCl2, 3.37 mM Na2HPO4, 2.2 

mM KH2PO4, 855 μM NaCl, 935 μM NH4Cl] to an O.D. of 0.6-1.0. Protein 

expression was induced in the presence of L-Dopa (1 mM) and Na-ascorbate (4 

mM) for 6 h at 25-30 °C, or overnight at 16-18 °C. Cells were then lysed and the 

His6-tagged proteins were purified in the dark using Ni-NTA agarose in buffer 

containing DTT (1mM) as described in section 2.3. Active L-DOPA incorporated 

proteins were verified by the NBT/Glycinate assay as previously described (Paz 



36 

 

et al., 1991). Generally, the purified proteins were transferred onto a nylon 

membrane, and incubated with 0.6 mg/mL NBT (Nitro blue tetrazolium; Sigma) in 

potassium glycinate buffer [2 M potassium glycinate, pH 10] at room temperature 

in the dark for 45 min. The membrane was then soaked in sodium borate solution 

[0.16 M sodium borate; heated to dissolve] overnight and rinsed with ddH2O. A 

dark purple color indicates the reaction products from the active ortho-quinones. 

    Apoptosome complexes were reconstituted using Apaf-1 (300 nM), cyt c/dATP, 

and L-Dopa incorporated caspase-9 proteins (200 nM). L-Dopa oxidation and 

site-specific cross-linking were triggered by the addition of sodium periodate 

(NaIO4, 1 mM) on ice for 1 h. The samples were then pulled-down by anti-T7-

conjugated agarose beads (Novagen) in the presence of DTT (10 mM), 

separated by SDS-PAGE, and immunoblotted using an anti-Apaf-1 antibody or 

T7 antibody for caspase-9.  

2.11 Site-specific protein biotinylation  

Apaf-1 CARD containing a C-terminal leucine zipper (GCN4 leucine zipper: 

RMKQLEDKVEELLSKNYHLENEVARLKKLVGER), following by an Avi-Tag 

(GLNDIFEAQKIEWHE) and a six-histidine tag was cloned into the NcoI/XhoI 

sites of a pRSF-Duet1 vector [i.e. Apaf-1-CARD-LZ]. The lysine residue of the 

AviTag serves as site-specific biotinylation site for the BirA enzyme (Beckett et 

al., 1999). Recombinant Apaf-1-CARD-LZ and BirA (pET21a-BirA; Addgene) 

proteins were expressed in E. coli strain BL21(DE3)pLysS, purified, and dialyzed 
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into buffer containing glycerol [10 mM Tris, 50 mM NaCl, 10% Glycerol, pH 8.0] 

and stored at -80°C. For subsequent biotinylation, Apaf-1-CARD-LZ (1 mg) was 

incubated with BirA (1 μg) in biotinylation buffer [50 mM bicine, pH 8.3, 10 mM 

ATP, 10 mM Mg(OAc)2, 50 mM D-biotin (Sigma)] in a final volume of 1 mL for 30 

min at 30°C. The protein mixture was then dialyzed into PBS to eliminate free 

biotin, and the biotinylated Apaf-1-CARD-LZ was purified using an Avidin column 

and D-biotin (2 mM) in elution buffer (Perice®  Monomeric Aivdin Kit; Thermo 

Scientific).  

2.12 Surface plasmon resonance analysis 

Association and dissociation of recombinant caspase-9 variants to Apaf-1-

CARD-LZ was assessed by Surface Plasmon Resonance (SPR) analysis using a 

BIAcore x100 biosensor (BIAcore AB). Biotinylated Apaf1-CARD-LZ in SPR 

buffer [0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA and 0.05% v/v Surfactant P20] 

was immobilized onto a SA sensor chip according to the manufacturer’s 

instructions. Recombinant caspase-9 variants were buffer exchanged to SPR 

buffer, and diluted in 2-fold dilution series (starting from 2000 nM to 125 nM). 

Analyte solutions were passed over the surface of biosensor chip beginning with 

the lowest concentration. Each measurement was performed at room 

temperature using a flow rate of 30 μL/min with a contact time of 120 sec and a 

dissociation time of 700 sec. The sensor chip surface was regenerated after each 

measurement using the same buffer containing 1 M NaCl. Binding affinities were 
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determined by equilibrium analysis and kinetic data were fitted to the two-state 

binding model described by the following equation (Karlsson and Falt, 1997; 

Lipschultz et al., 2000). 

 

2.13 Size-exclusion chromatography and multi-angle light scattering 

    An analytical size-exclusion chromatography (SEC) column coupled to multi-

angle light scattering detector (MALS) was operated at 16 angles using a DAWN-

HELEOS laser photometer (Wyatt Technology) and differential refractometer 

(Optilab rEX, Wyatt Technology). An FPLC was maintained at 4ºC (GE 

Healthcare). Recombinant caspase-9 variants (200 μL) were injected onto a 

silica SEC column, which separates proteins from 5 kDa to 1,250 kDa (Wyatt 

Technology; catalog number WTC030S5), and eluted in gel filtration buffer [20 

mM HEPES, 50 mM NaCl, pH 8.0] at a flow rate of 0.5 mL/min. Data were 

collected and analyzed using the ASTRA software as previously described (Ivins 

et al., 2009). 
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2.14 Cloning of Caspase-9 Mouse knock-in constructs 

Mouse caspase-9 genomic DNA was used to amplify the left arm (LA) of the 

knock-in constructs using SacINotI-LA-US (TTGGAGCTCGCGGCCGCC 

AAAATCATGGTGCTGGCTCC) and SacII-LA-DS (CTTCCGCGGAAGGAGA 

GAAATGACTCCACAAAG) primers, and the right arm (RA) was amplified using 

SalI-RA-US (GTAGTCGACTACTGTGTCCCATTTTGTCAGTG) and SacII-RA-DS 

(CTTCCGCGGCTGTATTGGCAGAGAGATGGTGG) primers. Point mutations 

were introduced using site directed mutagenesis at Asp-349 (D349A), Asp-353 

(D353A) and Asp-368 (D368A) to generate a non-cleavable caspase-9 mutant 

(caspase-9-NC); or Asp-349 (D349A), Ala-354/Val355 (A354G/V355G) and 

Ala369/Val370 (A369G/V370G) to generate an XIAP-uninhibitable mutant 

(casapse-9-IBM).  

Both arms (LA and RA) as well as a diphtheria toxin (DT) cassette were 

subsequently cloned into a PgK-Neo plasmid (kindly provided by Dr. Mark 

Bedford) to generate the caspase-9 PgK-LA-Neo-RA-DT constructs.  

2.15 Southern blotting 

The mouse caspase-9 knock-in constructs were then linearized using NotI, 

and embryonic stem cell (ES) electroporation was performed at the Genetically 

Engineered Mouse Facility (GEMF) at M.D. Anderson Cancer Center in Houston. 

After microinjection, stable clones of Neomycin-resistance (G418) ES cells were 
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selected. Genomic DNA from these ES cells was then extracted and digested 

with BamHI, and the digested DNA was separated in a 0.8% agarose gel for 8 h 

(50V). Separated DNA fragments were transferred onto a Nytran SuPerCharge 

membrane (Whatman) using Rapid Downward Transfer System (Whatman 

TURBOBLOTTER) overnight, and the membrane-bound DNA was UV-

crosslinked twice using a UV Stratalinker 1800 (Stratagene). Finally the 

membrane was submersed in 2X SSC [0.3 M NaCl, 0.03 M Sodium Citrate, pH 

7.0] for 5 min, followed by submersion in deionized water for 5 min.  

Fifty nanograms of the probe (600 bp; nucleotide 11943-12638) were 

produced by PCR and were radiolabeled using a Prime-It Random Primer 

Labeling Kit (Stratagene; catalog number 300385). Briefly, the probe DNA was 

incubated with random primers (10 μL), dATP primer buffer (10 μL), [α32P]-

labeled dATP (5 μL), and Klenow enzyme (1 μL) in a final volume of 50 μL at 

37ºC for 30 min. Free [α32P]-labeled dATP was then removed from the mixture 

using illustra NICK columns (GE Healthcare; catalog number 17-0855-01). The 

specific activity of the probe (cpm/ng DNA) was determined by a scintillation 

counter. 

Before hybridization, the membrane was blocked using ULTRAhyb (Ambion) 

at 42ºC for 45 min. The probe (250 μL) was heated and mixed with 25 mL of 

ULTRAhyb. The membrane was then immersed into this mixture and hybridized 

at 42ºC overnight. The hybridized membrane was washed twice using 2X SSC 
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(Saline and Sodium Citrate buffer) with 0.1% SDS, and then exposed to a 

Storage Phosphor Screen (SPS) for 4 h and scanned using the Turboscanner 

(ICMB core facility). A band shift from 5.4 kb to 7.4 kb indicated a positive clone. 

2.16 Multiplex genotyping PCR 

To detect the caspase-9 knock-in alleles, a forward primer against the 

Neomycin cassette (GTCAGTTTCATAGCCTGAAGAACG), a forward primer 

against the caspase-9 site 17185 (ACGTGTGATCTTTGTGGAG) and a reverse 

primer against the caspase-9 site 17433 (AGACCCTGGCTTTGACCTTT) were 

mixed in a ratio of 1:2:3, respectively, along with Taq polymerase, dNTPs, PCR 

buffer and the genomic DNA (20-50 ng) in a final volume of 25 μL. The following 

thermo-cycler protocol was used to carry out PCR amplification: (1) 95°C for 5 

min, (2) 95°C for 30 sec, (3) 54.5°C for 30 sec, (4) 72°C for 1 min, (5) repeat 

steps (2)-(4) for 30 cycles, (6) 72°C for 7 min, and a 4°C hold. A PCR product of 

248 bp represented a caspase-9-WT allele and a product at 368 bp or 283bp 

represented a knock-in allele (caspase-9-NC or caspase-9-IBM), respectively, 

with or without a Neomycin cassette. For the caspase-9-NC mouse lines, the 

Neomycin cassette was removed by crossing the homozygous knock-in mice 

with the FLPeR mice (and intercrossing their subsequent F1 offspring), as listed 

in section 2.20. 

To detect mice expressing FLP1 recombinase, a forward primer for FLP1 

allele (CACTGATATTGTAAGTAGTTTGC), a reverse primer for FLP1 allele 
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(CTAGTGCGAAGTAGTGATCAGG), a forward primer for WT allele (FLP1 

negative) (TGTTTTGGAGGCAGGAAGCACT), and a reverse primer for WT 

allele (FLP1 negative) (AAATACTCCGAGGCGGATCACA) were mixed with Hot 

Start Taq polymerase (NEB), dNTPs, PCR buffer and genomic DNA extracted 

from mouse tails (20-50 ng) in a final volume of 25 μL. The following thermo-

cycler protocol was used to carry out PCR amplification: (1) 94°C for 30 sec, (2) 

94°C for 30 sec, (3) 55°C for 30 sec, (4) 68°C for 1 min, (5) repeat steps (2)-(4) 

for 30 cycles, (6) 68°C for 7 min, and a 4°C hold. A PCR product at 725 bp 

represented a FLP1 allele and a product at 500 bp represented a WT allele 

(FLP1 negative). 

2.17 Genomic sequencing and ApeKI digestion of PCR products  

    To further confirm mutations in the knock-in mouse lines, PCR products 

amplified using a forward primer (TCTCAAAACAAGTGTGCTCCGTTGG) and a 

reverse primer (TGAGCTCACCTGGGAAGGTGGAG) were sent for DNA 

sequencing using the forward primer.  

To confirm the mutation of D368A in the caspase-9-NC allele, a strategy 

involving PCR and ApeKI digestion was used. A PCR product at 330 bp was 

amplified using a forward primer (TCTCAAAACAAGTGTGCTCCGTTGG) and a 

reverse primer (TGAGCTCACCTGGGAAGGTGGAG). After ApeKI digestion, two 

DNA products at 280 bp and 50 bp represent a caspase-9-NC allele. The product 

from a WT allele remained uncut (330 bp). 



43 

 

2.18 Mouse lines 

     ES clones positive for homologous recombination were submitted for 

blastocyst injection, and chimeric caspase-9-NC mice and caspase-9-IBM mice 

were generated. To confirm germ-line transmission, chimeras were crossed with 

wild-type 129/SvEvTac mice (Jackson Lab). The resulting heterozygous mice 

were crossed to generate wild-type (+/+), heterozygous (NC/+ or IBM/+) and 

homozygous (NC/NC or IBM/IBM) knock-in mice. The genotypes were confirmed 

by southern blotting, genomic PCR, direct sequencing, and susceptibility to 

ApeKI digestion, as described in section 2.15 to 2.17.  

    FLPeR mice (129 strain; Jackson Lab) express FLP1 recombinase under the 

control of the Gt(ROSA)26Sor promoter (Awatramani et al., 2001; Farley et al., 

2000; Rodriguez et al., 2000).  Homozygous caspase-9 NC/NC mice were 

crossed with FLPeR mice to excise the Neomycin cassette (2 kb in length) from 

the caspase-9 gene, leaving only one loxP site (35 bp in length). Knock-in alleles 

without Neomycin cassette (caspase-9-NC-NeoKO) were confirmed using 

genotyping PCR described in section 2.16. The resulting heterozygous mice 

were crossed to generate homozygous caspase-9 NC-NeoKO/NC-NeoKO knock-in 

mice. Homozygous mice were then back-crossed to remove the FLP1 alleles. 

The knock-in mice lacking FLP1 expression (caspase-9 NC-NeoKO/NC-NeoKO; 

FLP1-/-) were confirmed using genotyping PCR described in section 2.16. 
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To generate caspase-9 knock-in mouse lines (caspase-9-NC and caspase-9-

IBM) on a pure C57BL/6J genetic background, homozygous knock-in mice on a 

pure 129/SvEvTac background were back crossed with wild-type C57BL/6J 

(Jackson Lab) for at least 5 generations, and speed congenics was performed by 

Dr. Fernando Benavides at MD Anderson Cancer Center Science Park-Research 

Division in Smithville. Generally, this technique efficiently transferred mutations in 

the knock-in mice from an 129/SvEvTac-C57BL/6J background of an outbred 

strain onto a C57BL/6J background of an inbred strain, by utilizing microsatellite 

and single nucleotide polymorphism (SNP) panels to select male breeders, 

therefore mice on a pure C57BL/6J background could be obtained in as little as 

five generations. 

2.19 Superovulation, mouse embryo isolation and MEFs preparation   

    Female mice at 4 to 6 weeks of age were injected with equine chorionic 

gonadotropin (PMSG or eCG, 5 IU, i.p.; Calbiochem, EMDBiosciences, Inc.). 

After 44-45 h, the mice were injected with human chorionic gonadotropin (hCG, 5 

IU, i.p.; Sigma). Females were then housed overnight with males. Successful 

mating was verified by the presence of copulation plugs on the females. Embryos 

were isolated 13.5 days after plug detection, and microscopic images of the 

embryos were taken using an AxioCam (Zeiss). Mouse embryo fibroblasts 

(MEFs) were generated afterwards, as previously described (Abbondanzo et al., 

1993; Jozefczuk et al., 2012). Generally, the limbs, internal organs, brains and 
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upper parts of the heads were removed. The remaining parts of the embryos 

were trypsinized twice at 37ºC for 30 min, washed with PBS, and finally plated 

into culture dishes containing DMEM and 10% FBS.  

2.20 Mouse sperm count 

    For each male mouse, DMEM media (1 mL) containing BSA (3 mg/mL) was 

pipetted into a small petri dish and warmed to 37°C. Reproductive organs of 8 

weeks old male mice were exposed via an abdominal incision. The cauda (tail) of 

both right and left epididymides were carefully dissected, removed and immersed 

into the media prepared above. Both cauda epididymides were incised, and 

sperms were allowed dispense for 15 min. A 1:10 dilution of the resulting sperm 

suspension was made in water, and sperm counts were obtained twice and 

averaged from both chambers of a hemocytometer.   
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Chapter 3: Activation of caspase-9 within the Apaf-1 

apoptosome 

3.1 Introduction 

In cells, initiator caspases typically exist as monomers, which are thought to 

be activated through dimerization and cleavage. Effector caspases exist as 

dimers, which are activated through cleavage by the initiator caspases. It is 

believed that the heptameric Apaf-1 apoptosome serves as an adaptor platform, 

which recruits caspase-9 via CARD-CARD interactions. Once recruited, caspase-

9 was previously thought to require dimerization and processing in order to 

become activated. However, studies from our lab have recently shown that 

processing actually leads to caspase-9 inactivation, rather than activation 

(Malladi et al., 2009). Our lab has therefore proposed a model, wherein the Apaf-

1 apoptosome serves as a ―molecular timer‖. In this model, autocatalytic 

cleavage of a single-chain procaspase-9 into a two-chain caspase-9-p35/p12 

leads to its dissociation from the apoptosome complex. Consistent with this 

model, at low enzyme concentrations, a non-cleavable form of caspase-9 

(E306A/D315A/D330A) (hereafter referred to as procaspase-9-TM) cleaves more 

peptide substrates than does caspase-9-p35/p12. However, it is not clear why 

processing of procaspase-9 leads to its dissociation from the apoptosome 

complex. The ―induced proximity model‖ of initiator caspase activation (Boatright 

et al., 2003; Salvesen and Dixit, 1999) suggests that the apoptosome complex 
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recruits monomeric procaspase-9, resulting in a local increase in the 

concentration of procaspase-9 that triggers caspase-9 dimerization. In this 

model, once dimerization occurs, the overall affinity of caspase-9 for the complex 

would be predicted to increase dramatically, as caspase-9 transitions from an 

apoptosome-bound monomer that interacts with the complex only through 

prodomain-Apaf-1 CARD interactions, to a bound dimer that interacts with its 

small subunits as well (Fig. 3.1B and C). Therefore, we hypothesized that 

autocatalytic cleavage of procaspase-9 might lead to a decreased dimerization, 

resulting in a corresponding decrease in caspase-9’s overall affinity for the 

apoptosome and thus lower catalytic activity (Fig. 3.1D and E). However, due to 

technical difficulties in characterizing caspase-9 within a huge complex, so far 

there is no direct evidence that caspase-9 even undergoes dimerization within 

the apoptosome. Introducing an unnatural, cross-linkable amino acid, L-DOPA, 

into the putative dimerization interface of procaspase-9 could provide a way to 

site-specifically cross-link caspase-9 to itself and other potential binding partners. 

Therefore, one goal of this project was to determine whether caspase-9:caspase-

9 dimerization occurred within the apoptosome complex, and to investigate 

whether caspase-9 interacted with other unexpected partners through the same 

motif.  

In contrast to the dimerization model of caspase-9 activation, others have 

suggested that caspase-9 is activated through an allosteric mechanism, or 

―holoenzyme model‖. In this model, they suggest that oligomerized Apaf-1 
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induces conformational changes in caspase-9 (the catalytic subunit) that are 

necessary for its activation, and that these conformational changes alone may be 

responsible for caspase-9 activation (Chao et al., 2005; Rodriguez and Lazebnik, 

1999). In support of this model, a recent cryo-EM study suggests that a novel 

caspase-9 binding site may exist on the central hub of the apoptosome (Yuan et 

al., 2011). However, this study was performed with high concentrations of 

caspase-9 and Apaf-1 under non-physiologically relevant conditions, and the 

resolution was insufficient to identify the binding site. Moreover, there was no 

direct biochemical evidence that such a binding site existed or played a 

functional role in caspase-9 activation. In short, whether caspase-9 is activated 

as a dimer or as a catalytic unit in a holoenzyme remains controversial. 

Therefore, we sought to determine whether caspase-9 homodimerizes in the 

apoptosome and whether the dimerization is required for its activity, or whether 

instead it is activated as a monomer. 
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Figure 3.1 A model for the mechanism of the apoptosome molecular timer. 

(A) The apoptosome complex recruits monomeric procaspase-9, resulting in a 

local increase in the concentration of procaspase-9. (B) The local increase in the 

concentration triggers caspase-9 transitioning from an apoptosome-bound 

monomer that interacts with the complex only through prodomain-Apaf-1 CARD 

interactions, to (C) a bound dimer that interacts with its small subunits as well. 

Therefore, once dimerized, the overall affinity of caspase-9 for the complex would 

be predicted to increase dramatically. (D) Cleavage of caspase-9 might lead to a 

decreased dimerization, resulting in (E) a corresponding decrease in caspase-9’s 

overall affinity for the apoptosome, and (F) its dissociation from the complex. 
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3.2 Results 

3.2.1 Autocatalytic processing of procaspase-9 at Asp-315 inhibits 

dimerization. 

At low enzyme concentrations, procaspase-9-TM cleaves more procaspase-

3 (C163A) (hereafter referred to as procaspase-3*) than does caspase-9-

p35/p12, consistent with our molecular timer model, in which autoprocessing 

leads to caspase-9 dissociation from the complex (Fig. 3.1A). To determine 

whether autocatalytic cleavage of procaspase-9 leads to a decrease in its ability 

to dimerize in vitro, we first measured the abilities of procaspase-9-TM and 

caspase-9-p35/p12 to form homodimers. Using size-exclusion chromatography 

coupled to multi-angle light scattering (SEC-MALS), we found that pure 

recombinant procaspase-9-TM, but not processed caspase-9, formed distinct 

dimers in solution at a concentration of 40 μM (Fig. 3.2). Importantly, the 

processed enzyme remained intact at very low enzyme concentrations (Fig. 

3.1B-D), indicating that the lower affinity of the caspase-9-p35/p12 did not result 

from separation of the large and small subunits. 

To determine if the differences in the activities of pro- and processed 

caspase-9 were due to differences in their abilities to homodimerize, we first 

individually incubated supraphysiological concentrations (0-2 μM) of recombinant 

procaspase-9-TM, caspase-9-p35/p12, or their ―prodomain-less‖ (Δpro) versions, 

with procaspase-3 (C163A) in the absence of Apaf-1. We found that procaspase-
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9-TM and Δpro-caspase-9-TM exhibited significantly more activity on cleavage of 

procaspase-3* at lower enzyme concentrations than their fully cleaved 

counterparts (Fig. 3.3A-B). We also induced dimerization by incubating Δpro-

caspase-9-TM or its two-chain processed form (Δpro-caspase-9-p17/p12) with 

high concentrations of the kosmotropic salt, ammonium citrate (Fig. 3.3C), or by 

reconstituting normal Apaf-1 apoptosome complexes with full-length versions of 

each caspase-9 protein (Fig. 3.3D). Full-length procaspase-9-TM, as expected, 

exhibited far greater activity than caspase-9-p35/p12 within the apoptosome, but 

interestingly the prodomain-less versions of each displayed similar levels of 

activity in the presence of salt, implying that both the pro- and processed 

enzymes were capable of equivalent activities if dimerization was fully enforced 

(Fig. 3.3C-D, compare lanes 1,2,7, and 8). Finally, the proposed dimer interfaces 

of all caspases are located within the C-termini of their small subunits, and in the 

case of caspase-9, mutation of the dimerization motif (402GCFNF406) is thought to 

disrupt homodimerization (Fig. 1.7A). We therefore introduced an F404D 

mutation into each of the full-length and prodomain-less versions of pro- and 

processed csapase-9 and found that each enzyme failed to cleave procaspase-

3* (Fig. 3.3C-D, compare lanes 3, 4 ,9, and 10). Thus, overall, our experiments 

demonstrated that procaspase-9 possessed a higher affinity for itself, compared 

with processed caspase-9 and that this in turn correlated with an enhanced 

ability to cleave procspase-3*. 
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Figure 3.2 Processing of procaspase-9 does not lead to dissociation of its 

large and small subunits. (A) procaspase-9-TM cleaves more procaspase-3* 

than does caspase-9-p35/p12. (B) Illustration of procaspase-9-TM and caspase-

9-p35/p12; note that each of the enzymes possesses an N-terminal T7 tag and a 

C-terminal His6 tag. LS, denotes large subunit. SS, denotes small subunit. 

Following serial dilutions of combined/mixed procaspase-9-TM and caspase-9-

p35/p12 samples, we performed (B) western blotting and (C) densitometric 

analysis for the western blotting (3 repeats). (D) LS and SS remained bound to 

one another even at very low concentrations.  



53 

 

 

Figure 3.3 The homo-affinity of procaspase-9 is higher than for processed 

caspase-9. Pure recombinant procaspase-9-TM, but not processed caspase-9, 

formed distinct dimers in solution by SEC-MALS at a concentration of 40 μM. 

Replacing the GCFNF motif in caspase-9 with the dimerization domain in 

capsase-3 (CIVSM) resulted in a constitutive caspase-9 dimer. 
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Figure 3.4 Differences in the activities of pro- and processed caspase-9 are 

due to differences in their abilities to homodimerize. The ability of 

recombinant (A) Δpro-procaspase-9-TM and Δpro-caspase-9-p17/p12, or (B) 

procaspase-9-TM and caspase-9-p35/p12 to cleave procaspase-3* in the 

absence of Apaf-1 was determined. Activity triggered by (C) salt-induced 

dimerization of Δpro-caspase-9-TM and Δpro-caspase-9-p17/p12, or (D) through 

apoptosome-driven dimerization of full-length versions of each caspase-9 protein 

was determined. 
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3.2.2 Caspase-9 dimerization is essential for its retention within 

apoptosome. 

Since at physiologically-relevant enzyme concentrations, caspase-9 is only 

active when bound to the apoptosome (Rodriguez and Lazebnik, 1999), we 

sought to directly address the impact of caspase-9 processing on its association 

with the apoptosome. To assess the stability of apoptosome-bound procaspase-

9-TM versus caspase-9-p35/p12, we first reconstituted apoptosome complexes 

with pro- or processed caspase-9, separated the bound from unbound caspase-9 

by gel-filtration chromatography, pooled the corresponding fractions, and 

performed western blot analysis. Apaf-1 and caspase-9 proteins eluted as 

monomers in the absence of cyt c and dATP (Fig. 3.4, lower panels; lanes 3, 6, 9, 

12, and 15). However, following formation of the apoptosome, significantly more 

procaspase-9-TM could be found associated with oligomerized Apaf-1, compared 

with caspase-9-p35/p12 (Fig. 3.4, upper panels; compare lanes 2 and 3 with 

lanes 8 and 9); whereas, procaspase-9-TM (F404D) was incapable of being 

recruited to the apoptosome (Fig. 3.4, lanes 14 and 15). 

To understand if recruitment of caspase-9-p35/p12 to the apoptosome could 

be enhanced by enforcing dimerization, we replaced the GCFNF motif in 

caspase-9 with the dimerization domain in capsase-3 (CIVSM), as it reportedly 

results in a constitutive caspase-9 dimer (Chao et al., 2005). We confirmed by 

SEC-MALS that caspase-9-p35/p12 (CIVSM) was indeed a constitutive dimer 
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(Fig. 3.2), but to our surprise, while full-length casapse-9 (CIVSM) underwent 

complete processing during expression in bacteria, removal of the prodomain 

from this construct blocked autocleavage (Fig. 3.3, C-D; lower panels, lanes 5 

and 6). Moreover, replacing GCFNF with CIVSM failed to stimulate caspase-9 

activity, except when introduced into Δpro-caspase-9-TM and, even then, only in 

the presence of high salt (Fig. 3.3, C-D; lanes 5, 6, 11, and 12). Nevertheless, the 

recruitment of caspase-9-p35/p12 (CIVSM) to the apoptosome was markedly 

enhanced, compared with the wild-type processed enzyme, and was virtually 

identical to that of procaspase-9-TM (Fig. 3.4; lanes 2, 3, 5, 6, 8, and 9). Thus, 

while swapping the GCFNF motif for CIVSM inhibited caspase-9 activity, 

regardless of its processed state, engineering a stable caspase-9-p35/p12 dimer 

dramatically enhanced its affinity for the apoptosome. 

To precisely determine the impact of caspase-9 processing on the affinities 

of caspase-9 dimers for the apoptosome, we established a binding assay using 

surface plasmon resonance (SPR), whereby chips, coated with Apaf-1 CARDs, 

were exposed to various pro- and processed caspase-9 proteins, including dimer 

interface mutants (Fig. 3.5A). Consistent with our dimerization, apoptosome 

recruitment, and activity assays, we observed that procaspase-9-TM (KD(app) = 33 

nM) bound ~8-10-fold more tightly to the Apaf-1 CARDs than processed 

caspase-9-p35/p12 (KD(app) = 388 nM), and given that intracellular concentrations 

of caspase-9 are generally in the range of 20-30 nM, this explains why 

processing of procaspase-9 leads to its release from the apoptosome. 



57 

 

Introduction of the F404D mutant into procaspase-9 (KD(app) = 6.1 μM) also 

markedly reduced its affinity for the Apaf-1 CARDs, whereas replacement of the 

GCFNF motif in processed caspase-9-p35/p12 with CIVSM (KD(app) = 68 nM) 

significantly improved its affinity towards the CARDs (Fig. 3.5). Interestingly, 

while the Apaf-1 CARD-caspase-9 prodomain interaction was previously reported 

to be very strong, capable of withstanding 2M NaCl (Qin et al., 1999), we found 

this interaction to be actually quite weak (KD(app) = 41.8 μM). Thus, based upon 

our binding studies, neither the CARD-prodomain nor the caspase-9 homodimer 

affinities are sufficient to mediate stable formation of the Apaf-1-caspase-9 

apoptosome complex. Stability resides in the fact that three individual 

interactions exist, involving two CARD-prodomain interactions and the caspase-9 

small subunit homodimer, the latter of which is destabilized following cleavage of 

the intersubunit linker. 

Catalytically-inactive caspase-9 (C287A) is reported to be a dominant-

negative inhibitor for cell death induced by intrinsic pathway, since it is able to 

compete away the recruitment of caspase-9 to the apoptosome (Li et al., 1997; 

Pan et al., 1998). In order to validate our hypothesis, we directly compared 

caspase-9 (C287A) with caspase-9 (C287A/F404D), both of which exist in their 

proforms but only one of which can homodimerize. As predicted, caspase-9 

(C287A) successfully displaced caspase-9 from the apoptosome complex, 

whereas inactive dimerization-defective caspase-9 (C287A/F404D) failed to do 

so (Fig. 3.6). 
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Figure 3.5 Capase-9 dimerization determines its affinity to apoptosome. 

Recombinant Apaf-1 and caspase-9 were incubated with or without Cyt c/dATP, 

and the samples were subsequently fractionated by Superose-6 gel filtration 

chromatography, resolved by SDS–PAGE, and immunoblotted for Apaf-1 and 

caspase-9. Proteolytic cleavage of procaspase-9 disrupts the interaction of 

processed caspase-9 with itself and Apaf-1. Ag, denotes fractions of aggregates 

(1-2 MDa); Ap, denotes fractions of apoptosome (440 KDa- 1 MDa); M, denotes 

fractions of proteins not associating to  the complex (14-158 KDa). 
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Figure 3.6 Procaspase-9-TM bound more tightly to the Apaf-1 CARDs than 

caspase-9-p35/p12. (A) SPR analyses showed the dissociation constants 

between pro- and processed caspase-9. The binding of processed caspase-9 is 

about 8-10 fold weaker. (B) Overlays of original (left) and normalized (right) 

sensorgrams showed the differences of association (Kon) and dissociation (Koff) 

rates of each caspase-9 mutants to Apaf-1 CARDs. 
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Figure 3.7 Dimerization-defective procaspase-9 fails to displace caspase-9 

from the apoptosome complex. Catalytically-inactive caspase-9 (C287A) 

successfully displaced caspase-9 from the apoptosome complex, whereas 

inactive dimerization-defective caspase-9 (C287A/F404D) failed to do so. 
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3.2.3 Caspase-9 dimerization is essential for its activity within apoptosome. 

While use of dimer interface mutants (F404D) to disrupt dimerization—and 

replacement of GCFNF for CIVSM to promote dimerization—were useful in 

assessing the role of dimerization in the recruitment and stabilization of caspase-

9 within the apoptosome, mutations within or near the interface might impact 

catalytic activity independent of their effects on dimerization. Therefore, to inhibit 

caspase-9 dimerization without direct mutation of the dimerization domain, we 

generated caspase-9 proteins that contained a C-terminal linker followed by a 

GCFNF peptide, which we termed the linker dimer peptide, or LDP (Fig. 3.7A). 

Based on the caspase-9 crystal structure, the GCFNF motif located at the C-

terminus of caspase-9’s small subunit binds in an antiparallel fashion to the same 

motif in the adjacent caspase-9 protein (Fig. 1.7A, right panels). Therefore, we 

predicted that the tethered GCFNF motif in the LDP would bind intramolecularly 

to the same motif in the small subunit of caspase-9 and prevent dimerization with 

another caspase-9 monomer (Fig. 3.7A).  

We initially tested our approach using kosmotropic salt-driven activation of 

prodomain-less versions of pro- and processed caspase-9, possessing the 

aforementioned LDPs. Moreover, in order to verify specificity, we introduced the 

F404D mutant into the LDP, rather than the small subunit. As predicted, C-

terminal fusion of the wild-type LDP to Δpro-caspase-9-TM and Δpro-caspase-9-

p17/p12 inhibited salt-driven activation of caspase-9 and cleavage of 
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procaspase-3* (Fig. 3.7B-C, lanes 2 and 4 3bc). Moreover, inhibition was 

specific, as caspase-9 proteins fused to F404D-LDP readily cleaved procaspase-

3*, exhibiting activities similar to those proteins lacking LDPs altogether (Fig. 

3.7B-C, lanes 2 and 6 3bc). This assay confirmed that dimerization was the 

mechanism for salt-driven caspase-9 activation. We then utilized the same 

approach with full-length procaspase-9-TM (LDP) and cspase-9-p35/p12 (LDP) 

fusion proteins in pure apoptosome reconstitution assays. As with the salt-driven 

activations, presence of the wild-type LDP completely inhibited caspase-9-

p35/p12 activity, and the activity was restored upon the introduction of F404D 

into the LDP (Fig. 3.7D). Moreover, identical results were observed when lysates 

from caspase-9-/- MEFs were incubated with the same recombinant caspase-9 

proteins, in the presence of cyt c and dATP (Fig. 3.8A). 

Surprisingly, however, fusion of either the wild-type LDP or the F404D-LDP 

to procaspase-9-TM resulted in a complete loss of caspase-9 activity when 

reconstituted with pure Apaf-1 apoptosome complexes or cyt c/dATP-activated 

caspase-9-/- MEF lysates (Fig. 3.7E; Fig. 3.8B). Since the F404D-LDP had no 

impact on apoptosome–driven activation of caspase-9-p35/p12 (Fig. 3.7D; Fig. 

3.8A), it appeared unlikely that it interfered with caspase-9 prodomain-Apaf-1 

CARD interactions. Since fusion of the F404D-LDP had no effect on salt-induced 

activation of Δpro-caspase-9-TM (Fig. 3.7C), it appeared unlikely that the F404D-

LDP interfered with procaspase-9-TM dimerization. Instead, given that fusion of 

the F404D-LDP has no effect on salt-induced activation of Δpro-caspase-9-TM 
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(Fig. 3.7C), the simplest explanation was that the GCFNF motif in procaspase-9-

TM maintained some affinity for the GCDNF motif in the F404D-LDPand that this 

interaction was disrupted in the presence of high salt but not under the conditions 

required for apoptosome formation. To test this possibility, we generated a 

procaspase-9-TM protein, fused to a scrambled LDP (i.e. FNGFC), and found 

that reconstitution of apoptosome complexes with this fusion protein exhibited 

activity that was indistinguishable from procaspase-9-TM (Fig. 3.7F, lanes 2 and 

6). Thus, collectively, these experiments strongly suggested that caspase-9 

dimerization was essential for its activation within the apoptosome.  
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Figure 3.8 Dimerization is required for caspase-9 activity. (A) Crystal 

structure of a caspase-9 with linker dimer peptide (LDP) attached on its C-

terminus; note that caspase-9 homodimerizes through the 402GCFNF406 motifs in 

an antiparallel fashion. Dimerization of caspase-9 was inhibited by a flexible 

linker followed by an extra dimerization peptide (GCFNF). LS, denotes large 

subunit. SS, denotes small subunit. Illustration (left) and salt-driven activities 

(right) of prodomain-less processed caspase-9 (B) and prodomain-less 

procaspase-9-TM (C), containing either a wild-type linker-GCFNF peptide (WT-

LDP) or a mutant linker-GCDNF peptide (F404D-LDP). Caspase-9 possessing a 

wild-type LDP, is less efficient at activating the downstream effector procaspase-

3. Illustration (left) and apoptosome-driven activities (right) of full-length 

processed caspase-9 (D) and procaspase-9-TM (E), containing either a wild-type 

linker-GCFNF peptide (WT-LDP) or a mutant linker-GCDNF peptide (F404D-

LDP). Illustration and apoptosome-driven activity of (F) procaspase-9 containing 

a linker peptide with a scramble dimerization sequence. 
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Figure 3.9 Dimerization is required for caspase-9 activity in caspase-9-/- 

lysates. Activity of reconstituted apoptosome complexes in caspase-9-/- lysates 

for (A) full-length processed caspase-9 and (B) procaspase-9 containing either a 

wild-type linker-GCFNF peptide (WT-LDP) or a mutant linker-GCDNF peptide 

(F404D-LDP). 
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3.2.4 Site-specific cross-linking reveals that procaspase-9 forms 

homodimers within the apoptosome but also binds directly to Apaf-1 

through its dimerization motif. 

While our experiments to this point suggested that caspase-9 dimerization 

was essential for its stable recruitment to (and activity within) the apoptosome, no 

initiator caspases, including caspase-9, have ever been directly shown to form a 

dimer within a caspase-activating complex. All previous evidence to date has 

been indirect and generally inferred from the fact that enforced dimerization of 

initiator caspases leads to an increase in catalytic activity, even though it is lesser 

than that observed within the fully reconstituted complexes (Chao et al., 2005). 

While our direct homo-affinity measurements for pro- and processed caspase-9, 

alone and bound to Apaf-1 CARDs, as well as our novel use of LDPs, strongly 

suggested that caspase-9 dimerization was essential for its activity, we sought to 

demonstrate directly whether caspase-9 dimerized via its GCFNF motif within the 

apoptosome. To overcome the difficulties associated with the use of traditional 

chemical cross-linkers, we utilized a novel Methanococcus jannaschii 

tRNATyr/tyrosyl-tRNA synthetase pair, engineered to recognize the amber stop 

codon (Fig. 3.9A), in order to individually incorporate the unnatural amino acid 

3,4-dihydroxy-L-phenylalanine (L-DOPA) in place of each amino acid in the 

putative dimerization motif (GCFNF) of caspase-9 (Fig. 3.9A). Following 

oxidation of the incorporated L-DOPA with sodium periodate, we predicted that 

the resulting ortho-quinone nucleophile would cross-link amino acids in proteins 
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bound to caspase-9 through this region (Fig. 3.9B). Importantly, these caspase-9 

proteins were expressed, only when bacteria were grown in the presence of L-

DOPA, and judging by the degree of autoprocessing, incorporation of L-DOPA at 

Phe-406 had the least effect on caspase-9 activity (Fig. 3.9C). This was not 

entirely surprising given the structural similarity of the phenylalanine to L-DOPA 

(Fig. 3.9D). Since L-DOPA can undergo redox cycling to generate superoxide, 

incorporation of L-DOPA into procaspase-9-TM was also confirmed using the 

nitroblue tetrazolium assay (Fig. 3.9E). L-DOPA incorporated protein was 

expressed in a medium containing Na-ascorbate and purified in a buffer 

containing DTT to prevent redox reaction.   

Finally, we performed apoptosome reconstitution assay using recombinant 

Apaf-1 and procaspase-9-TM (F406DOPA). Following separation of proteins by 

SDS-PAGE, procaspase-9-TM (F406DOPA) clearly formed cross-linkable 

homodimers (Fig. 3.9F, lower panels), but more remarkably, procaspase-9-TM 

(F406DOPA) also directly cross-linked Apaf-1, which was further confirmed by 

immunoprecipitation (Fig. 3.9F, upper panels). Similar results were obtained 

when apoptosome complexes were reconstituted in caspase-9-/- lysate with 

procaspase-9-TM (F406DOPA) (Fig. 3.9G). The procaspase-9-TM homodimers 

(p46-p46) and the procaspase-9-TM-Apaf-1 heterodimers (p46-p140) were 

formed only in the presence of fully-assembled apoptosome complexes, following 

the oxidation of L-DOPA, and both cross-links were disrupted by the 

incorporation of F404D into procaspase-9-TM (F406DOPA) (Fig. 3.9H). Thus, we 
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demonstrated that procaspase-9 formed homodimers within the apoptosome—

something which has never been directly shown for any initiator caspase within 

its caspase-activating complex—and that procaspase-9 also bound via its small 

subunit directly to Apaf-1.   
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Figure 3.10 Site-specific cross-linking of procaspase-9-TM within apop-

tosome. (A) L-DOPA was incorporated into the caspase-9 dimerization interface 

using a Methanococcus jannaschii tRNATyr/tyrosyl-tRNA synthetase pair. (B) 

Incorporated L-DOPA was oxidized to form an ortho-quinone, which in turn reacts 

with amino acid side-chains (nucleophiles) in the neighboring dimer.  (C) L-DOPA 

incorporation did not block autoprocessing of caspase-9 (F406DOPA). (D) 

Structural similarity of the phenylalanine to L-DOPA. (E) L-DOPA incorporation 

was confirmed using nitroblue tetrazolium (NBT) staining. (F) Caspase-9 cross-

linking in pure reconstituted apoptosome complexes and (G) in caspase-9-/- MEF 

lysates was determined by Western blotting.  (H) Caspase-9 cross-linking was 

dramatically reduced when using a caspase-9 dimerization mutant (F404D). 
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3.2.5 Procaspase-9 is active as a monomer within the apoptosome. 

Previously, a caspase-9 titration experiment performed by our lab strongly 

suggested that procaspase-9 might be active as a monomer within the 

apoptosome (Malladi et al., 2009). Our site-directed cross-linking experiments 

provided further evidence that procaspase-9 could also physically interact with 

the apoptosome via its dimerization domain (Fig. 3.9). These data led us to 

speculate that procaspase-9 might reversibly transition between a procaspase-9 

homodimer and a procaspase-9:Apaf-1 heterodimer (Fig. 3.10A). However, the 

purpose and biological significance of the procaspase-9:Apaf-1 heterodimer 

remained unclear. To isolate this interaction, we performed apoptosome 

saturation experiments, using low concentrations of pro- or processed caspase-9 

(10 nM) in combination with ever-increasing concentrations of Apaf-1. We 

speculated that if caspase-9 could only be activated as a dimer, then we should 

observe an ―inverted-U‖ dose-response curve, since at high concentrations of 

Apaf-1 only a single caspase-9 protein should be bound to the apoptosome. On 

the contrary, if caspase-9 could function as an active monomer, we should 

observe a classic, saturable dose-response curve. As shown in Figure 3.10C, as 

the concentration of Apaf-1 in the incubation increased, procaspase-9 LEHDase 

activity increased dramatically, reaching saturation at ~300 nM of Apaf-1 and 

failed to subside at concentrations > 1.5 uM. By contrast, processed caspase-9 

exhibited very little activity across the entire dose-range (Fig. 3.10C). Taking into 

consideration that both pro- and processed caspase-9, at concentrations of >200 
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nM, exhibit similar levels of activity when reconstituted with Apaf-1 (300 nM) 

(Malladi et al., 2009), these data suggested that a single procaspase-9 protein 

bound directly to Apaf-1 via its dimerization domain resulted in its activation. 

Furthermore, activation of monomeric procaspase-9 was not merely an artifact of 

using the peptide substrate LEHD-AMC, as identical results were obtained in a 

coupled reaction where excess wild-type procaspase-3 was added to each 

incubation and caspase-3 DEVDase activity was measured (Fig. 3.10D) (Malladi 

et al., 2009). 

As we established earlier, the high affinity of procaspase-9 for the 

apoptosome results from its ability to form a network of interactions, involving the 

homodimer and two independent prodomain-Apaf-1 CARD interactions (Fig. 3.4, 

Fig. 3.5, and Fig. 3.6). That being said, if one removes the prodomain from 

caspase-9 to disallow prodomain-Apaf-1 CARD interactions, Δpro-caspase-9-TM 

should still interact with Apaf-1 via its dimerization domain, so long as the 

concentration of Apaf-1 is sufficiently high to promote binding. Therefore, we 

incubated fixed concentrations of Δpro-caspase-9-TM or Δpro-caspase-9-

p17/p12 (100 nM) with increasing concentrations of reconstituted apoptosome 

complexes and found that full-length Apaf-1 apoptosome could indeed stimulate 

Δpro-caspase-9-TM activity (procaspase-3* cleavage) to a significantly greater 

extent than processed Δpro-caspase-9-p17/p12 (Fig. 3.10E). Thus, it was clear 

that binding of caspase-9 to Apaf-1, in the absence of prodomain-Apaf-1 CARD 

interactions, activated procaspase-9.  
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Figure 3.11 Saturation assays with excess Apaf-1 indicate that monomeric 

caspase-9 is active within the apoptosome. (A) Illustration of transition 

between a procaspase-9 homodimer and a procaspase-9:Apaf-1 heterodimer. 

(B) At high concentrations of Apaf-1 and low concentrations of caspase-9 (10 

nM), only a single procaspase-9 protein is expected to associate with the 

apoptosome. (C) Pro- and processed caspase-9 LEHDase activity and (D) 

caspase-3 activation driven by procaspase-9 were measured following saturation 

with Apaf-1. If procaspase-9 is activated as a dimer, an ―inverted-U‖ dose-

response curve (represented as dashed-line) would be expected. (E) Full-length 

Apaf-1 apoptosome stimulated Δpro-caspase-9-TM activity (procaspase-3* 

cleavage) to a significantly greater extent than processed Δpro-caspase-9-

p17/p12; note that required enzyme concentrations were higher due to the 

absence of CARD-CARD interactions. 
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3.3 Discussion  

Two debated models were previously proposed for caspase-9 activation 

within the apoptosome: (1) caspase-9 is activated as a dimer (Boatright et al., 

2003; Pop et al., 2006), or (2) caspase-9 is activated as the catalytic unit in a 

holoenzyme (Chao et al., 2005; Rodriquez and Lazebnik, 1999; Shiozaki et al., 

2002; Yuan et al., 2011). In the present study, we systematically determined the 

mechanism of caspase-9 activation within the apoptosome. We further 

demonstrated the mechanism behind the apoptosome molecular timer model 

previously proposed by our lab (Malladi et al., 2009), and revealed why 

autocatalytic cleavage of caspase-9 leads to its inactivation. 

Our data showed that caspase-9:caspase-9 dimerization was essential for 

caspase-9’s activity within the apoptosome complex. We demonstrated for the 

first time that caspase-9 dimerization occurred and was required for its retention 

within the apoptosome. We found that autocatalytic cleavage of caspase-9 

inhibited its dimerization, thereby destabilizing its binding to the apoptosome 

complex and leading to its inactivation (Fig. 3.2, Fig. 3.4 and Fig. 3.5).  

Catalytically-inactive caspase-9 (C287A) successfully displaced caspase-9 from 

the apoptosome complex, whereas inactive dimerization-defective caspase-9 

(C287A/F404D) failed to do so (Fig. 3.6). To validate how this affects apoptotic 

cell death, we plan to transfect caspase-9 (C287A) and caspase-9 

(C287A/F404D) into cells and compare their effects on stress-induced apoptosis. 
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Capsase-9 (C287A) is an effective dominant-negative inhibitor of cell death, 

initiated by the intrinsic/mitochondrial pathway, by competing away the 

recruitment of endogenous caspase-9 to the apoptosome (Li et al., 1997; Pan et 

al., 1998). If dominant-negative caspase-9 is only effective at inhibiting caspase 

activation and cell death, when present as a stable homodimer within the 

apoptosome, we anticipate that caspase-9 (C287A) will suppress apoptosome 

activity and inhibit stress-induced apoptosis, whereas caspase-9 (C287A/F404D) 

will fail to do so. 

Interestingly, our data also showed that procaspase-9 heterodimerized with 

Apaf-1 through its dimerization motif, implying that caspase-9 existed in two 

distinct states within the apoptosome (Fig. 3.9). At very high apoptosome 

concentrations, procaspase-9 could be activated as a monomer, even in the 

absence of caspase-9 prodomain-Apaf-1 CARD interactions (Fig. 3.10).  

The cross-linking experiments showed that procaspase-9 bound to Apaf-1 

via its dimerization motif (Fig. 3.9); however, since caspase-9-p35/p12 and Δpro-

caspase-9-p17/p12 showed very little activity when incubated with very high 

concentrations of Apaf-1 apoptosome complex (Fig. 3.10E; lanes 11, 12, 13, and 

14), it is not clear whether caspase-9:Apaf-1 heterodimer interactions only 

involve in procaspase-9, or whether processed caspase-9 likewise interacts with 

Apaf-1. We are currently working on site-specific cross-linking experiments for 

caspase-9-p35/p12. If caspase-9-p35/p12 (F406DOPA) forms cross-linkable 
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homodimers (p12/p12), but fails to cross-link with Apaf-1, we will conclude that 

the association of procaspase-9 with Apaf-1 via its dimerization interface is 

unique and must mediate a specific activity. 

Structural modeling of L-DOPA-incorporated caspase-9 suggests that 

oxidized DOPA-406 most likely cross-links the neighboring sulfur in Cys-403 (Fig. 

1.7A). Therefore, in the future we plan to do cross-linking experiments with 

caspase-9 (C403S/F406DOPA). If Cys-403 is the cross-linked residue in 

caspase-9, no cross-linked homodimers should be observed, but we may still 

observe cross-links with Apaf-1. To identify the region in Apaf-1 to which 

procaspase-9 binds via its dimerization motif, we plan to incubate the pro-

domain-less caspase-9 enzymes with mutants of the NBD/CED-4 domain of 

Apaf-1. Apaf-1 possesses a GCFPG motif (176-180) within its CED-4 domain 

that is similar to the dimerization motif of caspase-9 (GCFNF), so we speculate 

that it may be the binding site for procaspase-9. 

In conclusion, our study suggests that caspase-9 exists within the 

apoptosome in two distinct states. Our data support the idea that caspase-9 

homodimerization is required for its activity, perhaps by facilitating the retention of 

caspase-9 within the complex. However, we also proved the existence of 

procaspase-9:Apaf-1 heterodimers. It is possible that both the homo- and 

heterodimers are active and that they possess distinct functions. For example, 

one of the species, namely the heterodimer, might be essential for caspase-9 
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autocatalytic cleavage, while the other one is required for the cleavage of 

downstream substrates. We plan to further investigate the underlying reasons for 

the existence of these two distinct binding events, as they will provide important 

insights into the mechanisms of caspase-9 activation. 
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Chapter 4: Disengaging the molecular timer and blocking XIAP 

inhibition of caspase-9 in mouse models 

4.1 Introduction 

    Apoptosis plays critical roles in normal development and works together with 

mitosis to regulate cell populations in mature tissues. Apoptosis is triggered by 

activation of cysteinyl aspartate–specific proteases (caspases). As described in 

chapter 1, caspases are further subdivided into initiators and effectors. Initiator 

caspases are responsible for activation of effector caspases (including 

procaspases-3, -6, and -7) which ultimately lead to apoptotic cell death. The 

importance of the cyt c→Apaf-1→caspase-9→caspase-3 pathway in vivo has 

been emphasized in knock-out mouse studies using cyt c-/-, Apaf-1-/-, caspase-9-/- 

and caspase-3-/- mice (Hakem et al., 1998; Hao et al., 2005; Kuida et al., 1998; Li 

et al., 2000; Li et al., 1997). Knocking-out of each of these genes results in 

inappropriate development of the brain and nervous system. In addition to 

neurons, various hematopoietic cells and mouse embryonic fibroblasts (MEFs) 

isolated from these aforementioned mice are resistant to toxicant-induced apop-

tosis and are more susceptible to oncogene transformations by Ras and c-Myc 

(Bratton et al., 2001; Cain et al., 2000; Chandra et al., 2006; Martin et al., 2005; 

Martin et al., 2008; McDonnell et al., 2008; Srinivasula et al., 2001; Yan et al., 

2005). These data suggest a critically important role for the apoptosome and its 

components in stress-induced apoptosis. 
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    Compared to other initiator caspases, caspase-9 is unique in many ways. 

Unlike caspase-8 in death receptor signaling, caspase-9 is only active when it 

binds to the apoptosome, which facilitates its rapid autocatalytic processing at 

Asp-315 and cleavage of the effector caspase-3 and -7. Its prodomain remains 

attached at all times, which is essential for its binding to the apoptosome (Bratton 

et al., 2001; Malladi et al., 2009). Notably, our lab has previously proposed that 

the apoptosome functions as a proteolytic-based ―molecular timer‖. This timer is 

a critically important regulatory feature of caspase-9’s activation and inactivation, 

such that disengagement enhances apoptotic death in cells (Malladi et al., 2009). 

To investigate the importance of this timer in vivo, we generated a non-cleavable 

caspase-9 knock-in mouse (procaspase-9 NC), which disengages the timer, 

thereby resulting in an Apaf-1-caspase-9 apoptosome complex that, once 

formed, cannot be ―turned off‖. Embryo development and mouse pathology for 

these mice, under non-stressed conditions, was then studied. Characterization of 

stress-induced cell death in this mouse model is ongoing. Cells and tissues 

isolated from the procaspase-9 NC knock-in mice will be examined for apoptotic 

sensitivities to various toxic stimuli, and treated knock-in mice will be assessed 

for signs of increased apoptosis (and compensatory proliferation). This putative 

gain-of-function mouse model allows us to investigate the importance of the 

molecular timer in regulating apoptosis in vivo. 

    IAPs, a family of evolutionarily conserved proteins, contain domains of about 

70 residues arranged in tandem repeats, called ―baculovirus IAP repeat‖ (BIR) 
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domains. In some cases, these IAPs also possess a C-terminal RING zinc-finger 

domain through which they mediate ubiquitination of substrates (Salvesen and 

Duckett, 2002). XIAP has been reported to interact with the apoptosome through 

specific binding with processed caspase-9 (Bratton et al., 2001). Following 

autocatalytic cleavage at Asp-315, an IAP binding motif (IBM) is exposed on the 

N-terminus (ATPF) of the small subunit of caspase-9. Therefore in cells, 

processing of caspase-9 not only leads to a significant decrease of its inherent 

activity within the apoptosome, but also subjects it to inhibition by IAPs. 

Therefore, we have also generated an XIAP un-inhibitable caspase-9 knock-in 

mouse (caspase-9 IBM), in which caspase-9 can undergo normal 

autoprocessing, but cannot be inhibited by XIAP. 

In short, in vitro studies suggest that non-cleavable caspase-9 disengages 

the timer and results in an apoptosome complex that, once formed, cannot be 

―turned off‖, whereas processed caspase-9-p35/p12 can be inhibited by IAPs 

through binding to the p12 small subunit of caspase-9 (Bratton et al., 2002; 

Srinivasula et al., 2001). Therefore, it’s important to further investigate the 

mechanism of the apoptosome molecular timer, and the interplay between IAPs 

and the molecular timer in regulating the apoptosome in vivo. Thus as already 

noted, we generated two mouse models that express either (1) a non-cleavable 

mutant of caspase-9 that disengages the molecular timer, or (2) an IBM mutant of 

caspase-9 that undergoes autoprocessing, but is un-inhibited by XIAP (Fig. 4.1). 
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4.2 Results 

4.2.1 The IBM mutant of caspase-9 undergoes autoprocessing but is un-

inhibited by XIAP. 

Before generating a caspase-9 NC mouse, we first needed to confirm the 

site of the cleavage in mouse caspase, Therefore, a recombinant mouse 

caspase-9 construct with mutations on D349/353/368A (caspase-9 NC) was 

expressed in bacteria, and this mutant was found to be resistant to autocatalytic 

cleavage when over-expressed in bacteria (Fig. 4.1C) and was un-inhibited by 

XIAP-BIR3 (Fig. 4.1D).  

Similar to human caspase-9, autocatalytic cleavage of mouse caspase-9 

occurred at Asp-349 and Asp-353, whereas cleavage at and Asp-368 was 

mediated by caspase-3 through a feedback mechanism (data not shown). 

Cleavage of mouse procaspase-9 results in the exposure of three sequences at 

the N-terminus of the small subunit: SEPD, AVPY, or AVSS, respectively 

(McDonnell et al., 2008) (Fig. 4.1B) and AVPY and AVSS are predicted to be 

putative XIAP binding sites, whereas SEPD is expected to be a weaker binding 

site. Therefore, a recombinant mouse caspase-9 construct with mutations on 

D349A/A354G/V355G/A369G/V370G was designed and generated (caspase-9 

IBM). This protein underwent normal autoprocessing when over-expressed in 

bacteria (Fig. 4.1C). However, the catalytic activity of this mutant was no longer 

inhibited by XIAP-BIR3 (Fig. 4.1D). 



81 

 

 

Figure 4.1 Caspase cleavage site in mouse caspase-9 and the effect of 

cleavage on inhibition by XIAP. (A) Schematic represents a non-cleavable 

mouse caspase-9 mutant (NC), a caspase-9 wild-type, and an XIAP un-

inhibitable mutant (IBM). (B) To generate mouse caspase-9 NC, D349, D353, and 

D368 were mutated to alanine. To generate a mouse caspase-9 IBM mutant, 

D349 was mutated to alanine to prevent abnormal processing at this site and the 

N-terminal residues of the small subunits, generated by cleavage at Asp-353 and 

Asp-368, were mutated to glycines (A354G, V355G, A369G, and V370G). (C) 

Western blotting using an anti-T7 antibody showed that caspase-9 NC was 

resistant to autocleavage, whereas Caspase-9 IBM underwent autoprocessing 

when over-expressed in E. coli. (D) Apoptosome reconstitution reveals that 

caspase-9 NC and caspase-9 IBM were resistant to XIAP-mediated inhibition of 

caspase-3 processing. 
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4.2.2 Generation of caspase-9 knock-in mouse lines. 

    In the mouse genomic sequence, all three of the caspase-9 cleavage sites are 

located within exon 7 (Gene ID 12371) (Fig. 4.2). Since mutations of Asp-349, 

Asp-353, and Asp-368 to alanines prevented caspase-9 cleavage (Fig. 4.1C) — 

and mutations of Ala-354, Val-355, Ala-359 and Val-370 to glycines prevented 

caspase-9 inhibition by XIAP (Fig. 4.1D) — these mutations were introduced into 

the right arm (4.8Kb) of the targeting construct in order to generate the non-

cleavable caspase-9 (NC) and the XIAP un-inhibitable caspase-9 (IBM), 

respectively. The sequence containing exon 6 and intron 6 (nucleotide 14388-

17294) of mouse caspase-9 was amplified and cloned as the left arm (2.8 Kb) of 

the construct. Both arms as well as a positive selection marker, neomycin and a 

negative selection marker, DT-A, were subsequently cloned into a PgK plasmid, 

and the constructs were linearized by NotI digestion prior to ES electroporation. 

Homologous recombination for the targeting constructs at the genomic locus 

resulted in a 2 kb upward shift upon BamHI digestion due to insertion of the 

Neomycin cassette. Neomycin resistant ES clones were isolated and genotyped 

by southern blotting. For non-cleavable caspase-9 (NC), three ES clones (C5, 

E3, and G3) out of 127 total clones were positive for homologous recombination, 

resulting in a rate of recombination of 2.3%. For XIAP un-inhibited caspase-9 

(IBM), 32 ES clones out of 84 total clones were positive for homologous 

recombination, resulting in a rate of recombination of 38% (Fig. 4.3). Two of the 

positive ES clones for caspase-9 NC (C5 and G3), and two of the clones for 
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capsase-9 IBM (C11 and C12), were used for blastocyst injection, resulting in 

chimeric mice with > 85% of agouti hair color. The mice were crossed with wild-

type 129/SvEvTac and C57BL/6J for several generations to generate mice with 

pure genetic backgrounds. The Neomycin cassette (2 kb in length) in caspase-9 

NC was then removed by crossing the knock-in mice with FLPeR mice. Knock-in 

mice containing caspase-9-NC-NeoKo, but lacking the expression of FLP1 

recombinase, were selected and expanded. Caspase-9 IBM mice refined to 

Neomycin cassette and prevented any future difficulties in distinguishing between 

the two strains. We are currently crossing caspase-9 NC knock-in mice with 

several knock-out mouse lines, including XIAP-/- and caspase-9+/-, as well as 

tumor-prone Rb knock-out mice. 
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Figure 4.2 Targeting construct for knock-in mouse expressing non-

cleavable (NC) or XIAP uninhibited (IBM) caspase-9. Locations of the probe 

for genotyping using southern blotting or the primers for multiplex PCR are 

labeled in red, and the expected sizes of the PCR products are shown. 
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Figure 4.3 ES clones for generating chimeric caspase-9 IBM mice. Southern 

blotting of genomic DNA from neomycin resistant ES clones was screened for 

homologous recombination. A band at the size of 7.4 kb represented a caspase-9 

IBM mutant knock-in allele. Genotyping revealed that 32 out of 84 ES clones 

were positive for homologous recombination. Clone C11 and C12 were chosen 

for blastocyst injection. 
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4.2.3 Genotyping of the knock-in mice. 

For caspase-9 NC mouse lines, to confirm germ-line transmission, chimeras 

with mixed background of 129/SvEvTac and C57BL/6J were crossed with wild-

type 129/SvEvTac mice to generate heterozygous (NC/+). Offspring were inter-

crossed to generate wild-type (+/+), heterozygous (NC/+) and homozygous 

(NC/NC) knock-in mice. Homozygous mice were then back-crossed with pure 

C57BL/6J mice to generate a pure C57BL/6J genetic background, or were 

crossed with FLPeR mice (also on a C57BL/6J background) to remove the 

Neomycin cassette. The Neomycin cassette containing alleles were confirmed by 

southern blotting and genomic PCR using DNA extracted from mouse tails.  

Results from the multiplex PCR method described in section 2.16 were 100

％ consistent with those from southern blotting (Fig. 4.4A). Therefore, multiplex 

genotyping PCR was subsequently used to routinely verify the genotypes of all 

mice. Knock-in alleles lacking the Neomycin cassette resulted in a band at the 

size of 10.4 kb via southern blotting by using a probe previously described (Fig. 

4.2; 4.4B). It also resulted in a PCR product at the size of 283 bp by using primer 

P1 and P2 shown in Fig. 4.2. Mice negative for FLP1 allele were selected and 

used for further breeding (Fig. 4.4C, lane 1).  

To rule out the unlikely possibility that homologous recombination had 

occurred between the Neo cassette and mutations in exon 7, the mutations were 

further confirmed by direct sequencing of PCR products (Fig. 4.5A) and/or 
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susceptibility to ApeKI digestion (Fig. 4.5B), as introduction of the mutations 

introduced an ApekI cleavage site not present in the endogenous allele. 

For caspase-9 IBM mouse lines, similar breeding approaches and 

genotyping strategies (as described for caspase-9 NC) were performed to 

confirm germ-line transmission, expand the colonies, and generate mice on a 

pure C57BL/6J genetic background. 
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Figure 4.4 Confirmation of homologous recombination in knock-in alleles. 

(A) Southern blotting and Multiplex PCR for the same samples of genomic DNA. 

(B) Southern blotting for Knock-in alleles that lost Neomycin cassette. (C) 

Multiplex PCR for Knock-in alleles that lost Neomycin cassette. 
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Figure 4.5 Confirmation of the mutations in knock-in alleles. Direct 

sequencing for PCR products from genomic DNA of (A) caspase-9 NC mice. (B) 

ApeKI digestion of PCR products from caspase-9 NC mice. 

 



90 

 

4.2.4 Caspase-9 NC mice develop normally. 

    The birth rate of mouse pups from 7 pregnancies (47 total mice) exhibited a 

normal Mendelian frequency of 27.7％ wild-type (+/+), 51.1％ heterozygous 

(NC/+), and 21.3％ homozygous (NC/NC) mice. The mice showed no significant 

difference in appearance, when raised in a stress-free environment (Fig. 4.6A). 

Total body weight and those of multiple organs from 8 week-old, 6 month-old, 

and 1 year-old male and female caspase-9 NC mice (129/SvEvTac background), 

were statistically normal compared to matched controls (Table 4.1). Serum 

chemistry and complete blood cell count (white blood cells, red blood cells, and 

platelets) were performed in the Michale E. Keeling Center for Comparative 

Medicine and Research (MEKC) at MD Anderson Cancer Center in Bastrop, and 

no statistically significant differences were noted. As noted, these mice were 

never exposed to any environmental stress or infection, prior to being sacrificed. 

Therefore, further investigation of these mice under stress will be required, and 

examination of the mice on the pure C57BL/6J background is needed. 

To investigate embryo development in the caspase-9 NC knock-in mice, a 

super-ovulated caspase-9NC/+ female was crossed with a caspase-9NC/+ male 

(both on a pure C57BL/6J background), and E13.5 embryos were isolated. Gross 

examination showed no significant phenotype in the overall appearance of the 

E13.5 embryos (Fig. 4.6B). Interestingly, 3 out of 15 total embryos were found 

deceased at the time of harvest. Two of them were wild-type (+/+) and the third 
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was heterozygous (NC/+), suggesting that the abnormality was either an artifact 

of superovulation, or resulted from a placental defect in the heterozygous (NC/+) 

female.  

Importantly, while our caspase-9 NC mice showed no overt developmental 

defects, in must be reiterated that loss of Apaf-1 or caspase-9 leads to embryonic 

lethality due to forebrain overgrowth, suggesting that the apoptosome is required 

for normal brain development (Cecconi et al., 1998; Kuida et al., 1998; Yoshida et 

al., 1998). Therefore, to investigate the effect of caspase-9 NC on mouse brain 

development, we closely examined brain sections from E13.5 embryos and 8 

week-old adults (both on a pure C57BL/6J background) in collaboration with Dr. 

Kevin Roth Lab at the University of Alabama at Birmingham. TUNEL staining and 

anti-active caspase3 staining showed no significant differences in the caspase-

9NC/NC mice, compared to matched controls, suggesting that caspase-9 cleavage 

is not required for normal development in mouse brain.  
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Table 4.1 Body and organ weights of the knock-in mouse lines. The mean weights of three mice for each 

genotype, gender and age are shown above. 
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Figure 4.6 Images of adults and E13.5 embryos of caspase-9 NC mice. (A) 
12 weeks-old males (on a pure 129/SvEvTac background). (B) E13.5 embryos 
from a caspase-9NC/+ female crossed with a caspase-9NC/+ male (on a pure 
C57BL/6J background). 



94 

 

4.2.5 Procaspase-9 expression may be down-regulated in caspase-9 NC 

mouse brain. 

    Multiple organs from caspase-9NC/+, caspase-9+/+, and caspase-9NC/NC mice 

were isolated, and protein lysates were prepared from liver, brain, heart, lung, 

colon, thymus, and kidney using RIPA buffer. Western blotting of mouse tissues 

was performed using anti-mouse caspase-9, anti-caspase-3, anti-Apaf-1 and 

anti-XIAP. Non-cleavable caspase-9-TM caused profound cell death in our 

previous in vitro study (Malladi et al., 2009); however, since no developmental 

phenotype was observed (Table 4.1, Fig. 4.6), we speculated that the expression 

levels of caspase-9 or Apaf-1 might be reduced in vivo, or that increased 

expression of XIAP level in our caspase-9 NC mice might inhibit cell death 

through downstream inhibition of caspase-3. Although preliminary, our data 

showed down-regulation of caspase-9 protein expression in the brains of 

caspase-9 NC mice. Surprisingly, down-regulation of XIAP expression was also 

observed in the hearts and kidneys of caspase-9 NC mice. No significant 

differences in the endogenous expression level of caspase-9, caspase-3, Apaf-1 

or XIAP were found in other organs (Fig. 4.7). This experiment will be repeated 

using different ages and genders of mice on both genetic backgrounds with 

larger sample numbers.  

Although caspase-9NC/+ and caspase-9NC/NC mice expressed caspase-9 

normally, since non-cleavable caspase-9 reintroduced into caspase-9-/- MEFs at 
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endogenous levels has been found to dramatically sensitize MEFs to UV 

irradiation compared to wild-type cells (Malladi et al., 2009), we expect to see 

enhanced sensitivity of cells detected from caspase-9NC/NC mice to proapoptotic 

stimuli. Therefore, further investigation of these knock-in mice under stressful 

stimuli is required.  
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Figure 4.7 Endogenous protein expression levels of caspase-9, caspase-3, 

Apaf-1 and XIAP in caspase-9 NC mice. 
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4.2.6 Caspase-9NC/NC mice exhibit abnormal testicles and lower sperm 

counts 

    8 week-old, 6 month-old and 1 year-old caspase-9+/+ and caspase-9NC/NC mice 

(n=3 mice; 129/SvEvTac background) were characterized by Dr. Donna Kusewitt 

in the Mutant Mouse Pathology Service (MMPS) core at MD Anderson Cancer 

Center in Smithville. Spermatid giant cells and multiple symplasts (multi-

nucleated cells) in the testicles and seminiferous tubules were found in all of the 

8 week-old and 6 month-old caspase-9NC/NC mice submitted (six out of six, 

regardless of the age) (Fig. 4.8). The presence of symplasts indicates apoptotic 

cells in mutant testis (Print et al., 1998; Ross et al., 2001). In addition, testicular 

hypocellularity and a substantial reduction of sperm in the epididymis were found 

in all of the 8 week-old and 6 month-old caspase-9NC/NC mice (Fig. 4.8). 

Significantly lower testis weights in 6 month-old caspase-9NC/NC mice were also 

observed (0.197g versus 0.248g; a p-value<0.01). Furthermore, a small 

mesothelioma was found in one of the older caspase-9NC/NC mice at one year of 

age. This tumor was very small and is considered very rare in mice, but the 

presence of additional changes in the testis (formation of multiple 

spermatocoeles and focal testicular degeneration) suggest that sperm exit from 

the testis was blocked (Fig. 4.9). 

Sperm counts from the cauda epididymides of 8 week-old mice on the pure 

129/SvEvTac background were measured by the method described in section 
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2.20. Homozygous caspase-9NC/NC mice had lower sperm counts (1.17x107 per 

two cauda) than wild-type mice (1.97x107 per two cauda) (Fig. 4.8C). We are 

currently collaborating with Dr. John Richburg at the University of Texas at Austin 

to further investigate the testicular phenotype in these mice. 
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Figure 4.8 Testis, epididymis, and sperm count of capsase-9 NC mice. 

Spermatid giant cells (star and arrow) in testis of (A) 8-week old and (B) 6-month 

old caspase-9NC/NC mice (n=3). (B) Sperm paucity in epididymis of homozygous 

caspase-9NC/NC (n=3). (C) Sperm count in homozygous caspase-9NC/NC (n=1). 
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Figure 4.9 Mesothelioma and testicular degeneration in capsase-9 NC mice. 

Mesothelioma, multiple spermatocoeles and focal testicular degeneration were 

found in a 1-year old caspase-9NC/NC mouse (1 out of 3). 
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4.3 Discussion 

Loss of Apaf-1 or caspase-9 has been reported to cause embryonic lethality 

due to forebrain overgrowth, indicating that the apoptosome is required for 

normal brain development (Cecconi et al., 1998; Kuida et al., 1998; Yoshida et 

al., 1998). Notably, we did not observe any forebrain overgrowth in our 

procaspase-9NC/NC mice, indicating that despite an inability to undergo 

autocleavage, procaspase-9 still mediated apoptosome-dependent apoptosis 

during normal mouse brain development. This is a significant finding given that 

recent studies have raised doubts as to the ability of procaspse-9 to exhibit 

catalytic activity (Hu et al., 2014). Our data provide the first direct evidence that 

non-cleavable procaspase-9 is catalytically active in vivo. We plan to isolate P5 

sympathetic neurons and P28 neurons (more differentiated) from caspase-9 NC 

mice and study their sensitivity to cyt c microinjection. Compared with wild-type 

neurons, in homozygous caspase-9NC/NC, we expect to see profound cell death in 

P5 sympathetic neurons following NGF-deprivation, but less profound cell death 

in P28 neurons, due to down regulation of Apaf-1 and the presence of IAPs in 

P28 neurons (Wright et al., 2004). Furthermore, to understand the effect of non-

cleavable caspase-9 in the mouse brain, damage/recovery of brains from 

caspase-9 NC mice, following ischemic stroke, will be investigated by performing 

a middle cerebral artery occlusion (MCAO) (Chiang et al., 2011). 

The homozygous caspase-9NC/NC mice exhibited abnormal testicles and 
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lower sperm counts. Therefore, germ cell apoptosis will be further determined 

following heat shock by exposing the hindquarters of caspase-9 NC mice to 

hyperthermia at 44 ºC for 15 min. Since non-cleavable caspase-9 caused more 

profound cell death, we expect to see increased apoptosis in germ cells in 

caspase-9 NC mice.  

Originally, we expected the caspase-9NC/NC knock-in mouse to be a gain-of-

function model to study the role of an overactive apoptosome in embryo 

development and adult tissue homeostasis, since the presence of non-cleavable 

caspase-9 results in increased cell killing upon UV irradiation in MEFs (Malladi et 

al., 2009). Instead, our caspase-9NC/NC mice showed only mild testicular 

phenotype and mild down-regulation of caspase-9 expression in brain. However, 

these mice were raised in a sterile, stress-free environment. Therefore, their 

apoptotic responses in response to stress should be further investigated. 

Apoptotic cell death has been reported in lymphocytes and splenocytes and 

many tissues in γ-irradiated mice (Bogdandi et al., 2010; Humblet et al., 1998; 

Maclean et al., 2003), and hepatocellular apoptosis has been reported in mice 

injected of Jo-2 (a Fas agonist) (Bahjat et al., 2000; Wiedmann et al., 2003; Yin 

et al., 1999). Therefore, to demonstrate the effect of non-cleavable caspase-9 in 

response to stress in vivo, pathology tests on mice exposed to whole-body γ-

irradiation or tail vein injection with anti-Fas antibody are planned. We expect to 

see increased apoptotic cell death in the caspase-9 NC mice.  
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It is possible that tissues in the caspase-9NC/NC mice respond to an 

overactive apoptosome by promoting compensatory proliferation, or inhibition of 

downstream caspase-9 substrates. XIAP has been reported to inhibit the activity 

of caspase-3 and caspase-7 (Garrido et al., 2006; Lemasters et al., 2009). 

Therefore, in order to determine whether the anti-apoptotic effects of IAPs can be 

attributed directly to inhibition of caspase-9, we generated caspase-9IBM/IBM 

knock-in mice, in which caspase-9 undergoes autoprocessing, but is not 

inhibitable by XIAP. If anti-apoptotic effects of IAPs are attributed directly to 

inhibition of caspase-9, we would expect to see more apoptotic cell death in 

caspase-9IBM/IBM mice compared to wild-type mice. Finally, if disengaging the 

molecular timer in caspase-9 NC sensitizes mice to proapoptotic stimuli, by 

comparing the caspase-9 NC and IBM phenotypes, we can assess the relative 

importance of the molecular timer versus IAP inhibition of processed caspase-9. 
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Chapter 5: Concluding remarks and future directions 

The formation of the apoptosome is essential for caspase-9 activation. Key 

players for apoptosome formation have been revealed and suggested (Bratton 

and Salvesen, 2010). However, the detailed mechanism of how caspase-9 is 

activated within the apoptosome is still unclear. For example, the evidence for 

caspase-9 dimer formation within the complex was lacking. Additionally, whether 

the apoptosome serves as an adaptor for caspase-9 dimerization was also 

debated. Based on previous studies, two debated models have been proposed 

for caspase-9 activation within the apoptosome: (1) caspase-9 is activated as a 

dimer (Boatright et al., 2003; Pop et al., 2006), or (2) caspase-9 is activated as a 

catalytic unit of the holoenzyme (Chao et al., 2005; Rodriquez and Lazebnik, 

1999; Shiozaki et al., 2002; Yuan et al., 2011). In the present study, we 

systematically determined the mechanism of caspase-9 activation within the 

apoptosome. Our data demonstrated for the first time that caspase-9 

dimerization does indeed occur within the apoptosome, and this dimerization was 

required for its stable recruitment to (and activity within) the apoptosome. We 

further revealed the underlying mechanism for the apoptosome as a molecular 

timer, previously proposed by Malladi et al., 2009, explaining why autoctalytic 

cleavage of caspase-9 leads to its inactivation. We found that autoctalytic 

cleavage of caspase-9 inhibited its dimerization, thereby destablizing its binding 

to the apoptosome complex and leading to its inactivation. Interestingly, our data 

also showed that procaspase-9 heterodimerized with Apaf-1 through the same 
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dimerization motif, implying that caspase-9 existed in two distinct states within 

the apoptosome. At cellular concentrations, activation of caspase-9 normally 

needs its prodomain and its interaction with the CARD of Apaf-1. Interestingly, 

our results showed that at very high apoptosome concentrations, caspase-9 

could be activated in the absence of caspase-9 prodomain-Apaf-1 CARD 

interactions, suggesting that caspase-9 could be activated as a monomer in the 

apoptosome.  

To verify dimer formation of caspase-9, we utilized a novel translation 

system in bacteria that allowed us to insert the unnatural, cross-linkable amino 

acid, L-DOPA, into the dimerization interface of procaspase-9. Since L-DOPA 

can be oxidized to its reactive ortho-quinone, this allowed us to site-specifically 

cross-link caspase-9 to its binding partners. Our cross-linking data confirmed that 

caspase-9 homodimerized within the apoptosome. This was the first conclusive 

demonstration for any initiator caspase within its activating complex. Surprisingly, 

procaspase-9 also heterodimerized with Apaf-1 through the same region, 

implying that caspase-9 may exist within the apoptosome in two distinct states. In 

agreement with this finding, incubating caspase-9 or a prodomain-deleted 

caspase-9 with excess amount of Apaf-1 apoptosome indicated that procaspase-

9 could be activated within the apoptosome as a heterodimer independent of 

CARD-CARD interactions. This suggested a novel function of the apoptosome 

complex. We are currently investigating this second binding region on Apaf-1 

using mutagenesis techniques. By mass spectrometry, we are also working to 
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identify the specific amino acid(s) that are cross-linked. 

Our lab has found that cleavage of procaspase-9 leads to its dissociation 

from the apoptosome and a subsequent loss in activity (Malladi et al., 2009). In 

the present study, we further demonstrated that proteolytic cleavage of 

procaspase-9 does not result in the loss of its small subunit, but rather disrupts 

the interaction of processed caspase-9 with itself and Apaf-1. SEC-MALS data 

indicates a higher dimerization affinity for procaspase-9 compared with 

processed caspase-9. Indeed, the affinity of caspase-9 for Apaf-1 CARDs was 

assayed by SPR analysis, which showed that the binding affinity of processed 

caspase-9 for Apaf-1 CARDs was ~8-10 folds weaker than that of procaspase-9. 

CARD-displacement assays also indicated that procaspase-9, but not a 

dimerization defective caspase-9, was efficiently displaced caspase-9 from the 

apoptosome. Collectively, these data suggest that: (1) procaspase-9 

homodimerization may stabilize its presence within the apoptosome, but that 

procaspase-9 might also be active when it transitions from a caspase-9: 

caspase-9 homodimer to a caspase-9:Apaf-1 heterodimer; and (2) that cleavage 

of procaspase-9 to its processed form leads to its eventual loss from the complex 

altogether. Further investigation to establish the size, stoichiometry, and the 

details of the dimerization/conformational status of caspase-9 within the Apaf-1 

apoptosome complex are needed. Analytical ultracentrifugation can be used to 

determine the caspase-9 dimerization affinity. Protein footprinting assays can be 
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used to determine the composition and structural state of caspase-9 within the 

apoptosome. 

Except for caspase-9 dimerization and processing, many events have been 

reported to positively or negatively regulate caspase-9 activity, such as 

posttranslational modifications on caspase-9 (Allan and Clarke, 2007; Allan et al., 

2003; Brady et al., 2005; Cardone et al., 1998; Raina et al., 2005; Seifert et al., 

2008), or inhibition by IAPs (Denault et al., 2007; Deveraux et al., 1999; 

Srinivasula et al., 2001). Caspase-9 is reportedly regulated by phosphorylation at 

various sites. Studies suggest that phosphorylation of caspase-9 at Thr-125, Ser-

144, and Ser-196 inhibits caspase-9 activity, whereas phosphorylation at Tyr-153 

enhances its activity (Allan and Clarke, 2007; Allan et al., 2003; Brady et al., 

2005; Cardone et al., 1998; Raina et al., 2005; Seifert et al., 2008). Another 

future direction of this project is to study how posttranslational modifications of 

caspase-9 affect the function of the apoptosome. We would like to know whether 

phosphorylation of procaspase-9 influences its dimerization ability, its affinity for 

the apoptosome, and conformational changes required for caspase-9 activation. 

The effects of caspase-9 phosphorylation on apoptosis in cells or in vivo can be 

verified by reintroduction of phosphomutants into caspase-9-deficient cell lines, 

or by investigating phosphomutant caspase-9 knock-in mouse lines. 

The intrinsic apoptosis pathway has been an important area of investigation 

for many years. Even though many of the modulators and posttranslational 
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modifications have been identified, the detailed mechanisms of the Apaf-1-

caspase-9 apoptosome have not been investigated in any animal models. To 

understand the mechanism of caspase-9 activation in vivo, procaspase-9 and 

IAP un-inhibitable caspase-9 knock-in mouse models were generated, and 

stress-induced cell death will be characterized. In the present study, we did not 

see significant developmental phenotypes in our caspase-9 NC mice under 

stress-free conditions. The preliminary data showed a slight down-regulation of 

caspase-9 expression in the brain of caspase-9 NC mice. Notably, although 

cleavage events are required for the activity of other caspases, autocleavage of 

caspase-9 is not required for caspase-9 activation in vitro, and knock-out studies 

in mice show that loss of Apaf-1 or caspase-9 causes embryonic lethality due to 

forebrain overgrowth, indicating that apoptosome function is essential for normal 

brain development (Cecconi et al., 1998; Kuida et al., 1998; Yoshida et al., 1998). 

The fact that no forebrain overgrowth was observed in our procaspase-9NC/NC 

mice implies that procaspase-9 is activated in the absence of cleavage and 

mediates apoptosome-dependent apoptosis during normal mouse embryo 

development. This is a significant finding given that recent studies have raised 

doubts as to the ability of procaspse-9 to exhibit catalytic activity (Hu et al., 

2014). To fully rule out the possibility of the scaffold function of procaspase-9 in 

the process of brain development, we should generate a mouse model 

expressing a catalytically-inactive form of procaspase-9.  
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Apoptosome function has not been thoroughly evaluated in most models of 

disease including cancer models. Since loss of caspase-9 leads to 

neurodevelopmental defects, we are crossing our caspase-9 NC mice with 

caspase-9 knock-out mice to determine whether a single allele of non-cleavable 

caspase-9 is sufficient for normal neurodevelopment. In addition, we are crossing 

our knock-in mouse lines with XIAP-/- mice to see if cell death might be 

exacerbated. Also, because caspase-9 has been shown to be responsible for cell 

death in Rb-deficient embryos, we are currently crossing our knock-in mouse 

lines with Rb+/− tumor-prone mice. These mouse models will help us to examine 

the importance of the apoptosome molecular timer and the interplay between 

XIAP and the timer in disease and cancer.  

To conclude, it is critical to fully characterize how the apoptosome is formed 

and regulated biochemically, as well as its importance in vivo. The present study 

provided insights into the activation mechanisms of caspase-9 both in vitro and in 

vivo. Once the mechanisms are fully understood, further approaches, such as the 

use of small molecule inhibitors that disrupt caspase-9 activation during stroke or 

neurodegeneration; or mimetics that activate the enzyme in cancer cells, could 

be evaluated for their therapeutic potential in clinical trials. 
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