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Cell death is an essential biological process in the metazoans and the 

mitochondrial pathway of apoptosis is the major mechanism of physiological cell 

death in the vertebrates.  In this pathway, pro-apoptotic members of the Bcl-2 

family cause mitochondrial outer membrane permeabilization (MOMP), allowing 

the release of cytochrome c, which interacts with APAF-1 to trigger formation of 

an apoptosome leading to caspase activation and apoptosis.  It has been widely 

suggested that apoptosis is conserved throughout the metazoans, however 

despite conservation of Bcl-2 proteins, APAF-1, and caspases there is no 
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biochemical evidence of the existence of the mitochondrial pathway in either C. 

elegans or Drosophila apoptosis.  

 The hypothesis of this study is that the mitochondrial pathway of 

apoptosis is an ancient mechanism regulating apoptosis in the metazoans and 

that all or part of the pathway has been lost in some lineages.  To test this 

hypothesis, activation of caspases by cytochrome c in cytosolic extracts from 

animals representing six different phyla was analyzed.  This research 

demonstrates for the first time that cytochrome c activates caspases in cytosolic 

extract from non-vertebrate animals, including the purple sea urchin, an 

echinoderm, and the freshwater planaria, a platyhelminth.  

In response to various stimuli delivered to intact planaria and isolated 

planaria cells, characteristic features of the mitochondrial pathway of apoptosis 

were observed, including cytochrome c release to the cytosol, caspase 

activation, loss of mitochondrial membrane potential, and phosphatidylserine 

externalization without loss of plasma membrane integrity.   In addition, this 

study demonstrates that MOMP and cytochrome c release in planaria can be 

regulated by human Bcl-2 proteins.  

These results suggest that MOMP and cytochrome c activation of 

caspases are components of an ancient mechanism of apoptosis that was 

present in the metazoans prior to the divergence of the lophotrochozoans, 

edysozoans and deuterostomes, and that this mechanism was lost, in whole or 

in part, in ecdysozoan lineages.
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1.  INTRODUCTION 
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1.1 Apoptosis 

Cell death is a fundamental biological process found in all living 

organisms and is essential in the metazoans during development, for tissue 

homeostasis and as a defense against pathogens. The systematic elimination 

of cells was observed as early as 1842 by Carl Vogt studying the 

disappearance of the notochord during amphibian metamorphosis (Clarke and 

Clarke, 1996).   In 1965, Lockshin and Williams characterized the cell death that 

occurred during insect metamorphosis as programmed cell death (Lockshin and 

Williams, 1965).  Ellis and Horvitz, in their landmark study of genetic mutations 

in the nematode Caenorhabditis elegans, elegantly demonstrated that 

programmed cell death is a genetically encoded cellular mechanism (Ellis and 

Horvitz, 1986). 

Apoptosis (Kerr et al., 1972) is the most common form of developmental 

and pathological programmed cell death (Spierings et al., 2005).  It is 

characterized morphologically by chromatin condensation, nuclear 

fragmentation, cell shrinkage and membrane blebbing (Zimmermann et al., 

2001).  Biochemical features include internucleosomal cleavage of DNA leading 

to characteristic DNA laddering (Cohen et al., 1994), appearance of 

phosphatidylserine, normally located only in the inner leaflet, on the outer leaflet 

of the plasma membrane (Martin et al., 1995) and proteolytic cleavage of 

numerous intracellular proteins (Spierings et al., 2005). Cellular remains are 

packaged into apoptotic bodies and phagocytosed by neighboring cells thereby 
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avoiding an inflammatory response (Pradhan et al., 1997).  Morphological and 

biochemical characteristics of apoptosis have been observed in all major animal 

phyla (Figure 1.1, discussed below), and features similar to apoptosis have also 

been observed in plants and in some unicellular organisms (discussed below).   

It has been widely suggested that apoptosis is a conserved pathway that 

is operative in all metazoans (Danial and Korsmeyer, 2004).  While homologs of 

many of the proteins involved in apoptosis have been identified in a wide variety 

of metazoans, and the result of apoptosis, cell death without associated 

inflammation, is the same in all cases, animals have adapted a variety of 

mechanisms to regulate apoptosis.  This variety begs the question: Which 

components of the pathway of apoptosis are in fact conserved? 
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Figure 1.1.  Simplified View of Animal Phylogeny.  Animal phylogeny based 
upon both molecular data (primary and secondary structure of the large and 
small ribosomal subunit genes) and traditional morphological and 
developmental characteristics.   
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1.2  Physiological Roles of Apoptosis 

Apoptosis is critical for tissue homeostasis throughout the life of an 

animal.  In humans, approximately one hundred thousand cells are produced by 

mitosis every second and approximately the same number die by apoptosis.  

Over the course of a lifetime, the majority of a person’s cells will be removed 

and replaced in a process that balances cell proliferation and apoptosis to 

preserve homeostasis so that tissues, organs and organisms maintain relative 

size and structure (Vaux and Korsmeyer, 1999). 

Apoptosis plays a fundamental role in human development, and is 

involved in the removal of unnecessary structures, including the pronephric 

tubules during kidney development, the Mullerian duct in males and the 

Wolffian duct in females (Jacobson et al., 1997) and the elimination of 

interdigital cells during digit formation (Milligan et al., 1995).  The developing 

nervous system produces excess neurons and oligodendrocytes, which are 

later eliminated by apoptosis (Barde, 1989; Barres et al., 1992). 

Developmental apoptosis has also been well characterized in two model 

invertebrates.  In the nematode C. elegans, of the 1090 somatic cells that are 

formed during development of the hermaphrodite, 131 are consistently 

eliminated by apoptosis (Ellis and Horvitz, 1986; Sulston and Horvitz, 1977). 

During metamorphosis of the fruit fly Drosophila melanogaster, cells in the 

larval salivary glands and gut undergo apoptosis under the control of ecdysone, 

a steroid hormone (Abrams et al., 1993; Jiang et al., 1997).  In addition, 



6 

 

apoptosis of neurons and muscle cells has been observed in the newly hatched 

adult fly (Kimura and Truman, 1990). 

Apoptosis is a key regulator of the mammalian immune system and is a 

fundamental component in immune system development, whereby lymphocyte 

precursors that are either non-reactive or excessively self-reactive are deleted.  

The vast majority of immune cells that are produced during an immune 

response to infection are deleted by apoptosis in order to maintain homeostasis 

in the immune compartment.  Apoptosis is also fundamental to immune system 

effector mechanisms.  Cells that are infected by pathogens are removed by 

apoptosis, leading to rapid engulfment and the avoidance of an inflammatory 

response (Pinkoski et al., 2006). 

 

1.3  Apoptosis and Disease 

Misregulation of apoptosis is a common characteristic of a variety of 

pathological conditions.  Cancer arises when deregulated cell proliferation and 

suppression or loss of apoptosis occur simultaneously (Green and Evan, 2002).  

Failure of these pathways creates an environment that permits the 

accumulation of mutations, promotes resistance to immune defense 

mechanisms, permits escape from normal cell cycle control checkpoints, 

facilitates growth factor independent survival and proliferation, allows 

anchorage independent survival, and confers resistance to cytotoxic drugs and 

radiation (Reed, 1999). 
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Acquired Immune Deficiency Syndrome (AIDS) is caused by the death of 

proliferating immune cells at a rate that cannot be compensated for by cell 

proliferation, while stroke and myocardial infarction are characterized in part by 

apoptosis of neurons and cardiomyocytes respectively and neurodegenerative 

diseases are characterized by the progressive loss of neurons through 

apoptosis (Galluzzi and Kroemer, 2007).  Failure to remove cells that are no 

longer required results in lymphoproliferative disorders and defects in the 

uptake of apoptotic cells is a hallmark of autoimmune disease (Pinkoski et al., 

2006). 

 

1.4   The Apoptotic Machinery 

Apoptosis is orchestrated by a highly conserved family of cytsteine 

aspartate proteases, caspases, that cleave cellular substrates at specific 

aspartic acid residues to induce the characteristic biochemical and 

morphological signature of apoptotic cells (Green and Evan, 2002).  Caspases 

have been described in all major animal phyla including sponges (Wiens et al., 

2003), cnidaria (Cikala et al., 1999; Dunn et al., 2006), flatworms (Jason 

Pellettieri, Alejandro Sanchez Alvarado, personal communication), mollusks 

(Lacoste et al., 2002), arthropods (Dorstyn et al., 1999a; Fraser and Evan, 

1997), nematodes (Yuan et al., 1993), echinoderms (Robertson et al., 2006) 

and chordates (both invertebrate (Chambon et al., 2002) and vertebrate 

(Salvesen and Dixit, 1997)).  
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Caspases are expressed as zymogens or pro-caspases that contain (1) 

a catalytic domain comprised of a large subunit that contains an active site 

cysteine within a moderately conserved QACXG motif and a small subunit and  

(2) a short N-terminal prodmain (executioner caspases) or an N-terminal pro-

domain containing sequence motifs that promote interaction with other proteins 

containing the same motif (initiator caspases) (Fuentes-Prior and Salvesen, 

2004).   

Eleven caspases have been described in humans, which are classified 

as inflammatory (caspases 1, 4 and 5), apoptotic (caspases 2, 3, 6, 7, 8, 8, 9 

and 10) or neither (caspase 14).  The apoptotic caspases are further 

categorized as initiator caspases (caspases 2, 8, 9, and 10) that are 

characterized by long prodomains and activated by dimerization, and 

executioner caspases (caspases 3, 6 and 7) which are characterized by short 

prodomains and activated by cleavage (Boatright et al., 2003).  The 

inflammatory and apoptotic caspases are widely expressed, while caspase 14, 

which is involved in keratinocyte differentiation, is expressed mainly in the 

epidemis (Fuentes-Prior and Salvesen, 2004).  Seven caspases have been 

identified in Drosophila, including four initiator caspases and three executioner 

caspases.  A single caspase functions as initiator and executioner for all cell 

death in C. elegans.   

Once caspases are activated (discussed below), they proceed to 

dismantle the cell through proteolysis of numerous substrates and the cell dies, 
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necessitating tight regulation of these highly efficient proteases.  As described 

in detail in the following sections animals employ a variety of mechanisms to 

regulate caspase activation.  Mammalian apoptotic caspases are activated 

through extrinsic or intrinsic death signals that induce the formation of an 

activation platform that recruits and activates the initiator caspases, which then 

cleave and activate the executioner caspases.  Activation of at least one 

initiator caspase in Drosophila requires both the assembly of a signaling 

platform and the inhibition of IAPs (inhibitor of apoptosis protein).  The initiator 

then cleaves and activates executioner caspases.  The C. elegans caspase is 

activated when the negative regulator of the activator platform is displaced 

allowing formation of the activation platform. 

 

1.5  Caspase Activation in Vertebrates 

Two distinct pathways lead to the activation of vertebrate initiator 

caspases.  The extrinsic pathway is initiated as a means of (1) eliminating T 

cells at the end of an immune response,  (2) killing infected cells, and (3) killing 

inflammatory cells at immune privileged sites (Ashkenazi and Dixit, 1998) and 

depends upon extracellular signals and death receptors for caspase activation.  

In contrast, the intrinsic or mitochondrial pathway is initiated in response to 

developmental cues, DNA or cytoskeletal damage, endoplasmic reticulum 

stress, growth factor withdrawal, loss of adhesion (for adherent cells), and 
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inhibition of protein synthesis (Chipuk et al., 2006) and caspase activation is 

dependent on release of mitochondrial proteins into the cytosol. 

Initiator capsases in both the extrinsic and intrinsic pathways are 

activated by dimerization at signaling platforms.  Recruitment of caspases to 

these platforms occurs through the interaction of protein motifs on the initiator 

caspases and adaptor molecules. The motifs consist of a globular fold 

comprising six anti-parallel helices known as the death fold (Shi, 2002).  These 

motifs include the death domain (DD) and death effector domain (DED) 

involved in the activation of caspase 8 at the DISC (discussed below), and the 

caspase recruitment domain (CARD) involved in the activation of caspase 9 at 

the apoptosome (discussed below).  

  

1.5.1  The Extrinsic Pathway 

In the extrinsic pathway (Figure 1.2), caspases are activated by the 

formation a signaling platform known as the Death Induced Signaling Complex 

(DISC).  DISC formation is induced when extracellular ligands bind their plasma 

membrane bound receptors, leading to trimerization of the receptors.  The 

receptors harbor an intracellular death domain (DD), which recruits and binds to 

the DD of FADD, an adaptor protein.  The death effector domain (DED) of 

FADD binds to the DED of pro-caspase 8.  Pro-caspase 8 is activated via the 

induced proximity of two pro-caspase 8 monomers (Boatright et al., 2003).  The 

Fas/Fas ligand pathway is the most well characterized death receptor pathway.  
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A number of other death receptors including TRAIL Receptor, DR3, and TNF-

R1 also induce assembly of the DISC and caspase 8 activation through a 

similar mechanism.  Active caspase 8 cleaves and activates the executioner 

caspases 3 and 7, which proceed to dismantle the cell (Green and Evan, 2002). 
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Figure 1.2  The Extrinsic Pathway of Apoptosis.  Trimeric death ligands bind 
trimeric death receptors, leading to the formation of the DISC (Death Inducing 
Signaling Complex), consisting of the death receptor, the adaptor FADD, and 
procaspase 8.  Procaspase 8 is auto activated when brought into close 
proximity with another procaspase 8 protein.  Active caspase 8 is released from 
the DISC and cleaves and activates caspase 3.  DD, Death Domain; DED, 
Death Effector Domain. 
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1.5.2  The Intrinsic or Mitochondrial Pathway 

Activation of the intrinsic or mitochondrial pathway of apoptosis is 

characterized by mitochondrial outer membrane permeabilization (MOMP) and 

the release of proteins, including cytochrome c, from the intermembrane space 

(IMS), leading to the formation of the apoptosome, activation of initiator 

caspase 9 and activation of caspase 3. 

1.5.2.1 Mitochondrial Outer Membrane Permeabilization 

MOMP is considered to be the point of no return during apoptosis 

because it allows for the release of numerous mitochondrial proteins from the 

IMS into the cytosol.  Cytochrome c, a component of the electron transport 

chain, is released from the IMS in a rapid, complete, kinetically invariant and 

caspase independent manner (Goldstein et al., 2000).  Cytochrome c induces 

caspase activation as detailed in Section 1.5.2.3 below. Smac/Diablo and 

Omi/HtrA2 are also released from the mitochondria with kinetics similar to those 

of cytochrome c (Munoz-Pinedo et al., 2006).  There is evidence that both 

proteins can enhance caspase activation by neutralizing Inhibitor of Apoptosis 

proteins (IAPs) (Du et al., 2000; Suzuki et al., 2001; Verhagen et al., 2000), 

although the role of Smac and Omi as IAP inhibitors in apoptosis in vivo 

remains controversial (Martins et al., 2004). 

 AIF is released from the mitochondria in a caspase independent 

manner, and while the release appears to begin at the same time as 

cytochrome c release, AIF release is slow and incomplete (Munoz-Pinedo et al., 
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2006).  It is therefore unlikely that AIF has a role in the induction of apoptosis.  It 

has been observed that AIF induces caspase independent chromatin 

condensation and DNA fragmentation following its release from the IMS during 

MOMP (Susin et al., 1999).  Endonuclease G, a nuclease that is proposed to 

function in caspase independent death (Li et al., 2001), is also released from 

the IMS following MOMP, although the kinetics are unknown. 

1.5.2.2  Bcl-2 Proteins Regulate MOMP 

MOMP is regulated by members of the Bcl-2 family of proteins, which 

integrate pro-survival and pro-death signals leading to (1) cell survival or (2) cell 

death via apoptosis or, if caspases are inhibited, via caspase independent cell 

death.  The Bcl-2 proteins possess at least one of four conserved motifs known 

as Bcl-2 homology domains (BH1-BH4).  The anti-apoptotic members, including 

Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1, generally contain all four BH domains.  The 

pro-apoptotic members can be further subdivided into two groups, the 

multidomain proteins (BH123) including BAX, BAK and BOK, and the BH3-only 

proteins including BID, BIM, BAD, BIK, PUMA, Noxa and others (Chipuk et al., 

2006). 

The pro-apoptotic multidomain proteins BAX and BAK are constitutively 

expressed and BAK is localized to the mitochondria, while BAX is cytosolic and 

translocates to the mitochondria in response to apoptotic stimuli.  Both an 

apoptotic stimulus and activation by a BH3 only protein is required for BAK or 

BAX to induce MOMP.  Upon activation by BID or BIM (BH3-only proteins), 
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BAX and/or BAK oligomerize and insert stably into the outer mitochondrial 

membrane (OMM) (Kuwana et al., 2002).  One study suggests that activation of 

Bax by Bid may also require the translocase of the outer mitochondrial 

membrane (TOM) complex (Ott et al., 2007).  The anti-apoptotic proteins (Bcl-2, 

Bcl-xL) inhibit BAX/BAK activation by binding to and sequestering BID or BIM.  

Other BH3-only proteins, including BAD, BIK, Noxa and others, cannot directly 

associate with BAX or BAK but instead, bind to the anti-apoptotic proteins Bcl-

xL, Bcl-2 and /or MCL-1, releasing the BH3 activators, thereby de-repressing 

them (Kuwana et al., 2005). 

BH3-only proteins can be activated by cleavage (BID) (Luo et al., 1998), 

release from another protein (BIM) (Puthalakath et al., 1999), post-translational 

modifications (BAD) (Zha et al., 1996) or transcriptional up-regulation (PUMA) 

(Nakano and Vousden, 2001).  The activator BH3-only proteins are each 

activated in response to specific apoptotic stimuli, however activation of a BH3-

only protein is generally insufficient to induce MOMP as the BH3-only will likely 

be sequestered by an anti-apoptotic Bcl-2 protein.  Induction of MOMP also 

requires the activation of one (or more) of the de-repressor BH3-only proteins 

(Kuwana et al., 2005).  It should be noted that BID, an activator BH3-only 

protein is efficiently cleaved by active caspase 8, resulting in the active form of 

BID, tBID, which can then induce MOMP and cytochrome c release, implicating 

the mitochondria in the extrinsic pathway. 
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Figure 1.3 The Mitochondrial Pathway of Apoptosis.  Pro-apoptotic signals 
lead to the activation of (1) de-repressor BH3 only proteins (Bad, Bik) which 
bind and inhibit anti-apoptotic BCL-2 proteins (Bcl-2, Bcl-xL), and (2) activator 
BH3 proteins (Bid, Bim) which directly activate pro-apoptotic multidomain 
proteins (Bak, Bax) to oligomerize and induce MOMP, leading to the release of 
proteins from the intermembrane space, including cytochrome c (shown here).  
Cytochrome c binds to APAF-1, inducing its oligomerization into a heptamer, 
which recruits procaspase 9 to form the apoptosome.  Caspase 9 is activated 
by dimerization at the apoptosome, and upon release, cleaves and activates 
caspase 3. 
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1.5.2.3 Cytochrome c and Apoptosome Formation 

Cytochrome c release into the cytosol following MOMP induces the 

formation of the apoptosome, a wheel-shaped signaling platform composed of 

APAF-1, dATP, pro-caspase 9 and cytochrome c.  APAF-1 forms the core of 

the apoptosome and contains three domains: an N-terminal caspase 

recruitment domain (CARD), a nucleotide binding domain (NBD) and a series of 

thirteen WD repeats.  In the absence of cytochrome c, APAF-1 exists as a 

monomer and it is currently thought that the WD repeats fold back onto the 

remainder of the protein to autoinhibit oligomerization (Riedl and Salvesen, 

2007).  Monomeric APAF-1 has dATP bound to the ATPase domain in the NBD 

portion of the protein (Kim et al., 2005). 

Upon release of cytochrome c from the mitochondria into the cytosol, 

cytochrome c binds the WD repeats of APAF-1 leading to hydrolysis of the 

bound dATP to dADP and conformational changes that permit oligomerization 

of APAF-1 into a heptameric wheel-like structure.  The cytochrome c bound WD 

repeats form the spokes, and the CARD and NBD domains lie in the center.  

Caspase 9 is recruited to this central region through interaction of its CARD with 

the CARD of APAF-1 and is activated by dimerization (Pop et al., 2006; Riedl 

and Salvesen, 2007). Active caspase 9 cleaves and activates caspases 3 and 

7, which proceed to dismantle the cell (Figure 1.3). 
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1.5.3  Caspase Substrates 

Once activated, caspases cleave a wide variety of substrates.  It has 

been claimed that caspases cleave almost 300 different targets (Fischer et al., 

2003) although the actual number is likely closer to 1000 (S. Martin, personal 

communication).  However only a small subset of these targets have been 

demonstrated to be significant in apoptosis (Timmer and Salvesen, 2006, 

Spierings, 2005 #87). 

Caspase 3 cleaves a number of apoptosis regulators thereby (1) 

activating pro-apoptotic proteins (BAD (Condorelli et al., 2001), BAX (Yanase et 

al., 2000), BID (Luo et al., 1998), pro-caspases (Boatright and Salvesen, 2003)) 

or (2) inactivating anti-apoptotic proteins (Bcl-2 (Cheng et al., 1997), Bcl-xL 

(Clem et al., 1998).  Caspase 3 has also been shown to cleave the proapoptotic 

APAF-1, apparently as a method of preventing apoptosome formation (Bratton 

et al., 2001; Lauber et al., 2001), and XIAP (x-linked inhibitor of apoptosis 

protein), leading to binding specificity for various caspases (Deveraux et al., 

1999). 

Caspase 3 cleaves several cell adhesion, cytoskeletal and structural 

proteins.  Cleavage of focal adhesion kinase (FAK) inactivates the protein and 

leads to the disassembly of the focal adhesion complex, cell detachment and 

interruption of survival signals (Wen et al., 1997).   Cleavage of fodrin disrupts 

the cortical cytoskeleton and may lead to membrane blebbing (Cryns et al., 

1996; Martin et al., 1996; Vanags et al., 1996).  The cleaved form of Gas-2 
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regulates microfilament and cell shape changes (Brancolini et al., 1995) and 

cleavage of gelsolin leads to F-actin polymerization and membrane blebbing 

(Kothakota et al., 1997). 

Caspase 3 cleavage of iCAD (inhibitor of caspase activated DNase) 

liberates CAD (caspase activated Dnase), an endonuclease that cleaves 

chromosomal DNA into 200 base pair oligonucleosomal fragments (Enari et al., 

1998; Liu et al., 1997).  Caspase 3 also cleaves PARP (poly(ADP-ribose) 

polymerase) –1 and –2, which are involved in DNA repair and gene expression.  

Cleavage results in the loss of catalytic activity and may prevent ATP depletion 

(Lazebnik et al., 1994; Tewari et al., 1995).  Both iCAD and PARP cleavage are 

routinely used as markers for caspase activation.  Caspase 3 cleavage of 

Acinus results in chromatin condensation (Sahara et al., 1999). 

Cleavage of PAK2 (p21-activated kinase 2) by caspase 3 induces 

apoptotic morphology, including cell shrinkage and rounding up, and nuclear 

condensation (Lee et al., 1997), while cleavage of ROCK-1 (Rho-associated 

kinase-1) leads to myosin light chain kinase activation and membrane blebbing 

(Coleman et al., 2001; Sebbagh et al., 2001). 

During apoptosis induced by Fas ligand or TNF, caspase 3 cleaves the 

retinoblastoma (RB) protein, a negative regulator of cell proliferation, leading to 

its degradation.  Non-cleavable mutants of RB protect against TNF, but not Fas 

ligand induced death, suggesting that degradation of RB may be required for 

apoptosis induced by some, but not all, inducers (Tan et al., 1997). 
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A mitochondrial substrate of caspase 3 has also been identified.  

Cleavage of NDUFS1, the p75 subunit of complex I of the electron transport 

chain, results in disruption of electron transport, loss of mitochondrial 

membrane potential, decline in levels of ATP, production of reactive oxygen 

species, and loss of mitochondrial structural integrity (Ricci et al., 2004). 

In addition to the substrates cleaved by caspase 3, caspase 6 cleaves 

the nuclear envelope proteins, Lamins A, B1 and C, leading to nuclear lamina 

disassembly (Lazebnik et al., 1995; Orth et al., 1996; Rao et al., 1996).  It has 

recently been suggested that caspase 7 cleaves subunits of the 26S 

proteasome, although the role of such cleavage in apoptosis has not been 

demonstrated (Jang et al., 2007). 

 

1.6  Apoptosis in Ecdysozoans 

The ecdsyozoa is a clade of animals defined by characteristic molting 

and includes among other phyla, the nematodes and arthropods. 

Caenorhabditis elegans (a nematode) and Drosophila melanogaster (an 

arthropod), two of the most extensively studied organisms in apoptosis, are 

both found in this clade (Halanych, 2004). 

 

1.6.1  Apoptosis in C. elegans 

Of the 1090 somatic cells that are formed during development of the C. 

elegans hermaphrodite, 131 are consistently eliminated by apoptosis (Sulston 
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and Horvitz, 1977).  In C. elegans, apoptosis is controlled by four genes – ced-

3, ced-4, ced-9 and egl-1 (Ellis and Horvitz, 1986).  CED-3 is a homolog of 

caspase 3 and functions as both initiator and executioner caspase during C. 

elegans apoptosis.  CED-3 is activated by CED-4, a homolog of APAF-1.  CED-

4 contains a CARD and a nucleotide binding domain, but lacks the WD repeats 

found in the C-terminus region of APAF-1 (Zou et al., 1997).  In healthy cells, 

CED-4 exists as a dimer, constitutively bound to CED-9, a Bcl-2 homolog that 

inhibits CED-4 activation of CED-3 (Yan et al., 2005).  In response to 

developmental cues in cells destined to die, transcription and translation of 

EGL-1 is induced, and EGL-1, a BH3-only homolog, binds CED-9, inducing a 

conformational change leading to the release of CED-4 (Conradt and Horvitz, 

1998).  Upon release from CED-9, CED-4 spontaneously oligomerizes into a 

tetrameric apoptosome that recruits CED-3 via CARD-CARD interactions 

leading to the activation of CED-3 (Chinnaiyan et al., 1997a; Chinnaiyan et al., 

1997b; Seshagiri and Miller, 1997; Yan et al., 2005).  Interestingly, while ATP is 

bound to the nucleotide-binding domain of CED-4, formation of the CED-4 

apoptosome does not appear to require either nucleotide exchange or 

hydrolysis (Yan et al., 2005). CED-3, once activated, cleaves cytoskeletal and 

chaperone proteins and proteins involved in ATP synthesis and metabolism 

(Taylor et al., 2007), leading to the dismantling of the cell.  

A role for mitochondria in C. elegans apoptosis has been suggested 

based on the observations that (1) CED-9 is localized to the mitochondria 
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during embryogenesis (Chen et al., 2000), although it has recently been 

suggested that this localization is not necessary for CED-9 function (Tan et al., 

2007) and (2) in cells undergoing EGL-1 induced apoptosis, mitochondria 

appear fragmented (Jagasia et al., 2005).  These changes in mitochondrial 

morphology during apoptosis are CED-9 dependent, independent of CED-3 and 

CED-4, and mediated by DRP-1, a component of the mitochondrial fission 

machinery (Jagasia et al., 2005).  The role of CED-9 in mitochondrial fission 

and fusion dynamics has been further elucidated through expression of the 

protein in mammalian cells. Delivani et al demonstrated that CED-9 induces 

mitochondrial fusion, which was blocked by simultaneously expressing EGL-1.  

However, CED-9 did not block BAX-induced cytochrome c release or apoptosis. 

Additionally, while mammalian cells expressing EGL-1 and CED-9 contained 

extensively fragmented mitochondria, these cells did not undergo MOMP, 

cytochrome c release or apoptosis (Delivani et al., 2006).  

It has been observed that Bcl-2, when expressed in C. elegans, prevents 

cell death during development (Hengartner and Horvitz, 1994; Vaux et al., 

1992).  Bcl-2 and CED-9 each contain four BH domains (BH1-4), however they 

prevent apoptotic death through different mechanisms.  While CED-9 interacts 

directly with CED-4, Bcl-2 does not interact directly with either APAF-1 or CED-

4 (Jabbour et al., 2006).  Bcl-2 appears to interact with EGL-1 leading to the 

theory that it prevents death in the nematode by interrupting the antagonistic 

binding of EGL-1 to CED-9.   
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1.6.2  Apoptosis in Drosophila 

Apoptosis has been extensively studied in Drosophila and naturally 

occurring apoptosis has been described during embryogenesis (Abrams et al., 

1993), metamorphosis (Jiang et al., 1997) and in the adult fly (Kimura and 

Truman, 1990).  Homologs of apoptotic proteins have been identified in 

Drosophila, and while there are similarities, the mechanism of regulation of 

apoptosis in Drosophila differs from the mechanisms utilized by both 

vertebrates and C. elegans. 

1.6.2.1  Drosophila Caspases 

There are seven known caspases in Drosophila.  DRICE (Fraser and 

Evan, 1997), DCP-1 (Song et al., 1997), DECAY (Dorstyn et al., 1999b) and 

DAMM (Harvey et al., 2001; Vernooy et al., 2000) contain short prodomains 

suggesting that they function as executioner caspases.  DRICE and DCP-1 are 

both homologous to caspases 3 and 7.  It appears that DCP-1 may be 

redundant in apoptosis, although cells deficient in both DRICE and DCP-1 show 

a more pronounced phenotype than DRICE deficient flies (Xu et al., 2006).  

Little is known about the roles of DECAY or DAMM, however they may play a 

role in the apoptosis of nurse cells and in larval/pupal metamorphosis (Dorstyn 

et al., 1999b; Harvey et al., 2001).  

DREDD, STRICA and DRONC contain long prodomains suggesting that 

they function as initiator caspases. DREDD carries a Death Effector Domain 
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(DED) and functions downstream of the death inducer, Reaper (Chen et al., 

1998), although its biological role in apoptosis is not known.  DREDD also plays 

an important role in Drosophila immunity (Leulier et al., 2000).  STRICA 

appears to function in cell death occurring during oogenesis (Baum et al., 2007) 

DRONC is widely expressed during development and is highly 

upregulated by ecdysone, a steroid hormone that mediates apoptosis in larval 

midgut and salivary glands prior to histolysis of these tissues.  DRONC is also 

upregulated in nurse cells preceding apoptosis (Dorstyn et al., 1999a). 

Mutational analysis has demonstrated that DRONC is required for apoptosis 

during embryogenesis (Kondo et al., 2006; Quinn et al., 2000), although Xu et 

al have reported some developmental cell death in flies carrying various point 

mutations in DRONC, indicating that DRONC-independent apoptotic pathways 

may also exist (Xu et al., 2005).  DRONC cleaves and activates the executioner 

caspase DRICE (Hawkins et al., 2000) that is required for apoptosis in 

embryogenesis, and apoptosis induced by Reaper, Hid and Grim (discussed 

below), X-irradiation and inhibition of protein synthesis (Muro et al., 2006). 

1.6.2.2  Caspase Activation in Drosophila 

Caspase activation in the fly is controlled at the level of IAPs.  DRICE, 

DCP-1 and DRONC activity is regulated by DIAP1, an inhibitor of apoptosis 

protein with homology to the baculovirus IAPs.  DIAP1 binds directly to DCP-1 

and DRICE and prevents them from cleaving substrates (Hawkins et al., 1999; 

Wang et al., 1999).   
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DRONC appears to be constitutively activated by ARK, an APAF-1 

homolog (discussed below), but its activity is inhibited by DIAP1.  While DIAP1 

binds to DRONC, it does not inhibit its cleavage activity but rather promotes its 

ubiquitination via a RING domain in the C-terminus (Wilson et al., 2002).   

DIAP1 is antagonized by Reaper, Hid and Grim, proapoptotic proteins 

that are transcriptionally regulated by various death stimuli, including 

developmental cues, DNA damaging agents and in the case of Reaper, the 

steroid hormone ecdysone (Chen et al., 1996; Grether et al., 1995; White et al., 

1994).   Reaper, Hid and Grim bind DIAP1 thus preventing it from inhibiting 

DRONC (Wang et al., 1999; Wu et al., 2001) and Drice (Kaiser et al., 1998; Yan 

et al., 2004). 

It has been suggested that in the absence of DIAP1, monomeric DRONC 

is activated by autocatalytic cleavage followed by homodimerization (Yan et al., 

2006).  This activation requires ARK, a CED-4/APAF-1 homolog and it appears 

that ARK activation of DRONC is constitutive (Rodriguez et al., 2002).  The 

domain structure of ARK is similar to APAF-1; ARK contains an N-terminal 

CARD domain, a nucleotide binding domain and fourteen WD repeats (Kanuka 

et al., 1999; Rodriguez et al., 1999; Zhou et al., 1999).  ARK is required for 

stress-induced apoptosis in S2 cells (Kiessling and Green, 2006; Zimmermann 

et al., 2002) and for most developmental and radiation induced apoptosis (Mills 

et al., 2006).   
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In vitro, in the presence of excess dATP, ARK forms an apoptosome, a 

wheel like structure composed of eight monomers, similar to the the APAF-1 

heptamer. No additional factors are required for the formation of the oligomer 

and cytochrome c does not form a stable complex with ARK (Yu et al., 2006).  

The in vitro ARK apoptosome is a dimeric ring structure and it appears that the 

CARD domains, the predicted DRONC binding sites, are not accessible in this 

formation suggesting that this structure may not be active (Dorstyn and Kumar, 

2006).  It is unknown how ARK is activated, and while DRONC physically 

interacts with ARK (Quinn et al., 2000) presumably through CARD-CARD 

interactions, the mechanism by which ARK activates DRONC is also unknown. 

1.6.2.3  MOMP and Cytochrome c in Drosophila Apoptosis 

The role of MOMP and cytochrome c in the induction of apoptosis in 

Drosophila remains controversial.  While two Bcl-2 homologs have been 

identified in Drosophila, Debcl, a proapoptotic Bax-like homolog (Colussi et al., 

2000, Zhang, 2000 #16, Igaki, 2000 #17) and Buffy, an anti-apoptotic Bcl-2 

homolog (Quinn et al., 2003), the functions of these proteins remain unknown. 

It has been observed that nurse cells undergoing apoptosis and S2 cells 

undergoing apoptosis induced by expression of Reaper or Grim, do not undergo 

MOMP as detected by release of cytochrome c into the cytosol (Varkey et al., 

1999).  No release of cytochrome c was observed in Drosophila S2 cells during 

stress-induced apoptosis (Zimmermann et al., 2002) and attempts to show 

cytochrome c-mediated activation of caspases in cytosolic extract from 
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Drosophila cells (Dorstyn et al., 2002; Zimmermann et al., 2002) have 

consistently failed.  Indeed, knockdown of cytochrome c in Drosophila S2 cells 

had no effect on ARK-dependent caspase activation or apoptosis (Dorstyn et 

al., 2004; Dorstyn et al., 2002; Zimmermann et al., 2002).  Additionally, it has 

been demonstrated that cytosolic factors are sufficient to induce caspase 

activation in a cell free system, while mitochondrial factors have no effect 

(Means et al., 2006).  

In contrast, genetic studies have suggested that caspase activation 

involved in Drosophila sperm differentiation (Arama et al., 2003; Arama et al., 

2006) and in apoptosis in pupal eye development (Mendes et al., 2006) may 

depend on cytochrome c.  However, biochemical evidence that cytochrome c 

activates ARK in any setting is lacking.  

 Recent evidence suggests that Reaper and Hid induce changes in 

mitochondrial morphology (Abdelwahid et al., 2007; Goyal et al., 2007) and 

cytochrome c distribution (Abdelwahid et al., 2007), however cytochrome c 

redistribution was shown to be caspase dependent and is thus unlikely to be 

involved in the initiation of the apoptotic program. Nevertheless, a role in 

apoptosis for DRP-1, a component of the mitochondrial fission machinery, was 

identified. It has also been suggested that with the exception of macrophages, 

Drosophila cells undergo mitochondrial depolarization in response to Hid 

expression and UV irradiation (Means and Hays, 2006).  This data taken 
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together suggests that at least some aspects of the mitochondrial pathway may 

be present in Drosophila apoptosis.   

 

1.7  Apoptosis in Invertebrate Deuterostomes 

The deuterostome clade consists of three major phyla:  (1) the chordates 

which includes vertebrates (mammals, birds, amphibians, fish, reptiles) and  the 

invertebrate chordates, cephalochordates (amphioxus) and urochordates (sea 

squirts), (2) the hemichordates (acorn worms) and (3) the echinoderms (sea 

urchins, starfish) (Bourlat et al., 2006) (Figure 1.4).  Apoptosis in the vertebrates 

is well studied and is described in Section 1.5 above.  Features of apoptosis 

have also been observed in the other deuterostomes, as described below. 
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Figure 1.4  Deuterostome Phylogeney.  The phylogenetic relationship among 
the five deuterostome phyla (after (Sodergren et al., 2006)). 
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 1.7.1  Apoptosis in Cephalochordates 

Cephalochordates are small eel-like animals that live buried in the sand.  

They are the closest living relatives to vertebrates and have all the typical 

chordate features - a notochord, a dorsal nerve chord, pharyngeal slits and a 

post-anal tail.  However, in contrast to vertebrates, the brain is very small and 

poorly developed, the sensory organs are poorly developed and there are no 

true vertebrae.  The best studied animal in this phylum is amphioxus (Schubert 

et al., 2006). 

Apoptosis has been detected in the embryonic and larval stages of 

amphioxus (Branchiostoma floridae) development (Bayascas et al., 2002).  In 

addition, AmphiCASP-3/7, a capsase homologous to human caspases 3 and 7 

has been cloned.  AmphiCASP-3/7 is expressed throughout amphioxus 

development, from the gastrula to larval stage.  When transfected into 293T 

cells, wild type AmphiCASP-3/7 promotes apoptosis, and a mutant with the 

prodomain deleted, had an enhanced ability to promote apoptosis, indicating 

that AmphiCASP-3/7 is activated by cleavage.  Recombinant AmphiCASP-3/7 

preferentially cleaves synthetic caspase substrates containing a DEVD 

sequence, but not substrates containing either VEID or IETD sequences.  

Transfection of AmphiCASP-3/7 into MCF7 cells (deficient in caspase 3) does 

not rescue the apoptotic phenotype (Bayascas et al., 2002). 
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1.7.2  Apoptosis in Urochordates 

The ascidian Ciona intestinalis (sea squirt) develops through a larval 

stage, which is characterized by a typical chordate body plan including a 

notochord.  The adult is a sessile filter feeder and metamorphosis requires 

massive reorganization of the body plan including regression of the tail.  The 

regression of the tail has been demonstrated to be caspase dependent and 

caspase inhibitors blocked metamorphosis. Fifteen independent caspase-like 

sequences have been identified in Ciona and while the mechanism of caspase 

activation is unknown, it appears that ERK activation may be involved in 

developmental apoptosis in Ciona (Chambon et al., 2002).  

Two Bcl-2 family protein homologs have also been identified in Ciona.  

ciBAX is a homolog of the proapoptotic multidomain protein BAX, while ciBcl-xL 

is a homolog of the anti-apoptotic Bcl-xL.  Ectopic expression of ciBAX, but not 

a BH3 deleted mutant, in Ciona embryos resulted in cell dissociation and 

apoptosis during the gastrula stage.  The ciBAX-induced dissociation and 

apoptosis was inhibited by ciBcl-xL (Takada et al., 2005) suggesting that the 

mitochondrial pathway may be present in Ciona. 

 

1.7.3  Echinoderms 

Echinoderms are marine organisms that are characterized by the 

presence of tube feet, a component of the water vascular system.   Adult 

echinoderms are radially symmetrical animals with five arms.  The body is 
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protected by an endoskeleton, which is covered by a thin epidermis.  Most 

echinoderms have a complete digestive tract including a mouth and an anus 

that opens to the exterior.  Sexes are separate and fertilization is external. 

Fertilized eggs develop into bilaterally symmetrical, ciliated larvae which then 

metamorphose into the radially symmetrical adult (Margulis and Schwartz, 

1988).   Sea urchins, sand dollars and starfish are all echinoderms.  

1.7.3.1  Apoptosis in Sea Urchins 

Sea urchins embryos develop through a series of cleavage reactions to 

form a blastula that hatches, and then through gastrulation forms a pluteus.  

After several months the pluteus undergoes metamorphosis resulting in a 

juvenile sea urchin.  The metamorphosis involves the transformation of a 

bilaterally symmetrical, mobile larva into a radially symmetric benthoic adult.  

Apoptosis appears to be limited during the cleavage stage of 

development (Vega and Epel, 2004; Vega Thurber and Epel, 2007), however 

sea urchin embryos undergo apoptosis during the gastrula and early pluteus 

stages, mostly in the ectoderm and the developing intestine.  Cells in the oral 

and arboreal arms, intestine, ciliary band and oral and apical ganglia of the 

larva, at stages closer to metamorphosis undergo apoptosis, indicating that 

apoptosis is also a physiological event in the development of the adult urchin 

(Roccheri et al., 1997; Roccheri et al., 2002).  

Sea urchin oocytes, eggs and early embryos treated with staurosporine, 

a protein kinase inhibitor, show caspase activation, nuclear condensation, 
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chromatin fragmentation, and membrane blebbing (Voronina and Wessel, 

2001). Sea urchin embryos treated with a combination of cytotoxic chemicals 

and heat (Roccheri et al., 2002), ultraviolet radiation (Lesser et al., 2003), 

protein synthesis inhibitors and topoisomerase inhibitors (Vega and Epel, 2004; 

Vega Thurber and Epel, 2007) also exhibit DNA fragmentation, membrane 

permeability changes and caspase activation.  The molecular mechanisms 

leading to these characteristic apoptotic morphologies have yet to be 

elucidated, although there is some evidence that inactivation of protein kinase c 

may lead to apoptosis (Dickey-Sims et al., 2005). 

1.7.3.2  Apoptosis-Related Proteins Encoded in the Sea Urchin 

Genome 

The genome of the purple sea urchin, Strongylocentrotus purpuratus, 

has recently been sequenced (Sodergren et al., 2006) and homologs of the 

components of the vertebrate apoptotic pathways have been identified 

(Robertson et al., 2006).  The S. purpuratus genome contains five classes of 

caspases, including four caspase-9-like genes, one caspase-3/7-like gene, one 

caspase-6-like gene, five caspase-8/10-like genes, five ICE-like (caspases 1,4 

and 5) genes and fourteen other caspase-like genes that cluster together but do 

not cluster with any vertebrate caspase.  All but three of the genes code for 

proteins that contain the conserved caspase catalytic motif QACRG, with the 

exception that four of the caspase-8/10-like genes have a QACQG sequence, 

similar to human caspases 8 and 10.  At least one of the caspase 9-like genes 
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is linked with a CARD domain and two of the caspase 8/10-like genes are 

linked to DED domains (Robertson et al., 2006). 

Three APAF-1 gene homologs have been identified in the S. purpuratus 

genome, each of which was identified by a NB-ARC domain.  One of these 

homologs carries a CARD domain and seven WD repeats, while two others 

carry N-terminal DD domains and one to four WD repeats (Robertson et al., 

2006).  

Ten genes coding for proteins with Bcl-2 homology domains have been 

identified including one homolog each of the pro-apoptotic multidomain 

proteins, BAX and BAK, one homolog of the anti-apoptotic proteins Bcl-2/Bcl-

xL, two homologs of mammalian BOK, two homologs of human Bcl2L13 and 

two additional genes coding Bcl-2 domains that appear to be unrelated to any 

vertebrate protein.  To date, no homologs of the BH3-only proteins BAD, BID or 

BIM have been identified (Robertson et al., 2006). 

In addition, the S. purpuratus genome contains seven sequences that 

encode at least one BIR (baculoviral IAP repeat) domain characteristic of the 

IAPs, seven potential TNF receptor genes, four potential TNF ligand genes, and 

homologs of adaptor proteins involved in the extrinsic pathway (Robertson et 

al., 2006). 
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1.7.3.3  Apoptosis in Starfish 

Starfish oocytes are stored in the ovary, arrested at prophase of meiosis 

I.  When stimulated by 1-methyladenine, the oocytes mature, the starfish 

spawns and the oocytes complete both meiotic cell cycles.  If the post-meiotic 

eggs are not fertilized within twenty-four hours, the eggs die in a characteristic 

morphology, including breakdown of the pro-nucleus, DNA fragmentation, cell 

shrinkage and membrane blebbing. This morphology is also observed in 

oocytes dying following treatment with UV radiation (Yuce and Sadler, 2001).  

The morphological features of oocyte death include caspase 3-like activity and 

are blocked by fertilization through inactivation of the MAP kinase pathway 

(Sasaki and Chiba, 2001).  It has been demonstrated that fertilization causes an 

increase in calcium concentration which inactivates ERK, and prevents the 

activation of other MAP kinases, the combination of which appears to suppress 

the death program in fertilized eggs (Sadler et al., 2004). 

 

1.8  Apoptosis in Lophotrochozoans 

The Lophotrochozoa is a clade of animals that (1) have a lophophore 

(feeding structure) or (2) develop through a free-swimming, ciliated 

(trochophore) larva (Halanych, 2004).  While controversy remains regarding the 

placement of various phyla within the Lophotrochozoans, molecular data 

strongly supports the current hypothesis, which groups the platyhelminthes, 

annelids and mollusks, along with many other minor phyla, in this clade (de 
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Rosa et al., 1999; Halanych et al., 1995; Helfenbein and Boore, 2004; Mallatt 

and Winchell, 2002). 

 

1.8.1 Platyhelminthes 

Phylum Platyhelminthes includes both parasitic and free living species of 

flatworms (Sanchez Alvarado, 2003).   Freshwater planarians, a free-living 

flatworm, have long been studied for their remarkable regenerative abilities 

(Johnson, 1822). For example, in decapitated planaria both the head and trunk 

fragments each regenerate the missing body parts and integrate them into the 

original fragments resulting in two complete, proportional and fully functional 

animals.  Cell loss (and presumably death) has been observed during both 

morphollaxis (proportional remodeling without cell proliferation) and 

epimorphosis (regeneration with cell proliferation) (Baguna, 1981). 

Regeneration in planaria is mediated by a group of adult stem cells 

known as neoblasts.  The neoblasts are small, undifferentiated, totipotent cells 

and are the only mitotically active cells in planaria (Newmark and Sanchez 

Alvarado, 2000).  It has been demonstrated that planaria neoblasts die in 

response to gamma radiation (Reddien et al., 2005b) and this sensitivity has 

formed the basis for a FACS based method for the isolation of the neoblasts 

(Hayashi et al., 2006).  

Planaria also have the ability to grow and de-grow depending on the 

availability of food.  Well-fed planaria continue to grow until a maximum size is 
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reached; starved animals de-grow for months through a process of cell loss 

(Newmark and Sanchez Alvarado, 2001) and it has been estimated that a 7mm 

planaria loses about 7000 cells per day while starving (Baguna, 1981). 

While cell death has been observed in planaria for more than a century, 

the molecular mechanisms regulating death remain unknown. 

The genome of one species of planaria, Schmidtea mediterranea has 

been sequenced and has recently been made available on SmedGD (Robb et 

al., 2007).  A number of genes with homology to mammalian genes encoding 

proteins known to be involved in apoptosis, including eleven caspases, one 

APAF-1 and nine Bcl-2 proteins have been identified (J. Pelletieri, personal 

communication). 

 

1.8.2  Apoptosis in Mollusks 

Mollusks are soft-bodied animals with an internal or external shell, a 

mantle (a fold in the body wall that secretes the calcium carbonate that forms 

the shell) and a radula (a chitin food gathering structure).  Mollusks live in 

aquatic (marine or freshwater) or moist environments.  In most mollusks, the 

sexes are separate and fertilization takes place in the water.  Eggs hatch into 

free swimming larvae, which metamorphose into a second larval stage and then 

into the adult (Margulis and Schwartz, 1988). 

Apoptotic death has been observed during the development of the squid 

Euprymna scolopes, triggered by the luminous symbiotic bacteria, Vibrio 
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fischeri.  Association of the bacteria with the squid triggers extensive apoptosis 

of the epithelium (Foster and McFall-Ngai, 1998) and triggers the 

morphogenesis of the light organ (Koropatnick et al., 2007).  It appears that the 

morphogenesis may be mediated by a p53 family member (Goodson et al., 

2006). 

Heavy metals and hyperthermia induce apoptosis in the mantle, but not 

the gills of the mussel Mytilus galloporvincialis. Morphological features include 

DNA fragmentation and cleavage of a caspase-3 like protein into a large and 

small subunit.  This apoptotic response to environmental stress appears to be 

mediated by p38-MAPK (Kefaloyianni et al., 2005).   

Noradrenaline, produced by the neuroendocrine system and immune 

cells in oysters, induces apoptosis in hemocytes, the main cellular immune 

defense in mollusks.  The apoptotic morphology was blocked by caspase 

inhibitors, indicating the presence of caspases (Lacoste et al., 2002). Heavy 

metals have also been observed to induce apoptotic death in oyster hemocytes, 

although no decrease in mitochondrial membrane potential was observed 

(Sokolova et al., 2004).  Apoptosis in oyster hemocytes appears to be mediated 

by integrin-like proteins (Terahara et al., 2003; Terahara et al., 2005). 

Apoptotic morphology observed in the mid-intestinal gland cells of snails, 

can be blocked by the neuropeptide FMRFamide (Roszer et al., 2006).  

Apoptosis induced by reactive oxygen species (ROS) in snail hemocytes was 

characterized by loss of mitochondrial membrane potential (ΔΨm), however 
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phosphatidylserine externalization was not correlated with decreased ΔΨm 

(Russo and Madec, 2007).  

The molecular mechanisms regulating apoptosis in mollusks remain 

largely unknown. 

 

1.8.3 Apoptosis in Annelids 

The annelids are characterized by ringlike external segments that 

coincide with internal partitions that contain digestive and reproductive organs 

repeated in tandem.  Some annelids are free-living, while others are parasitic.  

All annelids, except for the leeches can regenerate lost body parts and can 

reproduce by budding as well as by sexual reproduction.  Some annelids are 

hermaphroditic, while in others the sexes are separate (Margulis and Schwartz, 

1988). 

Morphology, characteristic of apoptotic death, has been observed during 

embryogenesis of the leech Helobdella (Tsubokawa and Wedeen, 1999) and in 

juvenile hydrothermal vent tubeworms during symbiont acquisition and 

trophosome development (Nussbaumer et al., 2006).  Apoptotic cellular 

morphology has also been observed in the earthworm Lumbricus terrestris in 

response to metals resulting from volcanic activity (Amaral and Rodrigues, 

2005), and in symbiont/parasitic annelids in sponges in response to okadaic 

acid (Schroder et al., 2006). 
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The molecular mechanisms regulating apoptosis in annelids are 

unknown. 

 

1.9  Apoptosis in Cnidaria 

The Cnidaria is a basal phylum that is a sister group to the Bilateria.  

Cnidaria are characterized by having two body layers, radial symmetry and the 

presence of a nematocyst or stinging cell.  There are two basic morphologies 

within the Cnidaria, the sessile polyp and the swimming medusa or jellyfish.  

Four classes have been defined within the phylum:  the Anthozoa (sea 

anemones and corals), the Cubuzoa (sea wasps), the Scyphozoa (jellyfish) and 

the Hydrozoa (Hydra and Hydractinia) (Miller et al., 2005). 

 

1.9.1 Apoptosis in the Anthozoa 

1.9.1.1 Aiptasia 

Cells of Aiptasia sp exposed to heat undergo programmed cell death in 

both the endoderm and ectoderm with the morphological characteristics of 

apoptosis including condensation of the nucleus, cytoplasm and the organelles, 

membrane blebbing and formation of apoptotic bodies (Dunn et al., 2004).  

While the molecular mechanisms of death are currently unknown, a caspase 

with features of both initiator and executioner caspases has been cloned from 

Aiptasia pallida, as well as a Bcl-2 family member with homology to anti-

apoptotic Bcl-2 proteins (Dunn et al., 2006). 



41 

 

1.9.1.2  Nematostella vectensis 

It has recently been observed that germ cells in the starlet sea anemone, 

Nematostella, undergo apoptosis in response to ultraviolet radiation in a dose 

dependent manner.  While the molecular mechanism of UV-induced death in 

the anemone is unknown, it appears to be dependent on nvp63 (Pankow, 

2007), a protein with homology to p53,  a pro-apoptotic protein that (1) functions 

as a transcription factor and (2) binds the anti apoptotic proteins Bcl-2 and Bcl-

xL to activate the proapoptotic proteins BAX and BAK to initiate MOMP (Chipuk 

and Green, 2006).  

Sequencing of the genome of Nematostella vectensis has been 

completed (Sullivan et al., 2006) and analysis has revealed a number of 

apoptotic genes, including five caspase homologs, four IAP homologs, seven 

Bcl-2 family protein homologs, proteins containing homologs to death domains, 

death effector domains, CARD domains, and nucleotide binding domains 

(Robertson et al., 2006) and homologs of iCAD and CAD, proteins responsible 

for the characteristic DNA fragmentation observed in apoptosis (Eckhart et al., 

2007).   In addition, an APAF-1 homolog containing two CARDs, a nucleotide 

binding domain and WD repeats was recently identified (Zmasek et al., 2007).   
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1.9.2 Apoptosis in the Hydrozoa 

1.9.2.1  Hydra 

Hydra is a freshwater cnidarian with a simple body plan that lacks 

functionalized tissues or organs.  There are eight identified somatic cell types 

and under certain circumstances, germ cells. Hydra generally reproduce by 

asexual budding, but occasionally male and/or female gonads are produced 

and a sexual cycle is induced (Bottger and Alexandrova, 2007).   Hydra has a 

seemingly unlimited capacity to regenerate, even from dissociated cells (Gierer 

et al., 1972).   

Hydra cell death with characteristic apoptotic morphology has been 

observed in epithelial cells of starved Hydra (Bosch and David, 1984), in 

interstitial cells following treatment with colchicine (a cytostatic agent) 

(Campbell, 1976) or gamma radiation (Hicklin and Wolpert, 1973), during 

regeneration following amputation (Yaross and Bode, 1978a; Yaross and Bode, 

1978b) and following interspecies grafts (Bosch, 1986).  Nurse cells, a 

specialized cell type present only when the animal becomes sexually active, 

have been observed to undergo an arrested form of apoptosis during oogenesis 

(Technau et al., 2003). Apoptosis has also been observed in the testes during 

spermatogenesis (Kuznetsov et al., 2001). 

Ten caspases have been identified in the Hydra genome, most of which 

are most like capase 3 (Bottger and Alexandrova, 2007) and two have been 

cloned. Hydra Caspase 3A is most homologous to the C. elegans CED-3 
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caspase and Hydra caspase 3B is most homologous to vertebrate caspase 3.  

Both caspases are expressed throughout the body and in all cell types, with 

Hydra caspase 3A expressed at higher levels than Hydra caspase 3B (Cikala et 

al., 1999).  Extract from colchicine treated animals shows caspase-like activity, 

which was inhibited by capsase inhibitors (Cikala et al., 1999).  Caspase 

inhibitors have also been shown to block oogenesis (Technau et al., 2003). 

Two Bcl-2 family proteins homologs have been identified, HyBAK and 

HyBAX.  These proteins interact in vitro and appear to be localised to the 

mitochondria when expressed as RFP or GFP fusion proteins in Hydra cells 

(Bottger and Alexandrova, 2007; Muller-Taubenberger et al., 2006). The 

molecular mechanisms of apoptosis in Hydra are unknown. 

1.9.2.2  Hydractinia 

Hydractinia is a marine cnidarian and is usually found encrusting the 

outside of gastropod shells.  The sexes are separate and colonies are 

composed of a network of gastrovascular canals from which feeding, sexual 

and protective polyps arise.  Eggs are released into the surrounding seawater 

and fertilized by sperm from a neighboring male colony.  Embryos develop into 

a planula larva and then undergo metamorphosis resulting in sessile polyps 

which give rise to new colonies (Frank et al., 2001). 

Apoptotic morphology has been observed during the metamorphosis of 

Hydractinia echinata larva in distinct spatial and temporal patterns that 

correspond to larval structures that are not present in the adult animal (Seipp et 
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al., 2001).  Apoptosis during Hydractinia metamorphosis appears to be caspase 

dependent and is reversibly inhibited by a caspase inhibitor (Seipp et al., 2006).  

The mechanism of caspase regulation in Hydractinia is unknown. 

 

1.10 Apoptosis in Porifera (Sponges) 

The phylum Porifera represents the basal metazoan phylum and consists 

of three classes:  Hexactinellida (glass sponges), Desmospongia (sponges with 

a skeletal network formed from spongin fibers, a keratin-like protein), and 

Calcarea (calcareous sponges) (Margulis and Schwartz, 1988).  Apoptotic 

features in sponges were first observed in hibernating sponges that had 

undergone tissue regression during the winter months (Kuhns et al., 1997). 

Features of apoptosis have also been observed during sponge development.  

Flagellated epithelium covering free-swimming larvae die with characteristic 

apoptotic morphology within twenty four hours after release (Kaltenbach et al., 

1999).   

DNA fragmentation that is characteristic of apoptosis has been observed 

in sponges in response to various stimuli including methyl mercury exposure 

(Batel, 1993), starvation (Krasko et al., 1999), loss of cell adhesion (Koziol et 

al., 1998), cadmium chloride exposure and exposure to heat treated E. Coli 

(Wagner et al., 1998), exposure to reactive oxygen species (Wiens et al., 

1999b), and ultraviolet light exposure (Batel et al., 1998).  
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Apoptosis of sponge cells can also be observed in transplantation 

experiments where an autograft (from the same sponge) or an allograft (from a 

different sponge) is inserted into a host.  While the autografts fuse within five 

days, approximately half of the cells in the allograft show positive TUNEL 

staining and characteristic DNA fragmentation during the same period (Wiens et 

al., 2000a).  Extracts made from allografts, but not autografts, cleave a caspase 

substrate, indicating caspase-like activity (Wiens et al., 2003). 

Apoptotic genes have been identified in several species of sponges 

including Suberites domuncula (Wiens et al., 2004), Geodia cydonium (Wiens 

et al., 2000a; Wiens et al., 2000b; Wiens et al., 2003) and Lubomirskia 

baicalensis (Wiens et al., 2006).  Two caspases have been cloned 

(GEOCYCAS3l and GEOCYCAS3s), which both contain the characteristic 

QACRG motif. GEOCYCAS3l has a long prodomain which appears to be 

somewhat homologous to a CARD domain, while GEOCYCAS3s contains a 

short prodomain.  Both caspases appear to be more homologous to human 

caspases than to either CED-3 or any of the Drosophila caspases. 

GEOCYCAS3s is upregulated during allograft rejection (Wiens et al., 2003) and 

active caspases have been detected at the allograft contact zone (Tepsuporn et 

al., 2003).  

Three genes with Bcl-2 homology have been cloned in sponges. 

GCBHP1 and GCBHP2 both show homology to Bcl-2 in the BH1 and BH2 

regions and both regions show closer homology to mammalian Bcl-2 family 
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members than to CED-9 (Wiens et al., 2000b).  GCBHP2 expression is 

upregulated in sponge cells exposed to low (but not high) levels of tributyltin or 

heat shock. GCBHP2 appears to have an anti-apoptotic role. Mammalian cells 

transfected with GCBHP2 were somewhat resistant to serum starvation and 

tributylin-induced apoptosis (Wiens et al., 2001).  In addition, a homolog of BAK 

(LBBAK2l) with homology in the BH1, BH3 and transmembrane domains and a 

homolog of Bcl-2 (LBBCL-2a) with homology in all four BH domains have been 

cloned.  Expression of caspases and Bcl-2 family proteins has been analyzed in 

the developing sponge and it appears that the anti-apoptotic proteins are 

expressed in the proliferative zone, while the pro-apoptotic proteins are 

expressed in the non-proliferative zone (Wiens et al., 2006). 

A death domain containing protein, DD2, has also been cloned in 

sponges.  DD2 contains two death domains that are most homologous to the 

death domains of Fas (Wiens et al., 2000b).  DD2 is strongly upregulated in the 

cells of allografts (Wiens et al., 2000a). 

Sponge cells exhibit high levels of telomerase activity, which is also 

characteristic of tumor (and germ) cells in higher metazoans (Koziol et al., 

1998).  Downregulation of QMSD, the sponge homolog of the tumor suppressor 

QM (Dowdy et al., 1991), is observed during the transition from telomerase 

positive “immortal” cells to telomerase negative “mortal” or apoptotic cells 

following treatment with cadmium chloride (Wiens et al., 1999a). 
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The mechanisms regulating apoptosis in the Porifera have yet to be 

elucidated.  

 

1.11 Programmed Cell Death in Plants 

Programmed cell death plays important roles in plant development, in the 

senescence of leaves and flowers and in the formation of bark (Beers, 1997; 

Greenberg, 1996; Rubinstein and Osborne, 1997).  Programmed cell death also 

plays an important role in the hypersensitivity response, part of the plant 

defense against infection.  During the hypersensitivity response, infected and 

neighboring cells die via a genetically programmed response that is mediated 

by the R genes, related to the Toll-like receptor family in mammals (Greenberg 

et al., 1994).  It has been reported that cysteine protease activity is associated 

with plant cell death (Solomon et al., 1999) although no caspase homologs 

have been identified (Patel et al., 2006). A metacaspase has been identified in 

plants (Uren et al., 2000), but there is no evidence that it plays a role in plant 

programmed cell death. 

It has been reported that cytosolic extract from carrot cells supplemented 

with mammalian cytochrome c induces apoptotic changes in isolated mouse 

liver nuclei (Zhao et al., 1999), however, as there is no evidence that caspases 

or APAF-1 homologs are present in plants, it is most likely that the exogenous 

cytochrome c activated caspases in the nuclear preparation.  It has also been 

reported that heat stress induces translocation of cytochrome c from the 
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mitochondria to the cytosol in cells of the cucumber plant (Balk et al., 1999), 

however there is no evidence that the released cytochrome c was involved in 

the induction of cell death. 

 

1.12 Programmed Cell Death in Single Cell Organisms 

Programmed cell death has been described in at least nine species of 

unicellular eukaryotes, including kinetoplastid parasites (Trypanosoma 

(Ameisen et al., 1995) and Leishmania (Lee et al., 2002)), the free living slime 

mold, Dictyostelium (Cornillon et al., 1994), a free living ciliate Tetrahymena 

thermophila (Christensen et al., 1995), and a dinoflagellate, Peridinium 

gatunense (Vardi et al., 1999).  Cell death in all these organisms is regulated by 

extracellular signals, including signals from neighboring cells, host cells and 

environmental conditions (Ameisen, 2002).  The programmed cell death in all of 

these single-celled eukaryotes, except Dictyostelium is characterized by DNA 

fragmentation.  Caspase inhibitors prevent cell death in the kinetoplastids (Das 

et al., 2001) and dinoflagellate (Vardi et al., 1999), although caspases have not 

been identified in these organisms.  A paracaspase (Uren et al., 2000) has 

been identified in Dictyostelium, but its role in cell death is unclear (Aravind et 

al., 2001).  It remains unclear whether cell death observed in these organisms 

is apoptotic. 

Apoptosis-like death can be induced experimentally in the yeast 

Saccharomyces cerevisiae, by depletion of glutathione, low doses of hydrogen 
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peroxide or expression of mammalian BAX (Madeo et al., 1999), however 

controversy remains as to whether yeast undergo programmed cell death 

during the normal life cycle.  A metacaspase has been identified in S. 

cerevisiae, however it does not appear to function as a caspase and its role in 

yeast cell death is also controversial (Vachova and Palkova, 2007).  

Programmed cell death with some of the characteristics of apoptosis has 

been described in bacteria under a variety of circumstances including autolysis 

of the mother cell following sporulation (Smith and Foster, 1995), during fruiting 

body formation (Rosenbluh and Rosenberg, 1990), and as a part of genetic 

exchange during transformation (Mortier-Barriere et al., 1998).  Bacteria also 

undergo autolysis in response to antibiotics, although some cells persist (and 

are not mutants), leading to the possibility that each cell has the choice whether 

to die or survive.  It has been suggested that programmed cell death in 

prokaryotes may lead to the elimination of cells during development and the 

removal of damaged cells (Lewis, 2000). 

 

1.13 Objectives of the Current Study 

It has been widely suggested that the apoptotic pathway is conserved 

throughout the animal kingdom.  While homologs of caspases, APAF-1 and Bcl-

2 family proteins have been identified in vertebrates, nematodes and 

arthropods, the mechanisms of induction and regulation of apoptosis varies 
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dramatically. To explore whether, in fact, the mechanisms of induction and 

regulation of apoptosis are truly conserved, I set forth the following objectives: 

 

Objective One:  Determine whether cytochrome c activation of 

caspases is an ancestral or recent evolutionary innovation. 

To test the hypothesis that cytochrome c activation of caspases is an 

ancient mechanism, a survey of animals representing six phyla was 

undertaken.  This research demonstrates for the first time, that cytochrome c 

activates caspases in extract from non-vertebrate animals, including the 

freshwater planaria, a lophotrochozoan and in extract from eggs of the sea 

urchin, an echinoderm.  These results lead to the conclusion that a role for 

cytochrome c in the activation of caspases developed at least 600 million years 

ago, prior to the divergence of the lophotrochozoans, edysozoans and 

deuterstomes and that this mechanism was lost in ecdysozoan lineages. 

 

Objective Two:  Determine whether planaria cells undergo apoptotic 

death via the mitochondrial pathway. 

Once it had been determined that cytochrome c could activate caspases 

in extract from planaria, it remained to be determined whether this activation 

mechanism functioned during apoptosis of planaria cells.  I addressed this 

objective using two approaches.  By inducing apoptosis in both whole planaria 

and isolated cells through gamma radiation and heat shock, I demonstrated that 
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components of the mitochondrial pathway of apoptosis, including cytochrome c 

release, caspase activation, loss of mitochondrial membrane potential, and 

phosphatidylserine externalization feature in the apoptosis of planaria cells. 

Additionally, I demonstrated that cytochrome c release from planaria 

mitochondria can be regulated by human Bcl-2 family proteins, implicating a 

possible role for Bcl-2 regulation of MOMP in planaria apoptosis. 

 

1.14  Acknowledgments 

Chapter 1, in part, may be submitted for publication of the material to a 

peer-reviewed journal.  Authors will include Bender, C.E., Salvesen G.S., and 

Green D.R.
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2.  MATERIALS AND METHODS 
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2.1  Laboratory Equipment 

Centrifuge – Eppendorf Microcentrifuge 54151, Sorvall RC 5C Plus 

Electrophoresis Cell  - Criterion 2-gel, BioRad  

Flow Cytometer – FACSCanto 2-laser, 6-color flow cytometer running FacsDiva 

version 4.1.2, BD Biosciences 

Fluorescence Microplate Reader – fMax, running Softmax Pro version 1.2, 

Molecular Devices 

Immunoblotting Cell – Criterion Tank Blotting System, BioRad 

Nutator, Clay Adams 

Radiation Source - Gammacell 40 Exactor, MDS Nordion 

Sonicator, Branson 

Thermal Cycler - GeneAmp PCR system 2400, Perkin Elmer 

UV/VIS spectrophotometer - Spectronic GENESYS 5, Milton Roy  

 

2.2  Molecular Biology 

2.2.1 Buffers  

o DNA Loading Buffer (6x) –30% glycerol, 0.1 M EDTA, 

bromophenol blue  

o LB Media – Luria Broth Base, Sigma-Aldrich (0.5 g/L NaCl, 10 g/L 

tryptone, 5 g/L yeast extract)  
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o LB Agar plates –Luria Agar Base, Sigma-Aldrich (15 g/L agar, 0.5 

g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract) supplemented with 

100 µg/ml ampicillin (LB-Amp plates) or 50 µg/ml kanamycin (LB-

Kan plates) 

o YT (2x) – 1.6% bactotryptone, 1% yeast extract, 0.5% NaCl, pH 

7.4 

o TBE (10x) – 20 mM Tris/HCl, 5.5% boric acid, 50 mM EDTA pH 

8.0 

 

2.2.2 Reagents and DNA Sequencing 

taq DNA polymerase, pcDNA3.1/V5-His-TOPO TA Expression Kit, Zero 

Blunt PCR Cloning Kit, 50 mM dNTPs (12.5 mM dATP, 12.5 mM dTTP, 12.5 

mM dCTP, 12.5 mM dGTP) were purchased from Invitrogen.  Restriction 

enzymes and associated buffers were purchased from New England Biolabs, 

Invitrogen and Roche Applied-Science.  Rapid DNA Ligation Kit and Expand 

High Fidelity PCR System were purchased from Roche Appied Science.  

Plasmid mini-prep, midi-prep and maxi-prep kits, and QIAquik Gel Extraction Kit 

were from Qiagen. pfu DNA polymerase, QuikChange II Site directed 

Mutagenesis Kit and XL1 Blue Supercompetent Cells (E. Coli) were from 

Stratagene. 
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DNA sequencing was performed (1) using a CEQ Genetic Analysis 

System  (Beckman Coulter) or (2) by the Burnham Institute for Medical 

Research (BIMR) sequencing facility. 

 

2.2.3 Polymerase Chain Reaction (PCR) 

PCR reactions were performed in 50 µl total volume using 20 ng of DNA 

template, 1 µg each of two oligonucleotide primers, 500 µM dNTPs and 1 unit of 

DNA polymerase in the buffer supplied by the manufacturer.  PCR products 

were separated by agarose gel electrophoresis (1% agarose in TBE containing 

0.5 µg/ml ethidium bromide), cut from the gel and purified using QIAquick Gel 

Extraction Kit.  

 

2.2.4  PARP Constructs 

Human PARP D214A inserted in the pTRE vector was a kind gift from 

Dr. Girish Shah.  The D214A mutant is resistant to cleavage by human caspase 

3.  Using primers 

  

5’ GTTATGGCGGAGTCTTCGGATAAGCTCTATCGAG 

3’ TTACCACAGGGAGGTCTTAAAATTGAATTTCAG 

 

the PARP D214A insert was amplified by PCR using taq DNA 

polymerase and cloned into pcDNA3.1 following the manufacturers directions.  
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The construct was transformed into E. Coli strain DH5α and grown overnight on 

LB-Amp plates.  Colonies were picked, grown in LB supplemented with 100 

µg/ml ampicillin and DNA was isolated and purified by mini-prep. The plasmid 

was sequenced to confirm that the PARP D214A sequence was successfully 

inserted into pcDNA3.1 in the correct orientation and then the DNA was 

mutated to correct the D214A mutation back to wild type.  Mutagenesis was 

performed using the QuikChange II Site-Directed Mutagenesis Kit according the 

manufacturer’s directions with the following primers: 

 

sense:  GGCGATGAGGTGGATGGAGTGGATGAAGTGGCG 

antisense:  CGCCACTTCATCCACTCCATCCACCTCATCGCC 

 

Briefly, the wild type strand was synthesized via thermal cycling wherein 

the template DNA was denatured, the primers annealed and were extended 

with pfuUltra High-Fidelity DNA polymerase (provided with the kit).  Thermal 

cycling parameters were determined using the guidelines prescribed by the 

manufacturer.  Following the thermal cycling reaction, the template strand was 

digested with Dpn 1 and 2 µl of the reaction was transformed into XL1-Blue 

Supercompetent Cells.  The cells were plated on LB-Amp agar plates, DNA was 

isolated from single colonies by mini-prep and the DNA was sequenced to 

confirm that the mutation to wild type was successful.  Plasmid DNA was 

isolated and purified by maxi-prep. 
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2.2.5  iCAD constructs 

Mouse iCAD was amplified by PCR from a pBluescript vector carrying 

the mouse iCAD sequence using the following primers and taq DNA 

polymerase: 

 

sense: GTTATGGAGCTGTCGCGGGGAGCCAGCG 

antisense: CTACGAGGAGTCTCGTTTGGCTCGTTTGGGTC 

 

The amplified sequence was cloned into pcDNA3.1 and transformed as 

described above.  The plasmid DNA was isolated by miniprep and sequenced.  

Two mutations were introduced into the mouse iCAD sequence to produce 

mutants resistant to cleavage by human caspase 3 (D117E/D224E).  

Mutagenesis was performed as described above with the following primers: 

 

sense: (D117E) GCAGATGAGCCGGAGAGCAGGGCAGGGGTG 

antisense: (D117E) CACCCCTGCCCTGCTCTCCGGCTCATCTGC 

sense: (D224E) GAGCTGGATGCAGTTGAAACAGGCGTCGGCAGA  

antisense: (D224E) TCTGCCGACGCCTGTTTCAACTGCATCCAGCTC 

 

In order to clone the iCAD sequences into plasmids suitable for bacterial 

expression, the sequences were re-amplified via PCR to add a Nde1 restriction 
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site to the 5’ end and a Not1 restriction site to the 3’ end using the following 

primers and pfu DNA polymerase: 

 

sense: CATATGATGGAGCTGTCGCGGGGAGCCAGCG 

antisense: 

GCGGCCGCCTACGAGGAGTCTCGTTTGGCTCGTTTGGGTC 

 

The PCR products were separated by agarose gel electrophoresis, 

purified and ligated into pCR Blunt using the Rapid DNA Ligation Kit according 

to the manufacturer’s instructions.  The plasmids were transformed into E. Coli 

strain DH5α and plated on LB-Kan plates.  Plasmid DNA was isolated and 

purified by miniprep and digested with Nde1 and Not1 in buffer supplied by the 

manufacturer.  The iCAD inserts were recovered by gel extraction as described 

above and were ligated into the pET23b vector that had similarly been digested 

with Nde1 and Not1.  Ligation reactions were transformed into E. Coli strain 

DH5α and plated on LB-Amp agar plates.  DNA constructs were sequenced to 

confirm sequence and orientation.  Plasmid DNA was isolated and purified by 

maxi prep. 

2.2.6 Sequence Alignments 

ClustalW alignments of sequences from H. sapiens, S. purpuratus, D. 

melanogaster, C. elegans, S. mediterranea, N. vectensis and S. cerevisiae 

were performed in MacVector software, version 8.1.1 using the default settings. 
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2.3  Protein Chemistry 

2.3.1  Buffers  

o Blocking Buffer – 5% nonfat dehydrated milk or Bovine Serum  

o HE Buffer – 10 mM HEPES, 1 mM EDTA pH 7.4 

o PBS-T – 1X PBS, 0.1% Tween-20 

o Phosphate Buffered Solution (PBS) (10x) – 80 g/L NaCl, 2 g/L 

KCl, 14.4 g/L Na2HPO4, 2.4 g/L KH2PO4  pH 7.4 

o Sample Buffer 

o Sample Buffer (5x) – 312.5 mM Tris pH 6.8, 10% sodium dodecyl 

sulfate (SDS), 50% glycerol, 5% β-mercaptoethanol, 0.015% 

bromophenol blue.  Heat to dissolve. 

o Sample Buffer (2x) (20 ml)  6.5 ml 1 M Tris HCl pH 7.0, 10 ml 

100% glycerol, 2 g SDS, 100 µl  β-mercaptoethanol, 0.5mg 

bromophenol blue.  Heat to dissolve. 

o Running Buffer - XT-MES and XT-MOPS running buffers were 

purchased from BioRad and diluted according to the 

manufacturer’s instructions (50 ml in 950 ml deionized water). 

o Transfer Buffer 

o Transfer Buffer (10x) – 30.2 g/L Tris (Trizma Base), 144 g/L 

Glycine 
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o Transfer Buffer (1x) – 80 ml 10x Transfer Buffer, 720 ml deionized 

water, 200 ml methanol 

 

2.3.2  Reagents 

Amicon-Ultra-15 filters and Sterivex 0.22µm filters were purchased from 

Millipore.  Gel-Code Blue Stain Reagent and SuperSignal West Femto 

Maximum Sensitivity Substrate were purchased from Pierce.  Criterion 4-12% 

Bis-Tris protein gels, gravity chromatography columns and Precision Plus Dual 

Color Standard molecular weight markers were purchased from BioRad. ECL 

Chemiluminescense Reagent, Glutathione Sepharose Beads, Ni-NTA Beads, 

Hybond nitrocellulose and purified bovine thrombin were from Amersham 

Biosciences.  E. coli T7 S30 Extract System for Circular  DNA and TnT T7 

Coupled Reticulocyte Lysate System kits were purchased from Promega. 35S 

labeled methionine was purchased from New England Nuclear – Perkin Elmer.  

Dialysis tubing 10,000 MWCO was purchased from Sigma-Aldrich.  E. Coli 

strain BL21 DE3 was purchased from Invitrogen.  Recombinant human caspase 

3 was expressed and purified as described (Stennicke and Salvesen, 1999). 

 

2.3.3  Protein Expression and Purification 

2.3.3.1 BID and BID G94E 

Plasmids - These constructs were made by Oliver van Ahsen and were a 

gift from Dr. Donald D. Newmeyer.   The constructs consist of human BID cDNA 
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(modified as described below) inserted into the multiple cloning site of pGEX-

4T-1.  pGEX-4T-1 is a member of the glutathione S-transferase (GST) Gene 

Fusion System.  Expression is under control of the tac promoter which is 

inducible by isopropyl β-D thiogalactoside (IPTG), a lactose analog.  pGEX-4T-

1 also contains an internal lacIq  gene which produces a gene product that binds 

to and represses the operator region of the tac promotor until displaced by 

IPTG.  pGEX-4T-1 codes for a thrombin cleavage site immediately upstream of 

the multiple cloning site.  In both the Bid and Bid G94E constructs, amino acids 

57-62 of Bid covering the caspase 8 cleavage site were replaced with a 

thrombin cleavage site (amino acids LVPRGS) and six histidine residues were 

introduced at the c-terminus.  In addition, BID G94E contains an inactivating 

mutation in the BH3 domain. 

Expression – Plasmids were transformed into E. coli BL21 and plated on 

LB-Amp plates.  Single colonies were picked and grown in 5 ml of 2xYT 

supplemented with 100 µg/ml ampicillin (2xYT-Amp) for 7-8 hours at 37ºC with 

shaking (220rpm).  50 ml of 2xYT-Amp was inoculated with 200 µl of the 5 ml 

culture and grown overnight at 37ºC with shaking (220rpm).  5 ml of the 

overnight culture was added to 500 ml 2xYT-Amp and grown at 37ºC with 

shaking (220rpm) until OD600 of 0.6 was reached.  IPTG was added to a final 

concentration of 1 mM and the culture was grown for four hours at 37ºC with 

shaking (220rpm).  The culture was transferred to centrifuge bottles and the 
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bacteria was pelleted by centrifugation at 5000 rpm for ten minutes.  The pellet 

was resuspended in 40 ml PBS.  

Purification – Cells were lysed by sonication (30 seconds on, 30 seconds 

off, for five minutes).  The lysate was centrifuged at 14,000 rpm for ten minutes 

at 4ºC to remove unbroken cells and cellular debris.  Glutathione sepharose 

beads (900 µl of slurry pre-washed 5 times in PBS) were added to the clarified 

lysate which was incubated for two hours at room temperature on a nutator.  

Lysate was poured through a gravity chromatography column to trap the beads.  

Beads were washed twice with 10x bead volume until the A280 was zero.  

Protein was eluted from the beads with 1 ml of 20 mM glutathione in 50 mM Tris 

pH 8.0, repeated until the OD280 reached zero.  Fractions were pooled and 

incubated with 1000 units of thrombin for twelve hours at room temperature on 

a nutator.  Ni-NTA beads (1.5ml slurry washed 3x with 50 mM Tris pH 8.0) were 

added to the protein and incubated overnight at 4ºC on a nutator.  The 

suspension was poured into a gravity chromatography column and the trapped 

beads were washed twice with 1M NaCl in 50 mM Tris pH 8.0.  Protein was 

eluted with 300 mM imidazole in 50 mM Tris pH 8.0 (6 x 1 ml).  GST was 

cleared from the protein by incubating the eluate with glutathione sepharose 

beads (100 µl slurry washed 3x in 50 mM Tris pH 8.0) for two hours at 4ºC on a 

nutator.  The suspension was centrifuged to pellet the beads and the 

supernatant containing tBID (truncated BID, the active form of the protein) or 

tBID G94E was dialyzed in HE Buffer in 10,000 MWCO dialysis tubing.  Protein 
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was recovered, concentrated in Amicon-Ultra-15 filters, 5,000 MWCO aliquoted 

and stored at –80ºC. 

2.3.3.2  Bcl-xLΔC 

Plasmid – DNA coding for amino acids 1-209 of human Bcl-xL with six 

histidines at the c-terminus in pET-29b (Muchmore et al., 1996).  

Expression – The plasmid was transformed into E. coli BL21 DE3 and 

plated on LB-Kan plates.  5 ml of 2xYT supplemented with kanamycin (2xYT-

Kan) was inoculated with a single colony and incubated for 8 hours at 37ºC with 

shaking (220rpm).  1 ml of the culture was transferred to 50 ml 2xYT-Kan and 

incubated at 37ºC overnight with shaking.  25 ml was transferred into 500 ml 

2xYT-Kan and incubated at 37ºC until the OD600 reached 1.0.  IPTG was added 

to a final concentration of 1 mM and the cells were incubated overnight at 37ºC 

with shaking.  Cells were centrifuged at 4000 rpm for ten minutes and the pellet 

was resuspended in 40 ml of PBS.  

Purification - Cells were sonicated for four minutes (5 seconds on, 5 

seconds off), Triton X-100 was added to a final concentration of 1% and the 

suspension was nutated for fifteen minutes at room temperature.  The 

suspension was centrifuged at 14,000 rpm for fifteen minutes to remove cellular 

debris and the supernatant containing Bcl-xLΔC was filtered through a 0.22µm 

Sterivex filter attached to a 60 ml syringe.  Imidazole to 10 mM was added, 

followed by Ni-NTA beads (1 ml slurry washed 3 times in PBS) and the 

suspension was nutated for two hours at 4ºC.  The suspension was loaded onto 
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gravity chromatography columns and washed four times with PBS.  The protein 

was eluted with 10 x 1 ml of 120 mM imidazole in PBS. 

 

2.3.4  Protein Concentration (Recombinant Proteins) 

Protein concentration of recombinant proteins, in molar units, was 

calculated as the measured A280/extinction coefficient.  Extinction coefficients 

were determined by submitting the amino sequence to the ProtParam tool on 

the exPASy website au.expasy.org/tools/protparam. 

 

2.3.5  SDS PAGE 

Samples were prepared for electrophoresis by adding sample buffer and 

boiling for five minutes.  Gels were inserted into a Criterion Electrophoresis Cell, 

samples and molecular weight markers were loaded into the gel and separated 

by electrophoresis at 150 volts in (1) XT-MOPS running buffer for analysis of 

proteins larger than 75 kDa, or (2) XT-MES running buffer for analysis of 

proteins smaller than 75 kDa.  Protein gels were blotted to nitrocellulose and 

analyzed by immunoblot or autoradiography as described below or were 

stained with Gel-Code Blue Stain Reagent for 1 hour and de-stained with 

deionized water for several hours. 
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2.3.6  Immunoblotting and Analysis 

Protein was transferred from the gel to nitrocellulose membrane in a 

Criterion Tank Electrophoretic Blotter in Transfer Buffer (1x) at 50 volts for one 

hour at room temperature.   For immunoblots, the membrane was allowed to 

dry completely, rehydrated with deionized water and stained with Ponceau S 

stain to ensure proper transfer.  The membrane was blocked in Blocking Buffer 

for at least one hour at room temperature with gentle rocking to block non-

specific protein binding and then incubated overnight at 4ºC with gentle rocking, 

with a primary antibody diluted in Blocking Buffer.  The membrane was washed 

three times for fifteen minutes in PBS-T and then incubated for one hour at 

room temperature with gentle rocking, with a secondary antibody diluted in 

Blocking Buffer.  Blots were analyzed either (1) by chemiluminescence or (2) 

using the Licor Odyssey Infrared Imaging System.  For autoradiography 

membranes were allowed to dry completely and then exposed to film. 

 

2.3.7  Antibodies 

Antibodies against cytochrome c (clone 7H8.2C12) and PARP were 

obtained from BD Biosciences (San Jose, CA) and antibodies against Actin (C-

11) were obtained from Santa Cruz Biotechnology, Santa Cruz, CA.  Primary 

antibodies were used at a dilution of 1:1000. Goat anti-mouse IgG conjugated 

to horseradish peroxidase was provided with the SuperSignal West Femto 

Maximum Sensitivity Substrate (Pierce) and was used at a dilution of 1:10,000.  
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Goat anti-mouse IgG conjugated to AlexaFluor 680 was purchased from 

Invitrogen Corporation (Molecular Probes) and was used at a dilution of 1:8000.  

Donkey anti-goat IgG conjugated to horseradish peroxidase was purchased 

from Santa Cruz and used at a dilution of 1:10,000. 

 

2.3.8 In Vitro Transcription and Translation 

iCAD and iCAD D117E/D224E were transcribed and translated using the 

E. coli T7 S30 Extract System for Circular  DNA  and 35S labeled methionine 

according to the manufacturer’s directions.  2 µg of template DNA, 5 µl of amino 

acids minus methionine, 20 µl of S30 premix, 15 µl of T7 S30 extract, and 2 µl 

of 35S-labeled methionine in a total volume of 50 µl were incubated for two 

hours at 37ºC.  2 µl of the reaction was incubated in the presence or absence of 

recombinant human caspase 3 for fifteen minutes at 37ºC, resolved by SDS-

PAGE and analyzed by autoradiography to confirm that protein of the expected 

size and cleavage characteristics had been produced.   

PARP and PARP D214A were transcribed and translated using the TnT 

T7 Coupled Reticulocyte Lysate System according to the manufacturer’s 

directions except as noted below.  1 µg of DNA template, 25 µl reticulocyte 

lysate, 2 µl reaction buffer, 1 µl amino acids minus methionine, 1 µl amino acids 

minus cysteine, 1 µl RNAseIn, and 1 µl T7 RNA polymerase in a total volume of 

50 µl was incubated for 90 minutes at 30ºC.  2 µl of the reaction was incubated 

in the absence or presence of recombinant human caspase 3 for fifteen minutes 



67 

 

at 37ºC, resolved by SDS-PAGE, transferred to nitrocellulose membrane and 

analyzed by immunoblot to confirm that protein of the expected size and 

cleavage characteristics had been produced.  

 

2.4  Animals - Collection, Care, Maintenance and Spawning 

2.4.1 Buffers 

o Hydra Media (HM) - 1 mM CaCl2, 0.1 mM MgCl2, 0.03 mM KNO3, 

0.5 mM NaHCO3, 0.08 mM MgSO4) 

o Modified Marc’s Ringers Solution  (MMR) - 100 mM NaCl, 2 mM 

CaCl2, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES pH 7.8, 0.1 mM 

EDTA). 

o pMedia - 1.6 mM NaCl, 1 mM CaCl2, 1 mM MgSO4, 100 µM 

MgCl2, 100 µM KCl and 1.2 mM NaHCO3 (Montjuic salts)(Cebria 

and Newmark, 2005) 

 

2.4.2  Dugesia dorotocephala (Freshwater Planaria) 

Planaria were purchased from Carolina Biological Supply Company in 

jars of thirty.  The planaria were shipped in spring water.  Upon receipt, the jars 

were opened and air was bubbled into the water.  The planaria were maintained 

on the benchtop at room temperature in pMedia, which was changed regularly. 

Planaria were starved for at least one week prior to use. 
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2.4.3  Schmidtea mediterranea (Freshwater Planaria) 

The original stock of three hundred planaria was generously provided by 

the Alejandro Sanchez-Alvarado laboratory at the University of Utah.  The 

planaria were maintained at room temperature, in the dark in pMedia in 2 L 

plastic containers (Ziploc) with the lids partially open. The pMedia was changed 

weekly and the containers were wiped clean.  Planaria were fed calf liver 

homogenate provided by the Sanchez laboratory - either every seven to ten 

days in order to enlarge the colony or every two to 3 weeks in order to maintain 

colony size.  Two pea-sized pieces of liver homogenate were dropped into each 

container and the planaria were permitted to feed for one hour.  Remaining liver 

was removed using a transfer pipet, the containers were wiped clean and fresh 

pMedia was added.  Planaria were starved for at least one week prior to use. 

 

2.4.4  Strongylocentrotus purpuratus (Purple Sea Urchin) 

Sea urchins were collected locally either at the tide pools at Mission Bay, 

San Diego, CA or from the ocean floor at approximately 60 feet below the 

surface, 1/4 mile off shore at Point Loma, CA. Urchins were either spawned 

immediately or transferred to a sea table with running sea water at Scripps 

Institute for Oceanography where they were maintained for later use. 

Urchins were spawned by injecting 0.5 M KCl into the soft tissue 

surrounding the mouth.  Males were discarded and females were placed mouth 

side down on a 100 ml glass beaker filled to the top with filtered sea water 
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(FSW).  Eggs were washed three times in FSW and then de-jellied by stirring 

rapidly by hand while adding 0.1 M HCl dropwise until the pH dropped to 5.0.  

After one minute of continuous stirring, the pH was raised to 8.0 by adding 1 M 

NaOH dropwise while stirring (Wessel and Vacquier, 2004).  Eggs were 

centrifuged at 500 x g and excess FSW was removed.  Eggs were washed in 

FSW and used immediately. 

 

2.4.5  Dendraster Excentricus (Sand Dollar) 

Sand dollars were collected locally from the sandy bottom in 

approximately ten feet of water off the jetty at Quivera Basin in San Diego, CA 

and were transferred to the laboratory in sea water where they were spawned 

immediately. 

Sand dollars were spawned by injecting 0.5 M KCl into the soft tissue 

surrounding the mouth.  Males were discarded and females were placed mouth 

side down on a 100 ml glass beaker filled to the top with FSW.  Eggs were 

washed three times in FSW and de-jellied by stirring rapidly by hand while 

adding 0.1 M HCl dropwise until the pH dropped to 5.0.  After one minute of 

continuous stirring, the pH was raised to 8.0 by adding 1 M NaOH dropwise 

while stirring.  Eggs were centrifuged at 500 x g and excess FSW was removed.  

Eggs were washed in FSW and used immediately. 
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2.4.6  Xenopus laevis (African Clawed Frog) 

Female frogs were generously donated by Dr. Donald D. Newmeyer.  

Frogs were spawned essentially as described (von Ahsen and Newmeyer, 

2000).  Three days prior to egg laying, frogs were injected subcutaneously into 

their dorsal lymph sac with 100 Units of pregnant mare serum gonadotropin 

(PMSG) in 0.5 ml of sterile phosphate buffered saline (PBS).  The night prior to 

egg collection, the frogs were injected with 1000 Units of human chorionic 

gonadotropin (hCG) in 1 ml of sterile PBS and each frog was placed in an 

individual container containing eight liters of salt water.  The next day, eggs 

from each frog were collected into a separate beaker and de-jellied by adding 

an equal volume of 4% (w/v) cysteine solution for a final concentration of 2% 

cysteine, and were incubated at room temperature for five minutes.  Once the 

eggs had settled at the bottom of the beaker, the cysteine solution was poured 

off and the eggs were washed three times in MMR.  Following the washes, the 

eggs were examined under a dissecting microscope and floating, lysed (all 

white), stringy or swollen eggs were removed.  Healthy eggs appear half white 

and half black (von Ahsen and Newmeyer, 2000). 

  

2.4.7  Fungia Scutaria (Mushroom Coral) 

Mushroom coral eggs were obtained from the Hawaii Institute for Marine 

Biology, Kaneohe, HI, where adult corals are maintained in flow-through sea 

tables at the Coconut Island Marine Station.  Mushroom corals generally spawn 
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one to four nights following the full moon, in June, July, August and September 

(Krupp, 1983).  Two days prior to the start of the expected spawning, each coral 

was placed in an individual glass dish and the level of sea water on the table 

was adjusted to 10 cm above the level of the dish.  Late in the afternoon on the 

day of the expected spawning, the water level on the sea table was lowered to 

isolate each coral in its bowl (Hagedorn et al., 2006). Eggs were collected from 

individual females with a transfer pipet and were either (1) transferred to a 50 

ml conical tube for immediate processing to cytosolic extract, or (2) transferred 

to 2 liter plastic bowls and fertilized with approximately 50 ml of a sperm 

suspension collected from at least three males.  The bowls were transferred to 

shaded flow through sea tables and the gametes were gently mixed every thirty 

minutes for four hours following fertilization.  The following day and every day 

thereafter the bowls were cleaned by filtering the larvae through 40 µm mesh 

filters, and larvae were re-suspended in FSW.  Larvae were collected for 

processing on the fourth day after fertilization, prior to the point in development 

when the larvae begin to take up their symbiont zooxanthellae (Schwarz et al., 

1999). 

 

2.4.8  Nematostella Vectensis (Starlet Sea Anemone) 

Nematostella eggs were a kind gift of Athula Wikramanayake, University 

of Hawaii.  Eggs were used immediately after spawning. 
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2.4.9  Other Sea Anemones 

Several species of sea anemones, including Aptaisa sp were collected 

from the dock of the Hawaii Institute for Marine Biology at Coconut Island, 

Oahu, Hawaii.  Other species, including Anthopleura elegantissima, were 

donated by Scripps Institute of Oceanography and the Birch Aquarium, La Jolla, 

California.  Animals were used immediately after collection. 

 

2.4.10  Hydra vulgaris 

Hydra was generously provided by Dr. Rob Steele, University of 

California Irvine.  Hydra were maintained in Hydra Media (HM) at room 

temperature in polystyrene trays (21x32x5 cm) with hinged lids with small holes 

drilled for air circulation.  Hydra were fed freshly hatched Artemia naupili and 

were starved for at least 4 days prior to use in experiments described in this 

study (Steele). 

 

2.4.11  Chrysaora colorata  (Purple Striped Jellies) 

Eggs from the purple striped jelly were a gift from the Birch Aquarium, La 

Jolla, California.  Eggs were used immediately after collection. 
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2.5 Cell Biology 

2.5.1  Buffers 

o Anemone Lysis Buffer (ALB) - 100 mM Tris pH 7.5, 100 mM KCl, 

10 mM EDTA supplemented with 50 µM PMSF and Complete 

inhibitor 

o AnnexinV Binding Buffer (AV Buffer) - 10mM Hepes, 150mM 

NaCl, 2.5mM CaCl2, pH7.4 

o Calcium Magnesium Free media (CMF) – 2.8 mM NaH2PO4, 13.6 

mM NaCl, 16 mM KCl, 9.5 mM NaHCO3, 15 mM HEPES, pH 7.3 

o Caspase Buffer – 20 mM Pipes pH 7.4, 100 mM NaCl, 1 mM 

EDTA, 0.1% CHAPS, 10% Sucrose, 1 mM Dithiothreitol (DTT) 

o Cathepsin Buffer - 100 mM phosphate pH 6.0, 5 mM DTT 

o Cell Extraction Buffer (CEB) - 50 mM Pipes pH 7.4, 50 mM KCl, 5 

mM EGTA, 2 mM MgCl2, 1 mM DTT 

o Cell Isolation Buffer (CIB) – CMF plus 1% BSA, 10% glucose, 30 

µg/ml SBTI 

o Dissociation Buffer (DB) – 5 mM CaCl2, 1 mM MgSO4, 2.8 mM 

KCl, 11 mM Hepes, 0.67 mM Na2HPO4, 0.44 mM KH2PO4, 5 mM 

sodium citrate, 5 mM sodium pyruvate 

o Egg Lysis Buffer (ELB) – 250 mM sucrose, 50 mM KCl, 2.5 mM 

MgCl2, 20 mM Hepes-KOH pH 7.5, 1 mM DTT, Complete inhibitor 
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o Hepes Buffer (HB) – 10 mM HEPES, 5 mM MgCl2, pH 7.4, 1 mM 

DTT and Complete inhibitor 

o Hypotonic Buffer – 20 mM Pipes, 10 mM KCl, 5 mM EDTA, 2 mM 

MgCl2, 1 mM DTT, pH 7.4 

o Mitochondrial Isolation Buffer (MIB) – 200 mM Mannitol, 68 mM 

Sucrose, 10 mM Hepes-KOH pH 7.4, 10 mM KCl 1 mM EDTA, 1 

mM EGTA, 0.1% Bovine Serum Albumin, Complete inhibitor 

o Proteasome Buffer - 20 mM Tris pH 8.0, 0.5 mM EDTA, 0.01% 

SDS 

o S2 Media – Schneider’s Drosophila Medium, 10% fetal bovine 

serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-

Glutamine 

o Xenopus Egg Lysis Buffer (xELB) – 250 mM sucrose, 50 mM KCl, 

2.5 mM MgCl2, 20 mM Hepes-KOH pH 7.5, 1 mM DTT, 10 mg/ml 

cytochalasin B 

 

2.5.2  Reagents 

2.5.2.1  Fluorogenic Substrates 

acetyl-Asp-Glu-Val-Asp-amino-4-trifluoromethylcoumarin (Ac-DEVD-afc), 

acetyl-Val-Glu-Ile-Asp-amino-4-trifluoromethylcoumarin (Ac-VEID-afc), acetyl-

Ile-Glu-Thr-Asp-amino-4-trifluoromethylcoumarin (Ac-IETD-afc), acetyl-Leu-Glu-

His-Asp-amino-4-trifluoromethylcoumarin (Ac-LEHD-afc), and acetyl-Tyr-Val-
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Ala-Asp-amino-4-trifluoromethylcoumarin (Ac-YVAD-afc) were obtained from 

MP Biomedicals United States (formerly Enzyme Systems Products), dissolved 

in DMSO at 10 mM and stored at –20ºC.  benzyloxycarbonyl-Arg-Arg-7-amino-

4-methylcoumarin (z-RR-amc) and succinyl-Leu-Tyr-7-amino-4-methylcoumarin 

(suc-LY-amc) were obtained from Bachem Bioscience, dissolved in DMSO at 

10 mM and stored at –20ºC. 

 

2.5.2.2  Caspase Inhibitors 

quinoline-Val-Asp-methoxy (qVD-OPh) and benzoxycarbonyl-Val-Ala-

Asp-fluoromethylketone (zVAD-fmk) were purchased from MP Biomedicals 

United States.  Stock solutions of 10 or 20 mM in DMSO were stored at -20ºC. 

 

2.5.2.3  Other Protease Inhibitors 

Stock solutions of protease inhibitors were prepared and stored at 

-20ºC except as described below. 

o Antipain, a serine/cysteine protease inhibitor, was purchased from 

Sigma-Aldrich and dissolved to 1 mg/ml in deionized water. 

o Aprotinin, a serine protease inhibitor, was purchased from Sigma-

Aldrich and dissolved to 1 mg/ml in deionized water. 

o Calpain Inhibitor, an inhibitor of calpains I and II and cathepsins B 

and L, was purchased from Roche Applied Science and dissolved 

to 10 mg/ml in DMSO. 
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o Complete protease inhibitor tablets (Complete inhibitor), a 

protease inhibitor cocktail, were purchased from Roche Applied 

Science, and either dissolved immediately into the buffer to be 

used (1 tablet per 50 ml) or dissolved in 1 ml deionized water for a 

stock concentration of 25x. 

o DCI (3,4-dichloroisocoumarin), a serine protease inhibitor, was 

purchased from EMD Biosciences and dissolved to 20 mM in 

DMSO. 

o E64 (L-trans-epoxysuccinyl-leucylamide-(4-guanidino)-butane, N-

[N’-(L-3-transcarboxyirane-2-carbonyl)-L-leucyl]-agmatine), a 

cysteine (but not caspase) inhibitor, was purchased from Bachem 

Bioscience and dissolved in deionized water to 2 mM. 

o EDTA (Ethylenediaminetetraacetic acid), a divalent ion chelator 

and an inhibitor of metalloproteases was purchased from Sigma-

Aldrich and dissolved to 0.5 M in deionized water.  EDTA was 

stored at room temperature. 

o EGTA (Ethylene glycol-bis(2-amino ethylether)-N,N,N’,N’-

tetraacetic acid), a divalent ion chelator and an inhibitor of 

metalloproteases was purchased from Sigma-Aldrich and 

dissolved to 0.5 M in deionized water.  EGTA was stored at room 

temperature. 
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o Leupeptin, an inhibitor of trypsin-like serine proteases and some 

cysteine proteases, was purchased from Sigma-Aldrich and 

dissolved to 10 mM in deionized water.  

o MG132 (Benzyloxycarbonyl-Leu-Leu-Leu-CHO), an inhibitor of the 

proteasome and serine proteases, was purchased from Axxora, 

LLC and dissolved to 10 mM in DMSO. 

o Orthophenanthroline, an inhibitor of metalloproteinases, was 

purchased from Sigma-Aldrich and dissolved to 200 mM in 

methanol. 

o Pepstatin, an aspartic proteinase inhibitor, was purchased from 

Sigma-Aldrich and dissolved to 1mM in DMSO. 

o Pefabloc, a serine protease inhibitor, was purchased from Roche 

Applied Sciences and dissolved to 100 mg/ml in deionized water. 

o PMSF (Phenylmethanesulphonyl fluoride), a serine protease 

inhibitor, was purchased from Sigma-Aldrich and dissolved to 100 

mM in isopropanol. 

o SBTI (Soybean Trypsin Inhibitor Type II), a serine protease 

inhibitor, was purchased from Sigma-Aldrich, dissolved to 10 

mg/ml in deionized water and stored at 4ºC. 
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2.5.2.4  Cytochromes c 

Mammalian (horse heart) cytochrome c was purchased from Sigma-

Aldrich, dissolved to 1 mM in deionized water and stored at –20ºC.   Purified 

Manduca sexta and S. cerevisiae cytochromes c were both gifts from Dr. 

Donald D. Newmeyer and were stored at –80ºC. 

 

2.5.2.5  Flow Cytometry Reagents 

Draq5 was purchased from Biostatus Limited, Leicestershire, UK and 

stored at 4ºC.  Recombinant human Annexin V-FITC (fluorescein 

isothiocyanate) was purchased from Caltag Laboratories, Burlingame, CA and 

stored at 4ºC.  Tetramethylrhodamine (TMRE) was purchased from Invitrogen 

Corporation (Molecular Probes), Carlsbad CA, dissolved to 40 µM in DMSO and 

stored at –20ºC.  Propidium iodide was purchased from Sigma-Aldrich, 

dissolved to 1 mg/ml in deionized water and stored at 4ºC. 

 

2.5.2.6  Other Reagents 

Black 96-well plates were purchased from Costar.  NS3694 and 

recombinant human granzyme B were purchased from Calbiochem.  

Schneider’s Drosophila Cell Culture Medium, Trypsin EDTA, L-Glutamine, 

penicillin and streptomycin were purchased from Invitrogen (Gibco).  Purified 

bovine PARP (Poly (ADP-ribose) polymerase) was purchased from BIOMOL 

International. 
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2.5.3  Preparation of Cytosolic Extracts 

2.5.3.1 Freshwater Planaria 

Dugesia dorotocephala:  Approximately 300 planaria (ten jars), were 

collected into a single jar and washed once in pMedia.  pMedia was removed 

and the planaria were incubated in CMF on ice for five minutes.  Planaria were 

washed once in pMedia and transferred to a 15 ml glass homogenizer.  pMedia 

was removed and 1/2 pellet volume of pMedia supplemented with Complete 

inhibitor was added. Planaria were homogenized with four to six strokes of a 

tight fitting teflon dounce.  The homogenate was centrifuged for thirty minutes at 

15,000 x g at 4ºC.  The resulting supernatant was recovered as S15 cytosolic 

extract, aliquoted in 100 µl aliquots and stored at –80ºC. 

 

Schmidtea mediterranea:  A number of different buffers and methods 

were used to make a crude homogenate from S. mediterranea: 

(1) Homogenate was prepared as for D. dorotocephala as described 

above. 

(2) Animals were collected, washed in CMF+ (CMF supplemented with 

Complete inhibitor and 30 µg/ml SBTI), placed on a 10 cm tissue culture plate 

on ice, and chopped into small pieces with a razor blade.  Pieces were 

transferred to a 2 ml glass homogenizer and washed with CMF+.  Excess CMF+ 

was aspirated and 200 µl CMF+ (approximately one pellet volume) was added.  
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Planaria pieces were homogenized with four to six strokes of a tight fitting 

Teflon dounce. 

(3) Animals were collected, washed in CMF+, chopped into small pieces 

with a razor blade and placed in a nitrogen cavitation chamber.  The chamber 

was pressurized to 500 psi for thirty minutes, the outflow valve was gradually 

opened and the lysate was recovered. 

(4) S. mediterranea cells were isolated as described in section 2.5.4 

below.  Cells were resuspended in Hypotonic Buffer, incubated on ice for thirty 

minutes, and then passed through a 20-gauge needle ten times followed by ten 

passages through a 27-gauge needle. 

(5) Animals were cut pre- and post-pharyngeally and incubated in CMF+ 

on ice and then were either (a) transferred to a 2 ml dounce and homogenized 

with four to six strokes of a tight fitting Teflon pestle or (b) chopped into very 

fine pieces with a razor blade and then passed through a 23-gauge needle five 

times. 

Regardless of the method used to prepare the homogenate, the 

homogenate was transferred to micro-centrifuge tubes and centrifuged at 

15,000 x g at 4ºC for thirty minutes.  The supernatant was recovered as S15 

cytosolic extract and stored in 100 µl aliquots at –80ºC. 

 



81 

 

2.5.3.2 Purple Sea Urchin Eggs 

Eggs were washed twice in ELB and then transferred to a 15 ml glass 

dounce, resuspended in 1/2 packed egg volume of ELB, and homogenized with 

a four to six strokes of a tight fitting teflon pestle. Alternatively, eggs were re-

suspended in 1/2 pellet volume ELB, incubated on ice for five minutes and then 

pulled through a 22-gauge needle four to six times. The homogenate was 

centrifuged for thirty minutes at 15,000 x g at 4ºC.  The supernatant was 

recovered and either (1) stored in 100 µl aliquots at –80ºC (S15 cytosolic 

extract) or centrifuged at 100,000 x g using a swinging bucket rotor (SW50.1) in 

a Beckman TL-100 centrifuge.  The supernatant was recovered and stored in 

50 µl aliquots at –80º (S100 cytosolic extract). 

 

2.5.3.3 Sand Dollar Eggs 

Eggs were washed twice in ELB and then transferred to a 15 ml glass 

dounce, resuspended in 1/2 packed egg volume of ELB, and homogenized with 

a four to five strokes of a tight fitting teflon pestle. The homogenate was 

centrifuged for thirty minutes at 15,000 x g at 4º.  The supernatant was 

recovered and stored in 100 µl aliquots at –80ºC. 

 

2.5.3.4 Xenopus Eggs 

Egg extract was prepared as described (von Ahsen and Newmeyer, 

2000).  Eggs were rinsed three times in xELB, transferred to a 17x100mm 
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round bottom polystyrene centrifuge tube and packed by centrifugation at 2000 

rpm for two minutes at 4ºC using an HB-4 rotor in a Sorvall RC 5C Plus 

Centrifuge.  Excess xELB was aspirated and the eggs were centrifuged at 

10,000 rpm for twelve minutes at 4ºC to lyse.  The crude extract fraction was 

maintained on ice during the remainder of the processing.  Using a 3 ml syringe 

fitted with a 22-gauge needle facing upwards, the tube was punctured from the 

side at the base of the grey cytoplasmic layer.  Using a second needle, the 

cytoplasmic layer was removed and transferred to a 2 ml round bottom 

ultracentrifuge tube.  The cytoplasmic extract was centrifuged at 55,000 rpm for 

ninety minutes at 4ºC using a TLS-55 swinging bucket rotor in a Beckman TL-

100 centrifuge.  The cytosolic fraction was removed by inserting a 22-gauge 

needle into the side of the tube.  A second needle was used to remove the 

extract and transfer it to a micro-centrifuge tube. The extract was aliquoted into 

100 µl aliquots and stored at –80ºC. 

 

2.5.3.5 Mushroom Coral Eggs and Larvae 

Eggs or larvae were collected into a 50 ml conical tube and washed 

twice with FSW.  Eggs/larvae were re-suspended in ELB and allowed to settle.  

Excess buffer was aspirated and eggs/larvae were re-suspended in 1/2 pellet 

volume of ELB and transferred to a 2 ml glass homogenizer.  Eggs/larvae were 

homogenized with four to six strokes of a tight fitting teflon dounce.  The 

homogenate was transferred into micro-centrifuge tubes and centrifuged for 
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thirty minutes at 15,000 x g at 4ºC.  The supernatant was recovered as S15 

cytosolic extract, aliquoted in 100 µl aliquots and stored at –80ºC. 

 

2.5.3.6  Starlet Sea Anemone 

Eggs were re-suspended in 2% L-cysteine  pH 7.4 and incubated for two 

minutes at room temperature.  Eggs were washed twice in FSW and excess 

FSW was aspirated.  Eggs were resuspended in 1/2 pellet volume ELB and 

transferred to a 2 ml glass homogenizer.  Eggs were homogenized with four to 

six strokes of a tight fitting teflon dounce.  The homogenate was transferred into 

micro-centrifuge tubes and centrifuged for thirty minutes at 15,000 x g at 4ºC.  

The supernatant was recovered as S15 cytosolic extract, aliquoted in 100 µl 

aliquots and stored at –80ºC. 

 

2.5.3.7 Other Sea Anemones 

A variety of different methods and buffers were used to homogenize 

anemones: 

(1)  Anthopleura elegantissima was flash frozen in liquid nitrogen and 

then minced with a razor blade and transferred to a glass homogenizer. 

Anemone pieces were washed with Anemone Lysis Buffer (ALB).  Excess 

buffer was aspirated, one pellet volume of ALB was added and anemone was 

homogenized using a tight fitting teflon dounce attached to a drill motor 
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(Schwarz and Weis, 2003). Extracts prepared by this method are free from 

contamination from symbiont proteins (Weis and Levine, 1996). 

(2)  Aiptasia sp collected in Hawaii were washed in CEB, diced with a 

razor blade and homogenized in one pellet volume using a tissue tearor and 

then filtered through cheese cloth to remove remaining mucus. 

(3) Aiptasia sp donated by SIO or the Birch Aquarium were rinsed twice 

in FSW and then twice in ELB (supplemented with Complete inhibitor, 1 mM 

DTT and cytochalasain B).  Animals were minced with a razor blade and then 

transferred to a glass homogenizor.  Aiptasia were homogenized with ten 

strokes of a tight fitting teflon dounce. 

 

All homogenates, regardless of method of preparation were transferred 

to micro-centrifuge tubes and centrifuged at 15,000 x g at 4ºC for thirty minutes.  

The supernatant was recovered as S15 cytosolic extract and stored in 100 µl 

aliquots at –80ºC.  

 

2.5.3.8 Hydra 

A variety of different methods and buffers were used to prepare crude 

homogenate from Hydra: 

(1) Hydra were gently rubbed off the tray, poured into a 2.5 µm screen 

plankton collector and washed once with HM.  The screen was turned over and 

Hydra were washed with HM into a large plastic bowl and then collected in a 50 
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ml conical tube.  Hydra were allowed to settle and then washed once in HM.  

Hydra were centrifuged at 100 x g at 4ºC for one minute, supernatant was 

aspirated and Hydra were re-suspended in 35 ml ELB.  Hydra were centrifuged 

at 800 x g at 4ºC for one minute, excess ELB was aspirated, Hydra were re-

suspended in 1/2 pellet volume ELB and transferred to a chilled 15 ml glass 

homogenizer.  Hydra were homogenized with ten strokes of a tight fitting teflon 

dounce.   

(2) Hydra were washed once in the tray with HM and then rubbed off the 

bottom and collected in 50 ml conical tubes.  Hydra were washed twice more 

with HM and combined in a single 50 ml conical tube. Hydra were re-suspended 

in one pellet volume 25 mM Hepes, supplemented with Complete inhibitor, 1 

mM Pefabloc and 7.3 µM Pepstatin A, and homogenized by pulling into a 3 ml 

syringe fitted with a 22½-gauge needle and then forcefully extruded three times. 

(3) Hydra homogenate was prepared as described in paragraph (2) 

above, except that the buffer used for homogenization was HM, supplemented 

with 50 µg/ml antipain, 10 µg/ml aprotinin, 10 mM leupeptin, 1 mM Pefabloc, 10 

µg/ml calpain inhibitor II, 2 mM EDTA and 2 mM EGTA. 

(4) Hydra were washed once in the tray with HM and then rubbed off the 

bottom and collected in 50 ml conical tubes.  Hydra were then washed twice 

more with HM and combined in a single 50 ml conical tube.  The Hydra were re-

suspended in buffer containing either (a) 25 mM Hepes, 5 mM MgCl2, 1 mM 

EGTA, 10 µg/ml each of leupeptin, pepstatin and aprotinin and 1 mM Pefabloc 
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(Cikala et al., 1999), or (b) 25 mM Hepes supplemented with Complete inhibitor, 

1 mM Pefabloc and 7.3 µM pepstatin A, and then incubated on ice for ten 

minutes.  Hydra were centrifuged to pellet and the buffer was aspirated.  Hydra 

were re-suspended in one pellet volume of buffer, transferred to a 3 ml glass 

homogenizer and homogenized with three strokes of a glass dounce.  The 

homogenate was then extruded forcefully through a 22½-gauge needle. 

(5) Hydra cells were isolated essentially as described (Flick, 1983).  

Hydra were gently rubbed off the tray and collected into 50 ml conical tubes.  

Hydra were washed twice in HM and resuspended in 10 ml of cold Dissociation 

Buffer (DB), transferred to 15 ml conical tubes and incubated on ice for one 

hour.  Hydra were pipetted up and down until the solution was slightly turbid 

and then allowed to settle.  Excess DB was aspirated and 5 ml DB, 

supplemented with Complete inhibitor, 1 mM PMSF and 10 µg/ml SBTI, was 

added.  The suspension was pulled through a 19½-gauge needle into a 10 ml 

syringe and extruded back into the tube.  The suspension was incubated on ice 

for three minutes and then transferred to a 50 ml conical tube with an additional 

5 ml supplemented DB.  The suspension was filtered through a 100 µm cell 

filter and the filtrate was centrifuged at 1000 rpm to collect cells.  The cells were 

washed twice in cold cell extraction buffer (CEB), re-suspended in 1/2 packed 

cell volume of CEB and transferred to a 2 ml glass homogenizer.  Cells were 

homogenized with 15 strokes of a glass dounce.  
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Regardless of the method used to prepare the homogenate, the 

homogenate was transferred to micro-centrifuge tubes and centrifuged at 

15,000 x g at 4ºC for thirty minutes.  The supernatant was recovered as S15 

cytosolic extract and stored in 100 µl aliquots at –80ºC. 

 

2.5.3.9  Jellyfish Eggs 

Eggs were washed once in FSW, twice in ELB supplemented with 

Complete protease inhibitor, and then transferred to a 15 ml glass 

homogenizer.  Excess ELB was aspirated and eggs were re-suspended in one 

pellet volume of ELB and homogenized with five strokes of a tight fitting teflon 

dounce.  The homogenate was transferred to micro-centrifuge tubes and 

centrifuged at 15,000 x g at 4ºC for thirty minutes.  The supernatant was 

recovered as S15 cytosolic extract and stored in aliquots of 100 µl at –80ºC. 

 

2.5.3.10  Drosophila S2 Cells 

Cell Culture:  S2 cells were cultured in 250 ml tissue culture flasks in S2 

Media.  Cells were maintained at 26ºC and passaged 1:2 weekly.  Media with 

cells in suspension was removed to a 50 ml falcon tube.  Remaining adherent 

cells were washed with PBS and incubated with Trypsin/EDTA (7 ml/flask) for 

three minutes.  20 ml of S2 Media was added and cells were removed to a 50 

ml falcon tube.  Trypsinized cells were centrifuged at 1000 rpm to pellet, 

supernatant was discarded and cells were resuspended in the media containing 
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the suspension cells.  25 ml Complete S2 Media was added to 25 ml of the cell 

suspension and cells were poured into a tissue culture flask. 

Cytosolic Extract:  Two confluent flasks of cells were trypsinized as 

described above, transferred to large centrifuge bottles, collected by 

centrifugation (4000 rpm, ten minutes) and washed once in PBS.  Cells were 

resuspended in 50 ml PBS and transferred to a 50 ml conical tube.  Cells were 

collected by centrifugation and resuspended in 15 ml HEPES Buffer (HB) and 

collected by centrifugation.  The pellet was re-suspended in 1/2 pellet volume of 

HB and incubated on ice for fifteen minutes to allow the cells to swell.  Cells 

were passed through a 22-gauge needle three times and centrifuged at 15,000 

x g for thirty minutes at 4ºC.  Supernatant was recovered as S15 cytosolic 

extract and stored in 100 µl aliquots at –80ºC. 

 

2.5.3.11  C. elegans 

C. elegans High Speed Supernatant (HSS) from wild type adults with 

visible embryos, was a gift from Nathan Portier in Dr. Karen Oegema’s 

laboratory.   HSS was stored at –80ºC. 

 

2.5.3.12  Protein Concentration 

Protein concentration was measured using the Bradford method (Biorad 

Protein Assay). 
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2.5.4  Planaria Cell Isolation 

Planarians (S. mediterranea) were chopped into small pieces in cold cell 

isolation buffer (CIB), rocked for thirty to sixty minutes at 4°C and gently 

pipetted 20-25 times with a Pasteur pipet every ten to fifteen minutes.  The 

suspension was filtered through a 70 µm cell strainer and then centrifuged for 

five minutes at 200 x g to remove debris.  The supernatant was sequentially 

passed through 50 µm and 20 µm Nitex filters. Cells were collected by 

centrifugation (five minutes at 262 x g) and resuspended in CIB (1 ml per 10 

worms).  This protocol results in a cell fraction enriched in planaria neoblasts 

(Cebria and Newmark, 2005). 

 

2.5.5  Induction of Apoptosis in Planaria 

2.5.5.1  Gamma Radiation 

Animals:  Animals in pMedia, were placed in the sample chamber and 

radiation (up to 100 Gray) was delivered in a Gammacell 40 Exactor according 

to the manufacturer’s directions.  Following treatment, animals were maintained 

on the benchtop for twenty four hours. 

Cells:  Isolated planaria cells were further diluted in CIB and incubated 

with or without 10 µM qVD-OPh for one hour and then transferred to 6 well 

tissue culture plates (3ml/well).  Radiation (10-100 Gray) was delivered in a 

Gammacell 40 Exactor according to the manufacturer’s directions.  Following 
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radiation treatment, cells were removed to polystyrene tubes and maintained in 

the dark at room temperature for twenty-four hours. 

 

2.5.5.2  Heat Shock 

Animals:  Animals in pMedia were placed in an incubator and maintained 

at either 30º or 37ºC for up to six hours. 

Cells:  Isolated planaria cells were further diluted in CIB, placed in an 

incubator and maintained at 37º for up to two hours. 

 

2.5.5.3  RNAi 

S. mediterranea were fed bacteria expressing dsRNA corresponding to 

smedwi-2 or unc-22 twice, four days apart as described (Reddien et al., 2005b). 

 

2.5.6  Caspase (and other substrate) activity assay 

Caspase activity in extract from untreated, irradiated or heat shocked 

planaria was measured as follows: 100 µg of cytosolic extract was incubated in 

the absence or presence of a protease inhibitor cocktail (10 µM E64, 10 µM 

DCI, 1 µM MG132, 10 µM Leupeptin, 1 mM EDTA, 50 µM PMSF and 1 mM 

orthophenanthroline) (Salvesen and Nagase, 2001) for fifteen minutes on ice. 

Extract was then incubated in the absence or presence of 10 µM qVD-OPh for 

thirty minutes at room temperature in a black 96-well plate. 
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To measure the induction of caspase activity by cytochrome c in 

cytosolic extracts, 100 µg of untreated cytosolic extract in a total volume of 10 µl 

was incubated in the absence or presence of 1-100 µM mammalian (horse 

heart) cytochrome c, insect (M. sexta) cytochrome c, or yeast (S. cerevisiae) 

cytochrome c, with or without 1mM dATP and 1 nm –100 µM qVD-OPh or 

zVAD-fmk for thirty minutes at room temperature in a black 96-well plate.  

Following incubations, 100 µl of caspase buffer and 100 µM Ac-DEVD-

afc, Ac-IETD-afc, Ac-VEID-afc, Ac-LEHD-afc or Ac-YVAD-afc was added to the 

reaction which was read immediately on an fMax flourescence microplate 

reader (Molecular Devices) running Softmax Pro Software version 1.2, running 

in the kinetic mode at room temperature using the 405-510 nm filter pair.  

Measurements were taken every fifteen to twenty seconds for twenty to thirty 

minutes.  Rates of cleavage were calculated using the straightest part of the 

curve, generally the first five minutes of each reading. 

To determine whether cytochrome c induced cathepsin activity in 

cytosolic extracts from sea urchin eggs or planaria, 100 µg of extract in a total 

volume of 10 µl was incubated in the absence or presence of 10 µM 

mammalian cytochrome c (and 1 mM dATP for sea urchin egg extract) for thirty 

minutes at room temperature in a black 96-well plate.  Following the incubation, 

100 µl of cathepsin buffer with 100µM z-RR-AMC was added to the reaction 

which was read immediately on an fMax flourescence microplate reader 

(Molecular Devices) running Softmax Pro Software version 1.2 running in the 
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kinetic mode at room temperature using the 355/460 nm filter pair.  

Measurements were taken every fifteen to twenty seconds for twenty minutes.  

Rates of cleavage were calculated using the straightest part of the curve, 

generally the first five minutes of each reading. 

To determine whether cytochrome c induced calpain/proteasome activity 

in cytosolic extracts from sea urchin eggs or planaria, 100 µg of extract in a total 

volume of 10 µl was incubated in the absence or presence of 10 µM horse 

cytochrome c (and 1 mM dATP for sea urchin egg extract) for thirty minutes at 

room temperature in a black 96-well plate.  Following the incubation, 100 µl of 

proteasome buffer with 100 µM suc-LY-AMC was added to the reaction which 

was read immediately on an fMax flourescence microplate reader (Molecular 

Devices) running Softmax Pro Software version 1.2 running in the kinetic mode 

at room temperature using the 355/460 nm filter pair.  Measurements were 

taken every fifteen to twenty seconds for twenty minutes.  Rates of cleavage 

were calculated using the straightest part of the curve, generally the first five 

minutes of each reading. 

 

2.5.7  Protein Substrate Cleavage Assays 

Planaria (D. dorotocephala) extract:  (1) 100 µg of cytosolic extract from 

untreated, irradiated (100 Gray) or heat shocked (37ºC, four hours) planaria, in 

a total volume of 10 µl was incubated in the absence or presence of 10 µM 

qVD-OPh for thirty minutes at room temperature or (2) 100 µg of untreated 
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cytosolic extract in a total volume of 10 µl was incubated in the absence or 

presence of 10 µM mammalian (horse heart) cytochrome c and 10 µM qVD-

OPh for thirty minutes at room temperature. 

Sea Urchin Egg Extract: 100 µg of untreated cytosolic extract in a total 

volume of 10 µl was incubated in the absence or presence of 10 µM 

mammalian (horse heart) cytochrome c/1 mM dATP and 10 µM qVD-OPh for 

thirty minutes at room temperature. 

 

20 µg of either planaria or sea urchin egg extract was added to 2 µl of in 

vitro transcribed and translated substrate in 8 µl caspase buffer and incubated 

for ten minutes (planaria extract) or twenty minutes (sea urchin egg extract).  

For all iCAD cleavage assays, cytosolic extract was pre-incubated with 

protease inhibitors (10 µM E64, 10 µM DCI, 1 µM MG132, 10 µM Leupeptin, 1 

mM EDTA, 50 µM PMSF and 1 mM orthophenanthroline) for fifteen minutes on 

ice. 

For caspase 3 controls, 2 µl of in vitro transcribed and translated 

substrate in 8 µl caspase buffer was incubated in the absence or presence of 

recombinant active caspase 3 for fifteen minutes at 37ºC. 

Following the cleavage reaction, sample buffer was added to stop the 

reaction and the samples were subjected to SDS-PAGE, transferred to 

nitrocellulose and viewed by autoradiography (iCAD) or by immunoblot (PARP).  
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For the iCAD cleavage reactions, percent cleavage was quantitated via 

densitometry scanning using Chemi Imager 4000 software (Alpha Innotech). 

  

2.5.8  Mitochondria 

2.5.8.1 Isolation 

Mouse Liver Mitochondria:  Mitochondria were isolated as generally as 

described (Bossy-Wetzel and Green, 1999).  Wild type FVB mice were 

sacrificed and livers were removed.  Livers were rinsed in cold PBS and 

chopped into small pieces with a razor blade.  Each half of the liver was 

homogenized in 10 ml Mitochondrial Isolation Buffer (MIB) in a 15 ml glass 

dounce with ten to fifteen strokes of Teflon pestle.  Mitochondria were enriched 

by differential centrifugation at 4ºC in a Sorvall RC 5C Plus centrifuge using a 

HB-4 rotor as follows:  Unbroken cells, nuclei and debris were pelletted by 

centrifugation for ten minutes at 600 x g.  Organelles were pelletted from the 

supernatant by centrifugation for fifteen minutes at 3500 x g.  The pellet 

containing organelles was resuspended in 0.5 ml MIB, 9.5 ml MIB was added 

and the suspension was centrifuged for five minutes at 1500 x g.  The 

supernatant was recentrifuged for ten minutes at 5500 x g.  The last two steps 

were repeated twice, mitochondria were resuspended in 500 µl of MIB and used 

immediately.  Mouse liver mitochondria were used to test the activity of various 

preparations of recombinant tBID, tBID G94E and Bcl-xLΔC prior to use with 

planaria mitochondria. 
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Planaria Mitochondria: 150 planaria (D. dorotocephala) were collected, 

washed once in pMedia and then incubated in CMF on ice for five minutes.  

Planaria were transferred to a 15 ml glass dounce and homogenized with eight 

to ten strokes of a tight fitting teflon pestle in MIB+ (MIB plus 30µg/ml soybean 

trypsin inhibitor) supplemented with 2% L-cystiene.  The homogenate was 

divided between two polystyrene tubes.  The above was repeated for an 

additional 150 planaria.  Mitochondria were enriched by differential 

centrifugation at 4ºC in a Sorvall RC 5C Plus centrifuge as described above.  

The pellet, representing a mitochondrially enriched fraction, was resuspended 

in MIB to a final concentration of 5 mg/ml.  Mitochondria were used 

immediately. 

 

2.5.8.2 Mitochondrial Lysis by Osmotic Shock 

Mitochondria were centrifuged at 5,600 x g for ten minutes, resuspended 

in deionized water and incubated at room temperature for fifteen minutes.  KCl 

was added to a final concentration of 100 mM and mitochondria were incubated 

for an additional five minutes at room temperature.  The sample was 

centrifuged for ten minutes at 5,600 x g and supernatant was recovered.  5 µl of 

supernatant was added to 100 µg of frog egg or planaria cytosolic extract, in the 

presence or absence of 10uM qVD-OPh and incubated for thirty minutes at 

room temperature. 100 µl of caspase buffer containing 100 µM Ac-DEVD-afc 

was added and cleavage of the substrate was measured as described above. 
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2.5.8.3  Cytochrome c Release Assay 

Each reaction was performed in 50 µl volume.  10 µl of mitochondrial 

suspension was added to MIB plus 100 mM KCl and either HE buffer, 

recombinant tBID or mutant tBID.  Reactions were incubated at room 

temperature for thirty minutes.  For experiments using recombinant Bcl-xLΔC, 

mitochondria were pre-incubated in the absence or presence of Bcl-xLΔC for 

ten minutes.  Samples were centrifuged for ten minutes at 5600 x g and 

supernatants were separated from pellets. Sample buffer was added to the 

supernatants.  The pellets were resuspended in water and incubated for fifteen 

minutes following which KCl to 100 mM was added, the reaction was incubated 

for an additional five minutes, and sample buffer was added.  Equal volumes of 

pellet and supernatant were resolved by SDS-PAGE, transferred to 

nitrocellulose and analyzed by immunoblot using an antibody to human 

cytochrome c and either (1) a horseradish peroxidase conjugated goat anti-

mouse IgG secondary antibody for visualization using ECL Chemiluminescence 

reagent or SuperSignal West Femto Maximum Sensitivity Substrate or (2) a 

goat anti-mouse IgG secondary antibody conjugated to Alexaflour 680 for 

visualization using the Licor Odyssey Infrared Imaging System. 

For cytosolic extract activation experiments, supernatants were 

concentrated using Amicon filters (3,000 MWCO) and 5 µl was added to 100 µg 

of planaria extract in the presence or absence of 10uM qVD-OPh, and 
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incubated for thirty minutes at room temperature. 100µl of caspase buffer 

containing 100 µM Ac-DEVD-afc was added and cleavage of the substrate was 

measured as described above. 

 

2.5.9  Flow Cytometry 

Cells were washed once in CIB and then resuspended in 100 µl of 

AnnexinV binding buffer (AV Buffer) containing 5 µl recombinant human 

Annexin V-FITC and 40 nM TMRE.  Cells were incubated for twenty minutes, 

400 µl of AV buffer was added and cells were washed once in AV buffer.  Cells 

were resuspended in 500 µl AV Buffer containing 5 µM Draq5 and propidium 

iodide (10µg/ml).  Cells were analyzed on a FACSCanto six-color analyzer 

running FacsDiva software.  At least 10,000 Draq5+ events were collected per 

sample and AnnexinV-FITC, propidium iodide and TMRE staining was analyzed 

in the Draq5+ population.  Post collection analysis was performed using FlowJo 

Version 8.2 for Macintosh. 
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3.  CYTOCHROME C ACTIVATION OF CASPASES -  

A SURVEY OF THE ANIMALS 
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3.1  Introduction 

Cytochrome c plays a critical role in the activation of caspases in 

vertebrates.  Once released from the mitochondria following mitochondrial outer 

membrane permeabilization (MOMP), cytochrome c binds to APAF-1 (Zou et 

al., 1997) relieving the auto-inhibition of the APAF-1 WD repeats on the 

nucleotide binding domain (Hu et al., 1998) and inducing the oligomerization of 

APAF-1 into a wheel-like heptamer (Acehan et al., 2002).  Caspase 9 is 

recruited to the apoptosome through a CARD-CARD interaction with APAF-1 

(Qin et al., 1999), where it is activated by dimerization (Boatright et al., 2003).  

Once released from the apotosome, active caspase 9 cleaves and activates 

caspase 3. 

It has been suggested that the involvement of cytochrome c in the 

activation caspases arose with the vertebrates.  This hypothesis is supported by 

observations in two well-studied models of apoptosis C. elegans and 

Drosophila, that caspase activation proceeds without the involvement of 

cytochrome c.  CED-3, the C. elegans caspase is activated at a tetrameric 

apoptosome formed by CED-4.  Under non-apoptotic conditions CED-4 is 

bound to and inhibited by CED-9.  Under apoptotic conditions, transcription of 

EGL-1 is induced and EGL-1 binds to CED-9, displacing it from CED-4 (Conradt 

and Horvitz, 1998).  No role for cytochrome c has been observed and CED-4 

lacks the WD repeat region that is predicted to interact with cytochrome c (Zou 

et al., 1997). 
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Efforts to establish a role for cytochrome c in the activation of caspases 

in Drosophila apoptosis have been many, and while there is some genetic 

evidence for a role for cytochrome c in the activation of caspases in sperm 

differentiation (Arama et al., 2003; Arama et al., 2006) and pupal eye 

development (Mendes et al., 2006), there is no biochemical evidence that 

cytochrome c plays any role in the activation of either ARK, the Drosophila 

APAF-1 homolog, or any Drosophila caspase in apoptosis.  Several groups 

have shown that cytochrome c is dispensable for the activation of caspases in 

apoptosis in the fly (Zimmermann et al., 2002, Dorstyn, 2002 #26, Dorstyn, 

2004 #25).  Additionally, the structure of a fly apoptosome has recently been 

solved and it is reported that formation of the octameric wheel-like structure 

proceeds in the presence of dATP, without any requirement for cytochrome c 

(Yu et al., 2006). 

A cell free system used to recapitulate the activation of caspases was 

originally established using cytosolic extracts prepared from suspension 

cultures of HeLa cells (Liu et al., 1996).  This landmark paper demonstrated that 

cytochrome c and dATP can induce caspase activation, and that apoptotic 

stimuli can induce cytochrome c release from the mitochondria.  It has also 

been established that cytochrome c can induce caspase activation in a cell free 

system based on cytosolic extract from the eggs of Xenopus laevis, a 

vertebrate (Kluck et al., 1997).  
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This chapter describes a series of experiments in which I examined the 

role of cytochrome c in the activation of caspases in cytosolic extracts prepared 

from animals representing chordates, echinoderms, arthropods, nematodes, 

platyhelminthes, and cnidaria.  This study establishes for the first time, that 

cytochrome c can activate caspase activity in non-vertebrate phyla, including 

echinoderms and platyhelminthes.  These results lead to the conclusion that 

cytochrome c activation of caspases is an ancient mechanism that arose prior 

to the divergence of the deuterostomes, ecdysozoans and lophotrochozoans 

approximately six hundred million years ago, and suggests that it was lost in the 

ecdysozoan lineage. 

 

3.2  Assays for cytochrome c activation of caspase activity 

In vivo, caspases cleave substrates following an aspartic acid residue 

(termed P1).  Substrate preference is influenced by the residues in the three 

positions N-terminal of the aspartic acid residue (P4, P3, and P2) and the 

residue in the position immediately C-terminal to the aspartic acid residue (P1’) 

(Timmer and Salvesen, 2006). The classic recognition sequence for caspase 3 

is DEXD, although caspase 3 is promiscuous and will cleave substrates 

following a variety of sequences that end in aspartic acid (McStay et al., 2007).   

Consensus recognition sequences have also been determined for caspase 6 

(VEXD), caspases 8 and 9 (I/L EXD), caspase 1 (W/Y EXD) and others 

(Timmer and Salvesen, 2006).  To determine whether cytochrome c activates 
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caspase activity in extracts from various animals, an assay based on the 

cleavage of synthetic fluorogenic substrates designed using the caspase 

consensus sequences in the form Ac-XXXD-afc was used, where D is an 

aspartic acid residue, X is any amino acid residue and afc 

(triflouromethylcoumarin) is a flourophore that is quenched until cleaved from 

the aspartic acid.  In the presence of active caspases, the substrate is cleaved 

following the aspartic acid, releasing the flourophore and the amount of free 

flourophore is measured. 

Extracts were pre-incubated for thirty minutes in the absence or 

presence of cytochrome c, caspase inhibitors, and/or other protease inhibitors.  

The synthetic substrate was added and cleavage was measured as described 

in Chapter 2.5.6. 

The ability of extracts to cleave known caspase substrates was also 

tested by incubating un-induced or cytochrome c-induced extract with purified 

or recombinant PARP or iCAD, resolving the samples by SDS-PAGE and 

analyzing by immunoblot or autoradiography. 

   

3.3  Cytochrome c Activation of Xenopus Caspases – A Positive Control 

To validate the methods used throughout this study to test caspase 

activation in cytosolic extracts from various animals, and to ensure that negative 

data did not result from reagent failure, experiments were performed using 

extract prepared from eggs of Xenopus laevis.   



103 

 

To demonstrate that cytochrome c activates caspase activity, extract 

from Xenopus eggs was incubated with or without mammalian (horse heart) 

cytochrome c and cleavage of Ac-DEVD-afc was measured.  Cytochrome c-

activated extract induced rapid substrate cleavage and the un-activated extract 

did not induce any significant cleavage (Figure 3.1a and b).  While dATP is 

presumably required for apoptosome formation in Xenopus (Riedl et al., 2005), 

it is likely that the egg extract contains sufficient levels of dATP such that no 

exogenous dATP was required.   

To establish that cleavage of the substrate was due to caspase activity 

and not activity of other proteases, extract was pre-incubated with or without (1) 

the pan-caspase inhibitors zVAD-fmk (Figure 3.1c) and qVD-OPh (Figure 3.1d) 

or (2) a protease inhibitor cocktail (50 µg/ml aprotinin, 10µg/ml caplain inhibitor 

II, 1 mM Pefabloc, 2 mM EDTA, 2mM EGTA, 50 µg/ml antipain and 100 µM 

leupeptin) (Figure 3.1e), and mammalian cytochrome c.  Both caspase 

inhibitors effectively blocked cytochrome c induced cleavage of the substrate, 

while the protease inhibitor cocktail had no effect. 

To determine whether caspase activity could be induced in Xenopus 

extract by other cytochromes c, extract was pre-incubated in the absence or 

presence of mammalian (horse heart), insect (M. sexta), or yeast (S. cerevisiae) 

cytochrome c.  Consistent with published data (Kluck et al., 2000), both the 

mammalian and insect cytochromes c induced substrate cleavage, while the 

yeast cytochrome c had no effect (Figure 3.1f).  
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Figure 3.1  Cytochrome c activates caspases in Xenopus egg cytosolic 
extract.  a, Extract was pre-incubated in the presence or absence of 10 µM 
mammalian (horse heart) cytochrome c, Ac-DEVD-afc was added and cleavage 
was measured.  b, Rate of cleavage of Ac-DEVD-afc by extract pre-incubated 
in the absence or presence of 10 nM - 100 µM mammalian (horse heart) 
cytochrome c.  Error bars are standard deviation (SD).  c, Rate of cleavage of 
Ac-DEVD-afc by extract pre-incubated in the absence or presence of 10 µM 
mammalian cytochrome c (horse heart), and either DMSO or zVAD-fmk (100 
nM – 100 µM).  d, Rate of cleavage of Ac-DEVD-afc by extract pre-incubated in 
the absence or presence of 10 µM mammalian cytochrome c (horse heart), and 
either DMSO or qVD-OPh (4 µM).  e,  Rate of cleavage of AC-DEVD-afc by 
extract pre-incubated with or without a protease inhibitor cocktail (see text) and 
then, in the absence or presence of 10 µM mammalian (horse heart) 
cytochrome c.  f, Rate of cleavage of Ac-DEVD-afc by extract in the absence or 
presence of 10 or 100 µM mammalian (horse heart), M, insect (Manduca 
sexta), I, or yeast (S. cerevisiae), Y, cytochrome c.  Data is representative of at 
least three independent experiments. 

 



105 

 

To further characterize the caspase activity induced by cytochrome c, 

extract was pre-incubated in the presence of absence of mammalian 

cytochrome c and cleavage of Ac-DEVD-afc, Ac-VEID-afc, Ac-IETD-afc and Ac-

LEHD-afc was measured.  Cytochrome c induced cleavage of each of the 

caspase substrates to varying degrees (Figure 3.2a). To determine whether 

cytochrome c could induce cleavage of a protein caspase substrate, Xenopus 

egg extract pre-incubated with or without mammalian cytochrome c was 

incubated with purified bovine PARP.  Cytochrome c-activated extract 

effectively cleaved PARP to an 85 kDa fragment characteristic of caspase 3 

cleavage and cleavage was blocked by the caspase inhibitor zVAD-fmk (Figure 

3.2b). 

The experiments described in this section were used as the basis for 

determining whether cytochrome c activates caspases in extract from non-

vertebrate animals. 
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Figure 3.2  Cytochrome c induced-Xenopous egg cytosolic extract cleaves 
caspase substrates.  a, Rate of cleavage of Ac-DEVD-afc, Ac-VEID-afc, Ac-
IETD-afc or Ac-LEHD-afc by extract pre-incubated in the absence or presence 
of 10 µM mammalian (horse heart) cytochrome c.  b, Purified bovine PARP was 
incubated in the presence or absence of extract that had been pre-incubated 
with or without 10 µM cytochrome c and 10 µM zVAD-fmk, or recombinant 
caspase 3 (rCASP3).  Samples were resolved by SDS-PAGE and analyzed by 
immunoblot. Data is representative of at least three independent experiments. 
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3.4  Cytochrome c activation of caspase activity in Echinoderms 

Echinoderms, marine organisms that are characterized by the presence 

of tube feet, along with hemichordates and chordates comprise the 

deuterostome clade.  Given the relatively close relationship between 

echinoderms and chordates (Figure 1.1), it stands to reason that if cytochrome 

c activation of caspases is an ancient mechanism, then this pathway should be 

present in the echinoderms.  Two organisms representing the echinoderms, the 

purple sea urchin (Strongylocentrotus purpuratus) and the sand dollar 

(Dendraster excentricus), were used for this study. 

 

3.4.1 Cytochrome c activates caspases in sea urchin egg extract 

Sea urchin eggs were chosen for this study due to the wide availability of 

animals off the coast of San Diego, CA and the ease with they can be induced 

to spawn.  Sea urchin gametes have been widely studied by developmental 

biologists and much is known about their biology (Wessel and Vacquier, 2004).  

While apoptotic cell death has been observed in eggs, oocytes and embryos 

(Voronina and Wessel, 2001), the mechanisms related to apoptosis have been 

largely unexplored. 

For this study, cytosolic extract was prepared from eggs collected from 

freshly spawned urchins.  The animals were maintained separately during 

spawning and males were discarded.  There was no evidence of fertilization in 
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any of the egg preparations.  As with cytosolic extract from Xenopus eggs, sea 

urchin egg extract showed robust cytochrome c-induced DEVDase activity 

(Figure 3.3a).  This activity was enhanced by the addition of dATP which alone 

did not induce any cleavage activity (Figure 3.3b). The cytochrome c induced 

DEVDase activity in sea urchin egg extract was effectively blocked by two pan 

caspase inhibitors, zVAD-fmk and qVD-OPh (Figure 3.3c), but not by a cocktail 

of other protease inhibitors (10 µM E64, 10 µM DCI, 1 µM MG132, 10 µM 

Leupeptin, 1 mM EDTA, 50 µM PMSF and 1 mM orthophenanthroline) (Figure 

3.3d).  As with Xenopus egg cytosolic extracts, mammalian and insect 

cytochrome c triggered DEVDase activity in sea urchin egg extracts, while yeast 

cytochrome c did not (Figure 3.3e). 
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Figure 3.3  Cytochrome c activates caspases in sea urchin egg cytosolic 
extract. a, Extract was pre-incubated in the presence or absence of 10 µM 
mammalian (horse heart) cytochrome c and 1mM dATP, Ac-DEVD-afc was 
added and cleavage was measured.  b,  Rate of cleavage of Ac-DEVD-afc by 
extract pre-incubated in the absence or presence of 1 mM dATP and/or 10 µM 
mammalian (horse heart) cytochrome c.  c.  Rate of cleavage of Ac-DEVD-afc 
by extract pre-incubated in the absence or presence of 10 µM mammalian 
(horse heart) cytochrome c/1 mM dATP, and either DMSO (vehicle), zVAD-fmk 
(1 nM - 100µM), or qVD-OPh (1 nM – 100 µM).  d,  Rate of cleavage of Ac-
DEVD-afc by extract pre-incubated in the absence or presence of a protease 
inhibitor cocktail (see text) and then in the absence or presence of 1mM dATP 
and 10 µM mammalian (horse heart) cytochrome c.  e.  Rate of cleavage of Ac-
DEVD-afc by extract in the absence or presence of 1, 10, or 100 µM 
mammalian (horse heart), insect (M. sexta), or yeast (S. cerevisiae) cytochrome 
c and 100 mM dATP.  Error bars are standard deviation. Data is representative 
of at least three independent experiments. 
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To further characterize the activity of cytochrome c induced-sea urchin 

egg extract, extract was incubated with or without mammalian cytochrome 

c/dATP, and five different synthetic caspase substrates were added.  

Cytochrome c induced cleavage of the DEVD substrate and while the extract 

cleaved each of the other substrates to some extent, cytochrome c did not 

induce additional cleavage activity (Figure 3.4a).  Likewise, cytochrome c did 

not induce cleavage of synthetic substrates preferred by either (1) calpains and 

the proteasome (Figure 3.4b – top panel) or (2) cathepsins (Figure 3.4b – lower 

panel). 

To test the ability of cytochrome c-induced sea urchin egg extract to 

cleave known caspase substrates extract was incubated with in vitro 

transcribed and translated mouse iCAD or a mutant iCAD with the caspase 

cleavage sites altered (iCAD D117E/D224E).  Cytochrome c-activated sea 

urchin egg extract cleaved iCAD producing cleavage products of the same size 

as those produced by active recombinant human caspase 3, the cleavage was 

inhibited by qVD-OPh, and the caspase uncleavable mutant was not cleaved 

(Figure 3.4c). 
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Figure 3.4  Cytochrome c-induced sea urchin egg cytosolic extract cleaves 
caspase substrates.  a, Rate of cleavage of Ac-DEVD-afc, Ac-VEID-afc, Ac-
IETD-afc, Ac-LEHD-afc or Ac-YVAD-afc by extract pre-incubated in the 
absence or presence of 10 µM mammalian (horse heart) cytochrome c and 1 
mM dATP.  b, Rate of cleavage of suc-LY-amc (synthetic calpain/proteasome 
substrate) (upper panel) and z-RR-amc (synthetic cathepsin substrate) (lower 
panel) by sea urchin egg extract in the presence or absence of 10 µM 
mammalian (horse heart) cytochrome c/1 mM dATP.  c, 35S-labeled wild type 
iCAD or mutant iCAD (D117E/D224E) was incubated with extract pre-incubated 
with a protease inhibitor cocktail (see text), in the presence or absence of 10 
µM mammalian (horse heart) cytochrome c/1 mM dATP and 10 µM qVD-OPh or 
with active human recombinant caspase 3.  Samples were resolved by SDS-
PAGE, analyzed by autoradiography and percent cleavage was determined by 
densitometry analysis. Error bars are standard deviation. Data is representative 
of at least three independent experiments. 
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3.4.2  Cytochrome c activates caspases in sand dollar egg extract 

The sand dollar (Dendraster excentricus), an echinoderm, is ubiquitous 

on the sandy bottom of San Diego and Mission Bay, in San Diego, CA.  

Cytosolic extract was prepared from eggs collected from freshly spawned 

animals.  Males were discarded during spawning and there was no evidence of 

fertilization in any of the egg prepartions.  Sand dollar extract pre-incubated with 

mammalian cytochrome c efficiently cleaved the caspase substrate Ac-DEVD-

afc and cleavage was blocked by the caspase inhibitor zVAD-fmk (Figure 3.5). 
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Figure 3.5  Cytochrome c activates caspases in sand dollar egg cytosolic 
extract. Extract was pre-incubated in the presence or absence of 10 µM 
mammalian (horse heart) cytochrome c and 100 mM dATP, with or without 10 
µM zVAD-fmk. Ac-DEVD-afc was added and cleavage was measured. Data is 
representative of at least three independent experiments. 
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3.5  Cytochrome c activation of caspase in Platyhelminthes 

Having established that cytochrome c induces caspase activity in 

echinoderms, which are invertebrate deuterostomes, I next analyzed 

cytochrome c activation of caspases in freshwater planaria, phylum 

Platyhelminthes, in the lophotrochozoan clade. Two species of freshwater 

planaria were used in this study, Dugesia dorotocephala and Schmidtea 

mediterranea.   

 

3.5.1  Cytochrome c activates caspases in Dugesia dorotocephala 

extract 

Cytosolic extracts were prepared from whole Dugesia and cleavage of 

Ac-DEVD-afc was measured.  Addition of mammalian cytochrome c rapidly 

triggered DEVDase activity (Figure 3.6a). The broad spectrum caspases 

inhibitors, zVAD-fmk and qVD-OPh, inhibited cytochrome c-induced DEVDase 

activity in a dose dependent manner (Figure 3.6b), while a cocktail of other 

protease inhibitors (10 µM E64, 10 µM DCI, 1 µM MG132, 10 µM Leupeptin, 1 

mM EDTA, 50 µM PMSF and 1 mM orthophenanthroline) had no effect (Figure 

3.6c).  Cytochrome c from mammals and insects, but not from yeast triggered 

DEVDase activity in Dugesia extracts (Figure 3.6d).  
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Figure 3.6  Cytochrome c activates caspases in planaria (Dugesia) 
cytosolic extract. a, Extract was pre-incubated in the presence or absence of 
10 µM mammalian (horse heart) cytochrome c, Ac-DEVD-afc was added and 
cleavage was measured.  b, Rate of cleavage of Ac-DEVD-afc by extract pre-
incubated in the absence or presence of 10 µM cytochrome c, and either DMSO 
(vehicle), zVAD-fmk (1 nM - 100µM), or qVD-OPh (1 nM – 100 µM).  c,  Rate of 
cleavage of Ac-DEVD-afc by extract pre-incubated in the absence or presence 
of a protease inhibitor cocktail (see text) and then in the absence or presence of 
10 µM cytochrome c.  d,  Rate of cleavage of Ac-DEVD-afc by extract in the 
absence or presence of 1, 10, or 100 µM mammalian (horse heart), insect (M. 
sexta), or yeast (S. cerevisiae) cytochrome c. e, Rate of cleavage of Ac-DEVD-
afc by Xenopus (dark bars) or Dugesia (light bars) extract pre-incubated in the 
absence or presence of 10 µM mammalian (horse heart) cytochrome c or 1 Unit 
recombinant human granzyme B (GrzB).Error bars are standard deviation. Data 
is representative of at least three independent experiments. 
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Granzyme B is a protease capable of activating human caspases 3 and 

7 (Quan et al., 1996).  Attempts were made to activate Dugesia extract with 

human granzyme B, and while granzyme B effectively activated caspase 

activity in Xenopus extract, no activation was observed in Dugesia extract 

(Figure 3.6e). 

Cytochrome c did not induce cleavage of other synthetic caspase, 

calpain/proteasome or cathepsin substrates (Figure 3.7a and b).  Cytochrome 

c-activated extracts cleaved wild type iCAD, but not the caspase uncleavable 

mutant in the same manner as active recombinant human caspase 3 (Figure 

3.7c). While un-activated extract induced some substrate cleavage (49%), 

cytochrome c-activated extract induced significantly more cleavage (86%), 

which was blocked by qVD-OPh.  Similar results were observed when 

cytochrome c-activated extracts were incubated with wild type human PARP or 

the caspase uncleavable mutant (Oliver et al., 1998) (Figure 3.7d). While 

general degradation of the substrate was observed, only cytochrome c-

activated extract induced cleavage of the substrate to the 85 kDa band 

characteristic of caspase cleavage.  
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Figure 3.7  Cytochrome c-induced planaria (Dugesia) cytosolic extract 
cleaves caspase substrates.  a, Rate of cleavage of Ac-DEVD-afc, Ac-VEID-
afc, Ac-IETD-afc or Ac-LEHD-afc by extract pre-incubated in the absence or 
presence of 10 µM mammalian (horse heart) cytochrome c.  b, Rate of 
cleavage of suc-LY-amc (synthetic calpain/proteasome substrate) (upper panel) 
and z-RR-amc (synthetic cathepsin substrate) (lower panel) by extract in the 
presence or absence of 10 µM cytochrome c.  c, 35S-labeled wild type iCAD or 
mutant iCAD (D117E/D224E) was incubated with extract pre-incubated with a 
protease inhibitor cocktail (see text), in the presence or absence of 10 µM 
mammalian (horse heart) cytochrome c and 10 µM qVD-OPh or with activated 
human recombinant caspase 3.  Samples were resolved by SDS-PAGE, 
analyzed by autoradiography and percent cleavage was determined by 
densitometry analysis. d, Wild type PARP or mutant PARP(D214A) was 
incubated with planaria cytosolic extract, in the presence or absence of 10 µM 
mammalian (horse heart) cytochrome c and 10 µM qVD-OPh, or with activated 
human recombinant caspase 3, resolved by SDS-PAGE and examined by 
immunoblot. Error bars are standard deviation. Data is representative of at least 
three independent experiments. 
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To determine whether cytochrome c induces caspase activation in 

Dugesia via an APAF-1-like protein, extract was incubated with or without 

NS3694, an APAF-1 inhibitor that inhibits apoptosome formation (Lademann et 

al., 2003).  The drug was added to extract either prior to or after incubation in 

the absence or presence of cytochrome c.  Incubation with NS3694 prior to the 

addition of cytochrome c inhibited caspase activation in a dose dependent 

manner, while incubation after addition of cytochrome c had no inhibitory effect 

(Figure 3.8a).  This result implicates an APAF-1-like apoptosome in the 

cytochrome c-induced activation of caspases in Dugesia extract.   
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Figure 3.8  NS3694, an apoptosome inhibitor, inhibits cytochrome c-
induced caspase activation in planaria (Dugesia) cytosolic extract.   Rate 
of cleavage of Ac-DEVD-afc by extract (1) pre-incubated for fifteen minutes with 
100 µM – 1 mM NS3694 and then with 10 µM mammalian (horse heart) 
cytochrome c for thirty minutes, or (2) pre-incubated with 10 µM mammalian 
(horse heart) cytochrome c for thirty minutes and then with 1 mM NS3694 for 
fifteen minutes (asterisk). Error bars are standard deviation. Data is 
representative of at least three independent experiments.   
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3.5.2  Role of cytochrome c in the activation of caspases in 

Schmidtea Mediterranea 

S. mediterranea  is a species of freshwater planaria that has  recently 

become popular with stem cell researchers.  In contrast to other species of 

freshwater planaria, including Dugesia, S. meditteranea is a stable diploid and 

its genome size is approximately half that of other species (Sanchez Alvarado, 

2006).  S. mediterranea planaria generally reproduce asexually by fission, 

leading to clonal populations.  For this study, an original colony of three 

hundred planaria was expanded into a colony of thousands. 

Cytosolic extracts were prepared using a variety of techniques as 

described in Chapter 2.  Extracts were prepared from planaria that were well 

fed (with either calf liver homogenate or egg yolk) or starved.  All extracts 

prepared, regardless of the method or preparation or the feeding status of the 

worms, had significant levels of DEVDase activity, far in excess of that induced 

by cytochrome c in Xenopus egg extract (data not shown).  While dATP 

induced a slight increase in DEVDase activity, mammalian cytochrome c had no 

effect (Figure 3.9a).  The intrinsic caspase activity in S. mediterranea extract 

was inhibited by qVD-OPh but not by a cocktail of other protease inhibitors 

(Figure 3.9b), indicating that cleavage of the substrate was due to caspase 

activity and not the result of non-specific proteolysis.   

Analysis of planaria cytosolic extracts by immunoblot showed that, in 

contrast to cytosolic extract prepared from Dugesia, cytochrome c was present 
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in the extracts prepared from S. mediterranea, indicating mitochondrial 

disruption during the preparation (Figure 3.9c).  Based on the observations that 

cytochrome c induces robust caspase activity in Dugesia, it is likely that the 

high levels of caspase activity observed in the S. mediterranea extract is 

induced by the release of cytochrome c from the disrupted mitochondria, 

however, there is no direct evidence to support this hypothesis in S. 

mediterranea. 
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Figure 3.9  S. mediterranea cytosolic extract exhibits significant levels of 
caspase activity.  a, Extract was pre-incubated in the presence or absence of 
10 µM mammalian (horse heart) cytochrome c, 1 mM dATP or both, Ac-DEVD-
afc was added and cleavage was measured.  b, Rate of cleavage of Ac-DEVD-
afc by extract pre-incubated in the absence or presence of a protease inhibitor 
cocktail (10 µM E64, 10 µM DCI, 1 µM MG132, 10 µM Leupeptin, 1 mM acid 
EDTA, 50 µM PMSF and 1 mM orthophenanthroline) and then in the absence 
or presence of 10 µM mammalian (horse heart) cytochrome c, 1 mM dATP 
and/or 10 µM qVD-OPh.  c,  100 µg of Dugesia (lane 1) or S. mediterranea 
(lanes 2-4 and 6-10) cytosolic extract and 10 µg of S. mediterranea cytosolic 
extract (lane 5) were examined for cytochrome c by immunoblot. Data is 
representative of at least three independent experiments. 
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3.6  Role of cytochrome c in the activation of Ecdysozoan caspases  

Given the controversy over the role for cytochrome c in the activation of 

caspases in Drosophila apoptosis, and the surprising results demonstrating a 

role for cytochrome c in the activation of caspases in echinoderms and 

platyhelminthes, the same reagents were used to attempt to activate caspases 

in extract from the two model ecdysozoans, C. elegans and Drosophila. 

 

3.6.1  Cytochrome c does not activate caspases in C. elegans 

cytosolic extract 

To explore a potential role for cytochrome c in the activation of CED-3, 

High Speed Supernatant (HSS) made from wild type adults with visible embryos 

(a gift from Dr. Karen Oegema) was used.  HSS was pre-incubated with dATP, 

with or without mammalian cytochrome c and Ac-DEVD-afc cleavage was 

measured.  No cleavage activity was observed (Figure 3.10a), although it has 

been demonstrated that CED-3 cleaves this substrate (Taylor et al., 2007).  

Attempts to induce caspase activation using insect and yeast cytochromes c 

were also unsuccessful (Figure 3.10b).  These results are consistent with 

current understanding about the mechanism of activation of CED-3, which does 

not involve cytochrome c. 
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Figure 3.10  Cytochrome c does not activate caspase activity in C. elegans 
High Speed Supernatant (HSS).  a,  Rate of cleavage of Ac-DEVD-afc by C. 
elegans HSS or Xenopus egg extract pre-incubated in the absence or presence 
of 1 mM dATP and/or 10 or 100 µM mammalian (horse heart) cytochrome c.  b,  
Rate of cleavage of Ac-DEVD-afc by C. elegans HSS or Dugesia extract, pre-
incubated in the absence or presence of 1 mM dATP and 100 µM mammalian 
(horse heart), M, insect (M. sexta), I, or yeast (S. cerevisiae), Y, cytochrome c.  
Data is representative of at least three independent experiments. 
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3.6.2 Cytochrome c does not activate caspases in Drosophila S2 

cytosolic extract 

To explore a potential role for cytochrome c in the activation of 

Drosophila caspases, cytosolic extract prepared from Drosophila S2 cells was 

used.  Extract was pre-incubated with dATP, with or without mammalian 

cytochrome c and Ac-DEVD-afc cleavage was measured.  No cleavage activity 

was observed (Figure 3.11a).  Attempts to induce caspase activation using 

insect and yeast cytochromes c were also unsuccessful (Figure 3.11b).  These 

results are consistent with the published results of others, demonstrating that 

cytochrome c does not play a role in the activation of Drosophila caspases in 

apoptosis (Dorstyn et al., 2002; Zimmermann et al., 2002, Dorstyn, 2004 #25). 
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Figure 3.11  Cytochrome c does not activate caspase activity in Drosophila 
S2 cell cytosolic extract.  a,  Rate of cleavage of Ac-DEVD-afc by Drosophila 
S2 or Xenopus egg extract pre-incubated in the absence or presence of 1 mM 
dATP and/or 10 or 100 µM mammalian (horse heart) cytochrome c.  b,  Rate of 
cleavage of Ac-DEVD-afc by Drosophila S2 or Dugesia extract, pre-incubated in 
the absence or presence of 1 mM dATP and 100 µM mammalian (horse heart), 
M, insect (M. sexta), I, or yeast (S. cerevisiae), Y, cytochrome c.  Data is 
representative of at least three independent experiments. 
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3.7 Cytochrome c activation of caspase activity in Cnidaria 

To determine whether cytochrome c activation of caspases arose prior to 

the divergence of the Bilateria (deuterstomes, ecdysozoans and 

lophotrochozoans), representatives of the phylum Cnidaria were analyzed.  

Current theory holds that the Cnidaria split from the main animal lineage prior to 

the emergence of the Bilateria, and Cnidaria are considered to be the basal 

animal phylum (Halanych, 2004).  The role of cytochrome c in the activation of 

caspases was examined in representatives of three of the four classes of 

Cnidaria, the Anthozoa (sea anemones and corals), the Hydrozoa (Hydra) and 

the Scyphozoa (jellyfish). 

 

3.7.1 Anemones (Anthozoa) 

Cytosolic extracts were prepared from a number of different anemones, 

including those of genus Aiptasia and Anthopleura as described in Chapter 2.  

Of the seventeen different extracts prepared, cytochrome c induced DEVDase 

activity in one sample (Figure 3.12a), there was no detectable activity in six of 

the samples, and ten samples showed various levels of DEVDase activity that 

were not affected by the addition of cytochrome c or dATP. 

Cytosolic extract was also prepared from eggs from the starlet sea 

anemone, Nematostella vectensis.  Addition of cytochrome c and dATP induced 

an increase in DEVDase activity in this sample (Figure 3.12b).   However, due 
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to the difficulty in obtaining sufficient quantities of eggs for the preparation of 

cytosolic extract, this experiment was not repeated. 

 

3.7.2 Mushroom Coral (Anthozoa) 

The mushroom coral Fungia scutaria is a solitary stony coral that spawns 

externally.  Fungia eggs (eight samples) and four day old Fungia larvae (four 

samples) were collected during seasonal spawns over a three year period.  

Cytosolic extract was prepared from freshly spawned eggs or from the larvae as 

described in Chapter 2.  Addition of cytochrome c to extract prepared from three 

of the four larvae samples, induced an increase in DEVDase activity (Figure 

3.12c).  Addition of cytochrome c to extract from the fourth larvae sample had 

no effect on substrate cleavage.  Addition of cytochrome c to extract from the 

any of the Fungia egg samples had no effect on DEVDase activity, while 

addition of dATP induced a small but significant increase in DEVDase activity in 

extract from one egg sample (data not shown). 

 

3.7.3 Hydra (Hydrozoa) 

Hydra vulgaris are small freshwater cnidarians (Class Hydrozoa) with a 

simple body plan that lacks functionalized tissues or organs.  Cytosolic extracts 

were prepared from intact Hydra animals (eleven different preparations) and 

from dissociated Hydra cells (one preparation).  Cytochrome c induced caspase 

activity in one of the whole animal cytosolic extracts after an overnight 



129 

 

incubation (in contrast to the standard thirty minute incubation that was used for 

all other experiments in this study) (Figure 3.12d).  Efforts to optimize this 

activation were unsuccessful.  Of the remaining eleven extracts, three had no 

detectable DEVDase activity, while eight of the extracts had intrinsic DEVDase 

activity that was unaffected by the addition of cytochrome c or dATP (data not 

shown). 

   

3.7.4 Purple Striped Jelly (Scyphozoa) 

The purple striped jelly (Chrysaora colorata) is found seasonally off the 

coast of California.  The jelly reproduces both asexually and sexually and eggs 

can be harvested for in vitro fertilization.  Cytosolic extract was prepared from 

eggs collected from two purple striped jellies.  The extract had no detectable 

caspase activity and the addition of cytochrome c or dATP had no effect (data 

not shown). 
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Figure 3.12 Cytochrome c activates caspase activity in Cnidaria cytosolic 
extract.  a, Cytosolic extract prepared from Aipatsia sp was pre-incubated in 
the presence or absence of 10 µM mammalian (horse heart) cytochrome c, Ac-
DEVD-afc was added and cleavage was measured.  b, Rate of cleavage of Ac-
DEVD-afc by Nematostella egg extract pre-incubated in the absence or 
presence of 1 mM dATP and/or 10 µM mammalian (horse heart) cytochrome c.  
c,  Rate of cleavage of Ac-DEVD-afc by cytosolic extract prepared from three 
different samples (dark grey, light grey, white bars) of four day old Fungia 
larvae, pre-incubated in the absence or presence of 10 µM mammalian (horse 
heart) cytochrome c.  d, Rate of cleavage of Ac-DEVD-afc by Hydra extract pre-
incubated in the absence or presence of 10 µM mammalian (horse heart) 
cytochrome c. 
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3.8  Conclusions 

This study demonstrates for the first time that cytochrome c can activate 

caspase activity in non-vertebrate phyla, including echinoderms and 

platyhelminthes.  In addition, while not conclusive, the data described here also 

strongly suggest that cytochrome c can activate caspase activity in Cnidaria.   

The current paradigm regarding the conservation of apoptosis 

throughout the animals holds that a simple mechanism regulating the apoptotic 

program arose in the simple invertebrates and expanded in complexity with the 

increasing complexity of organisms, leading to the tightly controlled, highly 

specific network of apoptotic pathways in the vertebrates.  This study suggests 

that the apoptotic program evolved in a more complicated, non-linear manner 

that involved conservation of at least one critical regulatory mechanism in most 

animals and loss of the mechanism in others.  These results lead to the 

conclusion that cytochrome c activation of caspases is an ancient mechanism 

that arose prior to the divergence of the deuterostomes, ecdysozoans and 

lophotrochozoans approximately six hundred million years ago, and further 

suggests that it was lost in the ecdysozoan lineage. 

This data provides some insight into a possible biochemical pathway 

leading to the morphological features of apoptosis observed in echinoderms, 

platyhelminthes, various Cnidaria and other animals.  Additional experiments in 

each of these systems will be required to determine whether cytochrome c is 

released during apoptosis and if so, whether it activates caspases, in vivo. 
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4.  THE MITOCHONDRIAL PATHWAY OF APOPTOSIS 

 IN FRESHWATER PLANARIA 
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4.1  Introduction 

The molecular mechanisms regulating apoptosis have been well studied 

in vertebrates, C. elegans and Drosophila, however, the mechanisms regulating 

apoptosis in other organisms remain largely unexplored.  The study reported in 

Chapter 3, describing the activation of caspases by cytochrome c in non-

vertebrate animals, provides the first biochemical data to support the hypothesis 

that the mitochondrial pathway of apoptosis is an ancient mechanism and 

regulates apoptosis in non-vertebrate animals. 

To provide further support for this hypothesis, apoptosis in the freshwater 

planaria, a member of phylum Platyhelminthes, was analyzed.  The planaria 

was chosen due to its basal position within the lophotrochozoan clade 

(Halanych, 2004), the ease with which the animals can be maintained under 

laboratory conditions, and the availability of a clonal strain of the species 

Schmidtea mediterranea, for which a genome sequencing project is underway 

and RNA interference (RNAi) methods have been developed.  

Prior to this study, little was known about apoptosis in planaria, although 

cell death has been described in a variety of settings.  The remarkable powers 

of regeneration of planaria have been studied for more than a century and it has 

been proposed that cell death accompanies both the morphallaxis and 

epigenesis that occur during the regenerative process (Dubois, 1949).  It has 

also been observed that planaria under starvation conditions de-grow through 

the loss of cells (Baguna, 1981).   Lastly, planaria cell populations that die in 
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response to γ-radiation have been observed (Reddien et al., 2005b).  These 

radiation sensitive cells have been identified as neoblasts, the only mitotically 

active cells in the organism.  Pathways regulating planaria cell death are 

unknown. 

Several studies have used terminal deoxynucleotidyl transferase (TdT)-

mediated dUTP nick end labelling (TUNEL) for the detection of DNA 

fragmentation, as an indicator of apoptotic death in planaria.  The published 

studies (Hwang et al., 2004) and (Gonzalez-Estevez et al., 2007) are wholly 

unconvincing due to a lack of appropriate control experiments.  However, the 

TUNEL method has been used reproducibly by others (J. Pelletieri and A. 

Sanchez Alvarado, personal communication, unpublished data) to establish that 

S. mediterranea cell death during degrowth, or death induced by γ-radiation is 

marked by DNA fragmentation.  Additionally, knockdown of an S. mediterranea 

Bcl-2 homolog by RNAi results in a substantial increase in TUNEL positive cells 

(J. Pelletieri and A. Sanchez Alvarado, personal communication, unpublished 

data). 

For this study, isolated planaria cells or intact animals were subjected to 

treatments known to induce apoptosis in vertebrate cells, and features of the 

mitochondrial pathway of apoptosis were analyzed, including cytochrome c 

localization, mitochondrial membrane potential, caspase activity, and 

phosphatidylserine localization.  As described in this chapter, cellular stress, 

induced by either γ-radiation or heat shock leads to cytochrome c release to the 
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cytosol and to caspase activation in planaria.  Gamma radiation and loss of 

stem cell function through the knockdown of critical genes both induce loss of 

mitochondrial membrane potential and phosphatidylserine externalization to the 

outer leaflet of the plasma membrane in planaria cells.   

Isolated planaria mitochondria were analyzed to determine whether 

cytochrome c release in planaria can be regulated by Bcl-2 proteins.  This study 

demonstrates that human BID, a BH3 only protein, can induce cytochrome c 

release from planaria mitochondria, that the release can be blocked by human 

Bcl-xL, and that the supernatant from BID-treated mitochondria can induce 

caspase activation in planaria extract.  

The data described in this chapter, along with the data describing the 

activation of caspases by cytochrome c in planaria extract in Chapter 3, 

provides strong evidence to support the hypothesis that cell death in planaria 

proceds via the mitochondrial pathway of apoptosis. 

  

4.2  Assays to detect apoptosis in planaria 

The mitochondrial pathway of apoptosis in vertebrate cells proceeds 

through defined steps that occur in an invariant order.  In response to cellular 

stress, cytochrome c release via MOMP induces caspase activation and is 

followed by loss of mitochondrial membrane potential, phosphatidylserine (PS) 

externalization and finally, loss of plasma membrane integrity (Goldstein et al., 

2000).  To analyze these features of apoptosis in planaria, animals and/or 
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suspensions of dissociated cells were subjected to γ-radiation, heat stress 

and/or ablation of stem cell function.  Cytosolic extracts were prepared from 

treated and untreated animals and analyzed for caspase activity and 

cytochrome c content.  Dissociated cells were analyzed by flow cytometry for 

PS externalization, plasma membrane integrity and mitochondrial membrane 

potential (ΔΨm) as described below. 

 

4.2.1  Flow cytometric analysis of dissociated planaria cells 

Dissociated planaria neuronal cells have been sorted and characterized 

by fluorescence activated cell sorting (FACS) (Asami et al., 2002) and planaria 

stem cells, or neoblasts, have also been isolated by FACS based on their 

sensitivity to radiation (Hayashi et al., 2006).  The sensitivity of neoblasts to 

radiation has been analyzed using three dyes, including (1) Hoechst to label 

DNA, (2) Calcein AM, a fluorescent dye used as a marker of cell viability and (3) 

propidium iodide (PI), a marker of plasma membrane integrity (Reddien et al., 

2005b).   

To measure PS externalization and loss of ΔΨm in planaria (S. 

mediterranea) neoblasts, a four color assay for the FacsCanto flow cytometer 

was developed and a cell fraction enriched in neoblasts was analyzed using (1) 

Draq5, a DNA labeling dye for the identification of nucleated cells, (2) 

tetramethylrhodamine (TMRE), a dye that specifically localizes to the 
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mitochondria and measures membrane potential, (3) recombinant Annexin V-

FITC, which binds to PS, and (4) PI to measure plasma membrane integrity. 

The cell suspension resulting from dissociation of the animals prepared 

as described in Chapter 2, was enriched in neoblasts, but also contained large 

amounts of debris.  Various attempts were made to optimize the cell 

dissociation protocol with limited success, and so threshold parameters were 

set on the cytometer to minimize inclusion of cellular debris in the analysis.  

Additionally, gates were used to ensure that analysis of apoptotic features was 

limited to single cells. 

  Draq5 was used to identify nucleated cells and gates were established 

to limit further analysis to Draq5 positive objects (Figure 4.1a and b).  Single 

cells were identified in the Draq5 positive population using side scatter analysis 

(Figure 4.1c).  Analysis of Annexin V-FITC and PI staining of Draq5 positive, 

single cells was used to measure PS externalization and plasma membrane 

integrity (Figure 4.1d).  Cells that are positive for Annexin V and negative for PI 

(Figure 4.1d - lower right quadrant) are considered apoptotic. 

In addition to PS externalization without loss of plasma membrane 

integrity, loss of mitochondrial membrane potential (ΔΨm) is also associated 

with apoptosis.  ΔΨm was measured by assessing TMRE staining in cells in the 

PI negative population (Figure 4.1e and f). 
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Figure 4.1  Four color analysis of planaria cells by flow cytometry. S. 
mediterranea cells were stained with 5 µl recombinant human Annexin V-FITC, 
40 nM TMRE, 10 µg/ml propidium iodide and 5 µM Draq5.  a, Forward scatter 
versus side scatter dot plot of cell fraction enriched in neoblasts.  b,  Histogram 
representing Draq5 positive (gate) and negative populations.  c,  Side scatter-
area versus side scatter-width dot plot of Draq5 positive population.  Gate 
represents single cells.  d, Plot of Annexin V-FITC versus propidium iodide in 
the Draq5 positive, single cell population.  e.  Dot plot of the propidium iodide 
negative population.  f. Histogram of TMRE staining in the propidium negative 
population. 
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Approximately 30% of cells in all samples, including control samples, 

were positive for both Annexin V-FITC, indicating PS externalization, and 

propidium iodide, indicating loss of plasma membrane integrity.  It is likely that 

the plasma membrane was disrupted during the dissociation process.  All 

control samples also contained a percentage ranging from 10% to 30% of 

Annexin V positive cells that were negative for PI.  The most likely explanation 

for these apoptotic cells in the uninduced control samples is that the 

dissociation of cells from tissues and loss of adherence induced an apoptotic 

program, however this hypothesis remains to be tested. 

 

4.3 Planaria cell death is apoptotic 

 Planaria cells or intact animals were treated with γ-radiation or heat 

stress or were subjected to gene knockdown leading to loss of stem cell 

function, and cytochrome c release, caspase activation, loss of ΔΨm, and PS 

externalization were observed, indicating that planaria cells die through the 

mitochondrial pathway of apoptosis. 

 

4.3.1  Gamma radiation induces apoptosis in planaria 

Gamma radiation induces loss of mitotically active neoblasts in 

suspensions of dissociated cells and planaria that have been treated with γ-

radiation begin to show defects after approximately seven days that include 

tissue regression forward of the photoreceptors, inability to regenerate, curling 
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around the ventral surface and eventually, lysis (Reddien et al., 2005b).  In 

addition, irradiated animals show a significant increase in TUNEL positive cells 

twenty four hours following irradiation and then again when the tissue 

regression and curling phenotype is observed (J. Pelletieri, personal 

communication, unpublished data).  

To determine whether the cell death observed in planaria in response to 

γ-radiation is apoptotic, a single cell suspension enriched in neoblasts (S. 

mediterranea) was prepared and incubated with or without the broad spectrum 

caspase inhibitor qVD-OPh.  Cells were treated with up to 100 gray of γ-

radiation and apoptosis was assessed twenty four hours later by the binding of 

Annexin V to externalized PS prior to loss of plasma membrane integrity, as 

assessed by uptake of PI.  An increase in Annexin V+/PI- cells was observed 

following irradiation (Figure 4.2a) which was effectively blocked by pre-

incubation with qVD-OPh (Figure 4.2b).  A reduction in ΔΨm was also observed 

in irradiated cells (Figure 4.2c and d). 
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Figure 4.2   γ-radiation induces phosphatidylserine externalization and 
loss of mitochondrial membrane potential (ΔΨm).  a. A cell fraction enriched 
in planaria neoblasts was subjected to 50 gray (gy)  γ-radiation (γ-rad).  Twenty 
four hours later, cells were stained with Draq 5, AnnexinV-FITC and propidium 
iodide and analyzed by flow cytometry.  Representative dot plots are shown for 
the Draq5+ population.  b, As in a, except that cells were incubated in the 
presence or absence of 10 µM qVD-OPh, 1 hr prior to and 24 hrs after γ-
radiation. Each data point represents two to three independent experiments.  c 
and d, Cell fraction enriched in planaria neoblasts was subjected or not to γ-
radiation as indicated. Twenty four hours later cells were stained with Draq5, 
AnnexinV-FITC, propidium iodide and TMRE.  Untreated cells were then treated 
or not with 50 µM CCCP (a mitochondrial uncoupling agent). Cells were 
analyzed by flow cytometry and TMRE was measured in the Draq5+, PI- cells.  
c, Representative histogram.  d, Each data point represents two to three 
independent experiments.  Error bars represent standard deviation (SD). 
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Cytosolic extracts prepared from planaria (Dugesia) twenty four hours 

following irradiation cleaved the synthetic caspase substrate Ac-DEVD-afc and 

the cleavage was blocked by qVD-OPh, but not by a cocktail of other protease 

inhibitors (10 µM E64, 10 µM DCI, 1 µM MG132, 10 µM Leupeptin, 1 mM 

EDTA, 50 µM PMSF and 1 mM orthophenanthroline) (Figure 4.3a).  In addition 

cytosolic extracts from irradiated animals cleaved wild type iCAD, a caspase 

substrate, to the same fragments cleaved by active recombinant human 

caspase 3.  While some cleavage was also observed in the untreated extract 

(18%), cleavage was increased in the irradiated extract (34%), was blocked by 

qVD-OPh and was not observed with a caspase uncleavable mutant (Figure 

4.3b). 

To assess the release of cytochrome c, as an indication of MOMP during 

apoptosis, cytosolic extracts were examined by immunoblot and it was 

observed that irradiation effectively induced release of cytochrome c into the 

cytosolic fraction (Figure 4.3c). 
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Figure 4.3  γ−radiation induces caspase activation and cytochrome c 
release in planaria.  Planaria (Dugesia) were subjected, or not, to 100 gy of 
γ−radiation and cytosolic extract was prepared twenty four hours later. a,  Rate 
of cleavage of Ac-DEVD-afc by cytosolic extract from untreated or irradiated 
planaria,  pre-incubated in the presence or absence of a broad protease 
inhibitor cocktail (see text) and then incubated with or without DMSO (vehicle) 
or 10 µM qVD-OPh.  Error bars represent SD.   b, 35S-labeled wild type iCAD or 
mutant iCAD (D117E/D224E) (m-iCAD) was incubated with extract from 
untreated or irradiated planaria pre-incubated with a protease inhibitor cocktail, 
in the presence or absence of 10 µM qVD-OPh (left panel) or with active human 
recombinant caspase 3 (rCasp3) (right panel).  Samples were resolved by SDS-
PAGE, analyzed by autoradiography and percent cleavage was determined by 
densitometry analysis. c, Cytosolic extracts from untreated and irradiated 
planaria were examined for cytochrome c (cyt c) and actin content by western 
immunoblot. 
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4.3.2  Heat stress induces apoptosis in planaria 

To test a potential physiological inducer of apoptosis in planaria, Dugesia 

were incubated for up to six hours at 37°C.  At six hours, approximately 5% of 

the planaria had lysed and attempts to make cytosolic extract from the 

remaining animals were unsuccessful.  Cytosolic extract was prepared from 

animals that had been heated for up to four hours, cleavage of the synthetic 

caspase substrate Ac-DEVD-afc was measured and an increase in DEVDase 

activity was observed (Figure 4.4a).  The DEVDase activity in the cytosolic 

extract from the animals stressed for four hours (four-hour extract) was inhibited 

by the caspase inhibitor, qVD-OPh, but not by a cocktail of other protease 

inhibitors (see section 4.3.1) (Figure 4.4b). 

Four-hour extract cleaved wild type iCAD to the same fragments cleaved 

by active recombinant human caspase 3.  The cleavage was blocked by qVD-

OPh and was not observed with the caspase uncleavable mutant (Figure 4.4c). 

Analysis of cytosolic extract from heat stressed animals by immunoblot shows 

that cytochrome c is released into the cytosolic fraction indicating that cells had 

undergone MOMP (Figure 4.4d). 
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Figure 4.4  Heat Stress induces caspase activation and cytochrome c 
release in planaria.   Planaria (Dugesia) were subjected, or not, to heat stress 
at 37°C for up to four hours and cytosolic extract was prepared immediately.  a,  
Rate of cleavage of Ac-DEVD-afc by cytosolic extract from planaria subjected to 
heat stress for the time period indicated.  b, Rate of cleavage of Ac-DEVD-afc 
by cytosolic extract from untreated or heat stressed (four hours) planaria pre-
incubated in the presence or absence of a broad protease inhibitor cocktail (see 
text) and then incubated with or without DMSO (vehicle) or 10 µM qVD-OPh.  
Error bars in a and b represent SD.   c, 35S-labeled wild type iCAD or mutant 
iCAD (D117E/D224E) (m-iCAD) was incubated with extract from untreated or 
heat stressed (four hours) planaria, pre-incubated with a protease inhibitor 
cocktail, in the presence or absence of 10 µM qVD-OPh (left panel) or with 
active human recombinant caspase 3 (rCasp3) (right panel).  Samples were 
resolved by SDS-PAGE and analyzed by autoradiography.  d, Cytosolic 
extracts from untreated and heat stressed planaria were examined for 
cytochrome c (cyt c) and actin content by western immunoblot. 
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To test for PS externalization and loss of ΔΨm following heat stress, S. 

mediterranea were incubated at 37°C for up to two hours.  After two hours, 

approximately 50% of the animals had lysed and isolation of cells from the 

remaining animals was unsuccessful.  Cells were isolated from S. mediterranea 

following incubation at 37°C for thirty, sixty or ninety minutes and stained with 

Draq5, TMRE, Annexin V-FITC and PI.  No increase in the number Annexin 

V+/PI- cells was observed, although there was a slight increase in cells that had 

lost plasma membrane integrity (PI+) after sixty minutes (data not shown).  No 

change in ΔΨm was observed.  Cells were also isolated from S. mediterranea 

following incubation at 30°C for up to six hours and stained with Draq5, TMRE, 

Annexin V-FITC and PI.  No change in the number of Annexin V+/PI- cells or in 

ΔΨm was observed (data not shown). 

 

4.3.3  Loss of stem cell function induces apoptosis in planaria 

The PIWI proteins are key components of the gene silencing machinery 

and have been studied in yeast, C. elegans, Drosophila and mammals.  They 

mediate gene silencing through a number of mechanisms including mRNA 

cleavage, translation inhibition, and mRNA decay (Peters and Meister, 2007).  

Smedwi-2, a planaria homolog of the PIWI proteins, is expressed in neoblasts 

and RNAi targeting smedwi-2 results in a phenotype similar to that of irradiated 
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animals, including head regression, inability to regenerate, ventral curling and 

eventual lysis (Reddien et al., 2005b).  

To determine whether the cell death related to loss of neoblast function 

is apoptotic, S. mediterranea were fed bacteria expressing dsRNA 

corresponding to smedwi-2 or to unc-22 (a C. elegans gene used as a control) 

twice, four days apart as described (Reddien et al., 2005a).  Seven days after 

RNAi feeding, 10% of the smedwi-2 RNAi animals displayed the head 

regression phenotype, eight days after feeding 95% of the smedwi-2 animals 

displayed the head regression phenotype, and nine days after feeding 

approximately 20% of the smedwi-2 animals had lysed.  These phenotypes 

were not observed in any of the unc-22 RNAi animals. 

Cells were isolated from animals on days seven, eight and nine following 

RNAi feeding, stained with Draq5, Annexin V and PI and analyzed by flow 

cytometry.  In cells dissociated from smedwi-2 RNAi animals, an increase in 

Annexin V+/PI- cells was observed on the eighth day eighth following RNAi 

feeding and a further increase was observed on day nine, indicating that the 

cells were dying via apoptosis.  In cells dissociated from unc-22 RNAi animals, 

there was no increase in Annexin V+/PI- cells observed between days seven 

and eight, although there was some increase between days eight and nine post 

RNAi  (Figure 4.5).  This result demonstrates an association between loss of S. 

mediterranea stem cell function and apoptosis in other cell types. 



149 

 

 

 

 

 

 

 

Figure 4.5  Loss of stem cell function induces phosphatidylserine 
externalization in planaria cells.   Planaria (S. mediterranea) were fed 
bacteria expressing unc-22 (control) or smedwi-2 dsRNA, cells were 
dissociated on the days indicated, stained with Draq 5, AnnexinV-FITC and 
propidium iodide and analyzed by flow cytometry. 
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4.4  Mitochondrial outer membrane  permeabilization in planaria  

During vertebrate apoptosis mitochondrial outer membrane 

permeabilization (MOMP) is the point of no return, as it allows for the release of 

numerous proteins, including cytochrome c, from the intermembrane space into 

the cytosol.  If MOMP proceeds, the cell is destined to die, generally through 

caspase activation, or if caspases are inhibited, by caspase independent cell 

death (Chipuk et al., 2006). 

In vertebrates, MOMP is regulated by interactions among the Bcl-2 

family proteins including the proapoptotic BH3-only and multidomain proteins 

and the anti-apoptotic Bcl-2 proteins.  In response to an apoptotic signal, 

activated BH3-only proteins, including BID and BIM, activate the multidomain 

proteins, BAX and BAK to oligomerize and insert into the outer mitochondrial 

membrane (Kuwana et al., 2002).  The antiapoptotic Bcl-2 family proteins, 

including Bcl-2 and Bcl-xL, inhibit BAX/BAK activation by binding to and 

sequestering BID or BIM and are themselves inhibited by de-repressor BH3-

only proteins (Chipuk et al., 2006). 

 

4.4.1  Planaria MOMP can be regulated by Bcl-2 proteins 

Having established that apoptotic stimuli induce cytochrome c release to 

the cytosol in planaria, regulation of such release by Bcl-2 family proteins was 

examined using a fraction enriched in Dugesia mitochondria.  The activated 
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form of human BID (tBID) effectively triggers MOMP and cytochrome c release 

in human mitochondria (Luo et al., 1998) and so the effect of tBID on planaria 

mitochondria was tested.  Addition of tBID to Dugesia mitochondria induced 

cytochrome c release (Figure 4.6a), which was not observed using tBID with an 

inactivating mutation (G94E) in the BH3 domain (Luo et al., 1998) (Figure 4.6b) 

even when used at a tenfold higher concentration (Figure 4.6c).  The tBID- 

induced release of cytochrome c was inhibited by the addition of recombinant 

human Bcl-xL, an antiapoptotic protein (Figure 4.6e).  

These findings suggest that a planaria homolog of BAK and/or BAX is 

associated with the mitochondria and can interact with human tBID to 

permeabilize the mitochondrial outer membrane.  This is in contrast to the 

action of tBID on Drosophila mitochondria, which has no effect on 

permeabilization unless the mitochondria are supplemented with recombinant 

human BAX (G. McStay, personal communication, unpublished data). 
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Figure 4.6  Active human Bid induces cytochrome c release from planaria 
mitochondria.    a,  Enriched planaria (Dugesia) mitochondria were incubated 
with or without 50 nM recombinant human tBid for up to thirty minutes at room 
temperature.  Pellets and supernatants were separated by centrifugation and 
examined for cytochrome c by immunoblot.  b,  As in a, mitochondria were 
incubated with or without 5-50 nM tBid or 5-50 nM tBid G94E (m-tBid) for thirty 
minutes.  c,  As in a, mitochondria were incubated with or without 5-500 nM tBid 
G94E (m-tBid) or 5-50 nM tBid for thirty minutes.  d, Blue gel stain of 
recombinant human tBid and  m-tBid.  e, As in a, except that mitochondria were 
pre-incubated for fifteen minutes in the presence or absence of 500 nM 
recombinant human Bcl-xLΔC and then incubated with or without 50 nM 
recombinant human tBid for thirty minutes. Pellet and supernatant in e are from 
different experiments.  Experiments are each representative of at least three 
independent experiments. 
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4.4.2  Planaria mitochondrial factors induce caspase activation 

To determine whether factors released from Dugesia mitochondria could 

induce caspase activation mitochondria were disrupted with water.  The 

supernatant induced caspase activation in both Xenopus egg extract (Figure 

4.7a) and Dugesia extract, which was inhibited by the caspase inhibitor qVD-

Oph (Figure 4.7b).  Additionally, while recombinant human tBID had no effect 

on caspase activation, supernatant from mitochondria treated with tBID 

effectively induced caspase activation in Dugesia cytosolic extract, which was 

inhibited by qVD-OPh (Figure 4.7c). 

This data suggests that Dugesia cytochrome c released from the 

mitochondria via tBID-induced MOMP can activate Dugesia caspases.  Several 

attempts were made to immunodeplete cytochrome c from the supernatants of 

water disrupted and tBID treated mitochondria, however these experiments 

could not be completed due to lack of appropriate control antibodies. 
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Figure 4.7  Planaria mitochondrial factors induce caspase activity in 
planaria cytosolic extract.  a, Rate of cleavage of Ac-DEVD-afc by Xenopus 
egg cytosolic extract pre-incubated or not with buffer (B) or supernatant from 
enriched Dugesia mitochondria disrupted with water.  b, Rate of cleavage of Ac-
DEVD-afc by Dugesia cytosolic extract pre-incubated or not with buffer (B) or 
supernatant from enriched planaria (Dugesia) mitochondria disrupted with water 
(M-sup) in the absence or presence of 10 µM qVD-OPh.  c, Rate of Ac-DEVD-
afc cleavage by Dugesia extract pre-incubated with (1) mitochondrial isolation 
buffer (B), (2) 50 nM tBID, or (3) in the absence or presence of 10 µM qVD-
OPh, supernatant from planaria (Dugesia) mitochondria treated with either 
Hepes buffer (H-sup) or 50 nM tBid (B-sup) for thirty minutes.  Experiments are 
representative of at least three independent experiments.  Error bars represent 
SD. 
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The genome of the planaria S. mediterranea is currently being 

sequenced and a database has recently been made available (Robb et al., 

2007).  Comparison of the S. mediterranea cytochrome c with cytochromes c 

from humans, sea urchins (S. purpuratus), Drosophila, C. elegans and yeast (S. 

cerevisiae) shows that it is highly conserved (Figure 4.8).  Interestingly, the 

lysine residue that has been shown to be critical for the role of human 

cytochrome c in inducing apoptosome formation (K72) (Kluck et al., 2000), is 

conserved in S. purpuratus, Drosophila, C. elegans, and S. cerevisiae but is 

replaced with an arginine residue in S. mediterranea.  However, horse 

cytochrome c with this substitution (K72R) has been shown to effectively trigger 

caspase activation in Xenopus egg extract (Abdullaev et al., 2002) and it is 

expected that the S. mediterranea cytochrome c will also induce caspase 

activation. 
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Figure 4.8  Alignment of multiple cytochromes c.  Alignment of cytochromes 
c from human (H. sapien) AAP36314; sea urchin (S. purpuratus) XM_775754; 
Drosophila (D. melanogaster) NP_477176 (CD-4), NP_477164 (CD-3); 
C.elegans NP_500629 (2.1), NP_506156 (2.2); planaria (S. mediterannea), 
unpublished; and yeast (S. cerevisiae) NP_012582 (cyc-1), NP_010875 (cyc-7).  
Asterisk indicates lysine 72 residue in human cytochrome c. 



157 

 

 

4.5  Conclusion 

 The data presented in this study demonstrates for the first time, cellular 

and biochemical features of the mitochondrial pathway of apoptosis in a 

nonvertebrate, the lophotrochozoan planaria.  In response to γ-radiation, heat 

stress and loss of stem cell function, cytochrome c release, caspase activation, 

loss of mitochondrial membrane potential, and PS externalization without the 

loss of plasma membrane integrity, were all observed.  In addition, this study 

demonstrates that MOMP the point of no return in vertebrate apoptosis, can be 

regulated by Bcl-2 proteins in planaria. 

This data, along with the data presented in Chapter 3, provides strong 

evidence that the mitochondrial pathway of apoptosis, characterized by MOMP-

mediated release of cytochrome c and consequent activation of caspases 

through an APAF-1 like mechanism, is an ancient pathway.  From the 

standpoint of evolution, it is most likely that the mitochondrial pathway of 

apoptosis arose once, prior to the emergence of the deuterostomes, and that all 

or portions of the pathway have been lost in some lineages. 
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5.  CONCLUSIONS 
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5.1  Apoptosis in the Animals 

The morphological features of apoptosis have been reported in all major 

animal phyla, including sponges (Wiens et al., 2004), cnidaria (Bosch and 

David, 1984), platyhelminthes (Dubois, 1949), mollusks (Foster and McFall-

Ngai, 1998), annelids (Tsubokawa and Wedeen, 1999), arthropods (Abrams et 

al., 1993), nematodes (Sulston and Horvitz, 1977), echinoderms (Voronina and 

Wessel, 2001), cephalochordates (Bayascas et al., 2002), urochordates 

(Chambon et al., 2002) and chordates (Vaux and Korsmeyer, 1999).  

Additionally, genome analysis has demonstrated that many of the key apoptotic 

molecules, including caspases, APAF-1-like proteins and Bcl-2 family proteins, 

have been conserved throughout the animal kingdom (discussed below). 

While the apoptotic machinery is well conserved, the mechanisms 

regulating apoptosis varies considerably among the three major model 

organisms (Figure 5.1).  The C. elegans caspase CED-3, is activated by the 

APAF-1 homolog, CED-4, which, under non-apoptotic conditions, is held 

inactive by CED-9, a Bcl-2 homolog.  In response to developmental cues, 

transcription and translation of EGL-1 is induced and the pro-apoptotic EGL-1, a 

BH3-only protein, binds CED-9 releasing CED-4 (Conradt and Horvitz, 1998).  

Once released from CED-9, CED-4 spontaneously forms a tetramer without a 

requirement for cytochrome c or any other molecule (Yan et al., 2005).  The 

CED-4 tetramer recruits CED-3 through CARD-CARD interactions, leading to 

the activation of CED-3 (Seshagiri and Miller, 1997) and apoptosis.  These four 



161 

 

proteins, CED-3, CED-4, CED-9 and EGL-1 execute virtually all apoptosis 

during C. elegans development.  

In mammals, apoptotic caspase activation is induced through either 

extrinsic or intrinsic death signals that induce the formation of an activation 

platform.  In the extrinsic pathway, extracellular ligands bind plasma membrane 

bound receptors, which trimerize and recruit adaptor proteins through 

interactions of Death Domains (DD) on the cytoplasmic portion of the receptors 

and on the adaptor proteins, to form a signaling platform known as the DISC.  

Caspase 8 is recruited to the DISC through interactions of the N-terminal Death 

Effector Domains (DED) with the DEDs on the adaptor proteins.  Caspase 8 is 

activated at the DISC by dimerization and cleaves and activates the executioner 

caspases, 3 and 7 (Green and Evan, 2002).   

In the intrinsic or mitochondrial pathway of apoptosis, cellular stress or 

developmental cues lead to mitochondrial outer membrane permeabilization 

(MOMP) and the release of cytochrome c and other proteins from the 

intermembrane space.  Cytochrome c binds to Apaf-1 and induces its 

oligomerization into a heptamer, which recruits the initiator caspase 9 through 

CARD-CARD interactions, leading to the formation of the apoptosome.  

Caspase 9 is activated at the apoptosome by dimerization and cleaves and 

activates the executioner caspases, 3 and 7 (Green and Evan, 2002).   MOMP 

is regulated by the pro-apoptotic multidomain proteins, BAX and BAK and the 
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complex interaction of the pro-apoptotic BH3-only proteins and the anti-

apoptotic Bcl-2 proteins (Chipuk et al., 2006). 

The biochemical mechanisms leading to caspase activation in 

Drosophila apoptosis are less well understood.  ARK, an APAF-1 homolog is 

required for the activation of the initiator caspase DRONC, which cleaves and 

activates the executioner caspase DRICE (Rodriguez et al., 1999).  It is 

presumed, although it has not been demonstrated, that ARK and DRONC 

interact via CARD-CARD interactions.  The mechanism of ARK activation is 

unknown and it has been demonstrated that cytochrome c is not involved 

(Zimmermann et al., 2002).  In addition, DRONC activation requires the 

inhibition of IAPs, proteins that bind and inhibit both DRONC and DRICE, via 

Reaper, Hid and/or Grim (Hay and Guo, 2006).  Two Bcl-2 homologs have been 

identified in Drosophila, DeBcl, a proapoptotic protein (Colussi et al., 2000), and 

Buffy, an anti-apoptotic protein (Quinn et al., 2003), however the functions of 

these proteins remain unknown. 
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Figure 5.1  Schematic diagram of the core apoptotic pathways. C. elegans 
(top), Drosophila (middle) and human (bottom).  
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It has been widely suggested that apoptosis has been conserved from 

worm to man. The theory is based upon data establishing caspases as the key 

executioners of the apoptotic program and the presence of homologs of the 

apoptotic machinery in C. elegans, Drosophila and mammals.  While this theory 

is attractive, upon closer inspection it becomes clear that while much of the 

apoptotic machinery is conserved, and the end result of apoptosis, cell death 

without associated inflammation, is the same in all cases, the mechanisms that 

regulate apoptosis in C. elegans, Drosophila and mammals are very different.  It 

is these differences that led to the current study, with a view to determining 

whether the mechanisms regulating caspase activation in vertebrates are 

conserved in the animal kingdom.  The hypothesis tested in this study is that 

the mitochondrial pathway of apoptosis is an ancient mechanism that is 

conserved throughout the animals, but has been lost in some lineages. 

The data in this study demonstrate for the first time, that cytochrome c 

can activate caspases in non-vertebrate animals.  Cytochrome c activates 

caspases in extracts from echinoderms, platyhelminthes and cnidaria but not in 

extract from Drosophila S2 cells or C. elegans.  In addition, this study 

demonstrates that in platyhelminth (planaria) cells undergoing apoptosis, 

cytochrome c is released from the mitochondrial intermembrane space to the 

cytosol and that mitochondrial supernatants (presumably cytochrome c) can 

activate caspases.  Lastly, this study shows that cytochrome c release from 

planaria mitochondria can be regulated by Bcl-2 family proteins.  These data 



165 

 

provides strong evidence of the existence of the mitochondrial pathway 

throughout the metazoans and the first evidence that at least one mechanism of 

caspase regulation is in fact conserved. 

 

5.2   Analysis of Invertebrate Genomes Supports an Ancient Mitochondrial 

Pathway of Apoptosis 

It has been assumed that the mechanisms of apoptosis evolved from the 

simple C. elegans model, with a single caspase, an activation platform and a 

single pro- and single anti-apoptotic regulator, to a more complex system in 

Drosophila, which has seven caspases, an activation platform, two Bcl-2 family 

proteins and a system of IAPs and IAP inhibitors.  The mitochondrial pathway of 

apoptosis has long been considered to be vertebrate-specific and along with the 

extrinsic pathway, to be the most highly evolved mechansim of regulation of 

apoptosis, including seven caspases, two different activation platforms (DISC 

and apoptotome) and a highly complex regulatory network of Bcl-2 proteins. 

This theory of the evolution of apoptotic pathways is attractive and fits 

with the increasing complexity of animals from nematodes to vertebrates.  

However, analysis of the apoptotic proteins encoded in the genomes of a 

variety of animals lends further support to the hypothesis that the mitochondrial 

pathway did not arise with the vertebrates, but is common to the metazoans 

except where it has been secondarily lost in the ecdysozoans, including C. 

elegans and likely Drosophila.  As discussed in the following sections, the 
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molecular machinery necessary for the execution of MOMP and apoptosome 

formation can be found in at least three invertebrate phyla: echinoderms 

(Strongulocentrotus purpuratus), an invertebrate deuterostome, platyhelminths 

(Schmidtea mediterranea), a lophotrochozoan, and cnidaria (Nematostella 

vectensis), a basal phylum of the multicellular animals. 

 

5.2.1  MOMP and Bcl-2 proteins 

Mitochondrial outer membrane permeablization (MOMP) is the point of 

no return during vertebrate apoptosis.  MOMP is regulated by the Bcl-2 family of 

proteins including the anti-apoptotic Bcl-2 proteins, characterized by four Bcl 

homology (BH) domains (BH1 - BH4), the pro-apoptotic multidomain proteins, 

characterized by BH1, BH2 and BH3 domains, and the proapoptotic BH3-only 

proteins.  In response to apoptotic signals, certain BH3-only proteins repress 

the anti-apoptotic Bcl-2 proteins and others activate the pro-apoptotic 

multidomain proteins BAX and BAK, leading to the oligomerization of BAX and 

BAK, the induction of MOMP and the release of intermembrane space proteins, 

including cytochrome c, into the cytosol (Chipuk et al., 2006).  

The genome of Schmidtea mediterranea contains both pro- and anti-

apoptotic Bcl-2 genes, including a homolog of BAK, containing BH1, BH2 and 

BH3 domains, and a homolog of Bcl-2, containing BH1-BH4 domains.  Loss of 

S. mediterranea Bcl-2 results in a significant increase in TUNEL-positive cells, 

and the development of tissue lesions followed by tissue regression and 
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eventual lysis of the animal, suggesting that this protein is anti-apoptotic and 

required for survival of the animal (J. Pellettieri, unpublished data).  In a yeast 

model of apoptosis (Sato et al., 1994), S. mediterranea Bcl-2 protects yeast 

from human BAX-induced killing (P. Fitzgerald, unpublished data) suggesting 

that S. mediterranea Bcl-2 can interact with human BAX and allowing one to 

speculate that S. mediterranea BAK or BAX may be regulated by S. 

mediterranea Bcl-2.  The identification of the S. mediterranea proteins that 

regulate MOMP and cytochrome c release during apoptosis will complement 

the biochemical data described in this study demonstrating that during 

apoptosis induced by radiation or heat stress, planaria cells undergo MOMP 

and release cytochrome c into the cytosol, where it activates caspases.  

The S. purpuratus (purple sea urchin) genome contains a single homolog 

each of the pro-apoptotic Bcl-2 proteins, BAX and BAK (Robertson et al., 2006).  

The S. purpuratus BAX and BAK, like mammalian BAX and BAK, each contain 

an N-terminal BH3 domain, as well as a C-terminal transmembrane domain 

suggesting that they could function in the same manner as the mammalian 

proteins.  In addition, the S. purpuratus genome encodes an anti-apoptotic Bcl-

2-like molecule with conserved BH1-BH4 domains (Robertson et al., 2006).  

Homologs of BAX/BAK proteins, containing BH1, BH2 and BH3 domains have 

also been identified in the genome of the cnidaria, Nematostella vectensis 

(Robertson et al., 2006, Zmasek, 2007 #619). 
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Currently, there is no evidence for MOMP in apoptosis in either the sea 

urchin or Nematostella.  However the identification of genes encoding Bcl-2 

proteins in both genomes, along with biological evidence of MOMP in 

platyhelminthes from this study, and identification of Bcl-2 family proteins in the 

S. mediterranea genome, supports the hypothesis that MOMP is a key 

component of apoptosis throughout the metazoans. 

 

5.2.2  APAF-1 and Apoptosome Formation 

Apoptosome formation in vertebrates is triggered by the binding of 

cytochrome c to the WD repeat domain of APAF-1, leading to a conformational 

change in Apaf-1, hydrolysis of the dATP bound to the nucleotide binding 

domain (NBD) and nucleotide exchange leading to the release of the 

autoinhibitory WD repeats and oligomerization of APAF-1 into a heptamer. The 

hepatmeric structure, once in the open conformation, recruits caspase 9 

through CARD-CARD interactions (Riedl and Salvesen, 2007).   

The genomes of N. vectensis (cnidaria), S. mediterranea 

(platyhelminthes), and S. purpuratus (echinoderm) each encode an APAF-1 

homolog, containing a N-terminal CARD domain, a central nucleotide binding 

domain, and a C-terminal WD repeat domain with significant homology to 

human APAF-1.  The CARD domains of each of these proteins show significant 

homology throughout the regions predicted to form the six α-helices 
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characteristic of this domain fold (Figure 5.2).  It should be noted that the 

Nematostella Apaf-1 homolog contains two N-terminal CARDS. 
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Figure 5.2  Alignment of APAF-1 CARD domains. CARD domains of APAF-1 
homologs from human (H. sapien) NP_863851; sea urchin (S. purpuratus) 
GLEAN3_25776; Drosophila ARK (D. melanogaster) NP_725637, C. elegans 
CED-4 NP_001021202, planaria (S. mediterranea), unpublished, and 
Nematostella (N. vectensis), StellaBase scaffold_12_anemone.1141781-
114266.  Red boxes indicate the α-helices in the CARD of human APAF-1.  
Dark shading indicates identical residues; light shading indicates similar 
residues. 
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Each of the NBD domains of the APAF-1 homologs (S. purpuratus, S. 

mediterranea and N. vectensis) contains a region that is nearly identical to the 

Walker Box-A region of human APAF-1 and N. vectensis and S. mediterranea 

also contain a region homologous to the Walker Box-B region of human APAF-

1 (Figure 5.3).   The Walker Box motif is responsible for ATP/dATP binding 

(Walker et al., 1982) and its presence in the NBDs indicates that these proteins 

may function as ATPases.  The WD repeats, the binding site for cytochrome c 

in human APAF-1, also appear to be conserved in the S. purpuratus, S. 

mediterranea and N. vectensis genomes, with the N. vectensis gene containing 

surprisingly significant homology to the WD region of human APAF-1 (Figure 

5.4).  The studies described here provide biochemical evidence of cytochrome 

c-induced apoptosome formation in extract from sea urchin eggs, planaria and 

Nematostella eggs.  The sequences of the APAF-1 homologs and specifically 

the presence of WD repeats are consistent with cytochrome c-induced 

apoptosome formation and thus support the biochemical data.  
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Figure 5.3  Alignment of APAF-1 NBD domains. Nucleotide binding domains 
of APAF-1 homologs from human (H. sapien) NP_863851; sea urchin (S. 
purpuratus) GLEAN3_25776; Drosophila ARK (D. melanogaster) NP_725637, 
C. elegans CED-4 NP_001021202, planaria (S. mediterranea), unpublished, 
and Nematostella (N. vectensis), StellaBase scaffold_12_anemone.1141781-
114266.   Walker-A and Walker-B boxes of human APAF-1 are indicated. Dark 
shading indicates identical residues; light shading indicates similar residues. 
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Figure 5.4  Alignment of APAF-1 WD domains. WD domains of APAF-1 
homologs from human (H. sapien) NP_863851; sea urchin (S. purpuratus) 
GLEAN3_25776; Drosophila ARK (D. melanogaster) NP_725637, planaria (S. 
mediterranea), unpublished, and Nematostella (N. vectensis), StellaBase 
scaffold_12_anemone.1141781-114266.   Asterisks indicate conserved 
tryptophan residues or tryptophan residues that are followed by an aspartic acid 
residue.  Dark shading indicates identical residues; light shading indicates 
similar residues. 



174 

 

In addition to the APAF-1 homologs, the S. purpuratus and S. 

mediterranea genomes, also encode a CARD-containing caspase with 

homology to human caspases 9 and 2.  Both of the predicted protein 

sequences contain a conserved active site cytsteine residue, and aspartic acid 

residues at or near the sites cleaved in human caspase 9 (Figure 5.5).  

Interestingly, the sequences between the CARD and large subunit, and 

between the large and small subunits, do not appear to be conserved in these 

proteins.  It is not currently known whether the caspases described here are 

those recruited to a cytochrome c-induced apoptosome and future experiments 

will be required to determine the role of each of the specific caspases 

expressed in these organisms.  
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Figure 5.5  Alignment of Caspases. Initiator caspase homologs from human 
(H. Sapien) Caspase 9, AAC50640 and Caspase 2 AA58959; sea urchin (S. 
purpuratus) GLEAN3_00882; DRONC (D. melanogaster) NP_524017. CED-3 
(C. elegans) NP_502538, and planaria (S. mediterranea), unpublished   
Asterisks indicate aspartic acid residues cleaved in caspase 9.  Dark shading 
indicates identical residues, light shading indicates similar residues. 
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 The presence of APAF-1 homologs in the S. purpuratus (sea urchin), S. 

mediterranea and Nematostella genomes, and a CARD-containing caspase in 

both the S. purpuratus and S. Mediterranea genomes supports the biochemical 

data presented in this study demonstrating that cytochrome c induces caspase 

activation in these organisms.  As the sequencing of the genomes of additional 

organisms are completed and APAF-1 homologs are identified, it will be 

important to exercise caution in making predictions regarding the mechanism of 

action of the proteins based solely on sequence.  Biochemical analysis, cloning 

and characterization of the genes and in vivo experiments, will provide crucial 

information about the contributions of these proteins to apoptosis in these 

organisms. 

 

5.2.3  Gene loss in the Ecdysozoa 

A popular assumption in animal biology has long been that evolution of 

complex vertebrate characteristics was enabled by new sets of genes.  In large 

part, this assumption was based on comparisons of mammals with the model 

ecdysozoans, Drosophila and C. elegans.  However, as data from genome 

sequencing projects of other animals became publicly available, it became clear 

that many genes previously thought to be vertebrate-specific are shared by 

other bilateral animals as well as cnidaria and have been lost in the model 

ecdysozoans.  
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It has been observed that Syk protein tyrosine kinases, essential 

components of immunoreceptor signaling in mammalian lymphocytes, are 

absent from the genome of C. elegans and thus were thought to be of recent 

evolutionary origin.  However identification of homologs of a Syk gene in the 

cnidaria Hydra vulgaris, demonstrated the ancient origin of this gene and 

subsequent loss in C. elegans (Steele et al., 1999).   Similarly, vertebrates have 

a complement of twelve Wnt genes, which encode signaling molecules that 

control cell fate in animal development and disease, while Drosophila and C. 

elegans have only six Wnt genes.  A recent analysis of the genome of 

Nematostella vectensis, a cnidarian, revealed a complement of at least eleven 

Wnt genes demonstrating that this complex gene family evolved prior to the 

split between the cnidaria and bilateral animals (Kusserow et al., 2005).  

A limited EST (expressed sequence tags) analysis of the coral, Acropora 

millepora, a cnidaria, is particularly instructive on the subject of gene loss in the 

ecdysozoans.  In this analysis by Kortschak et al, Acropora ESTs were 

compared to the GenPept database (November 7, 2002) and the study found 

that 11% of the Acropora ESTs had a human homolog, but no Drosophila or C. 

elegans homolog and that only 1% of the ESTs had homologs in only 

Drosophila or C. elegans (but not human) genes.  The presence of genes in the 

Acropora genome that are absent in the genomes of the nematode and fly 

reflects gene loss in the organism(s) that gave rise to these animals (Kortschak 

et al., 2003). 
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Can gene loss explain the absence of the mitochondrial pathway of 

apoptosis in the model invertebrates?  The C. elegans genome encodes two 

Bcl-2 family homologs, CED-9 and EGL-1.  CED-9 is an anti-apoptotic protein 

that carries four BH domains and is homologous to Bcl-2.  CED-9 binds directly 

to CED-4, the APAF-1 homolog, to inhibit its oligomerization and hence CED-3 

activation.  This function of CED-9 differs from that of Bcl-2, which binds to and 

inhibits BH3-only proteins to prevent MOMP.  Bcl-2 does not bind APAF-1 or 

CED-4 (Jabbour et al., 2006).  EGL-1, a pro-apoptotic BH3-only protein binds to 

CED-9, thereby releasing CED-9 from CED-4.  This binding of EGL-1 to CED-9 

is reminiscent of the binding of the de-repressor BH3-only proteins (eg BAD, 

BIK) to the anti-apoptotic proteins (Bcl-2, Bcl-xL), releasing the inhibitory effect 

on the direct activator BH3 proteins BID and BIM (Chipuk et al., 2006).  Neither 

CED-9 nor EGL-1 have been observed to induce MOMP in C. elegans or in 

heterologous systems (Delivani et al., 2006) and thus, one possible explanation 

for the absence of the mitochondrial pathway in C. elegans is the lack of a 

BAX/BAK-like protein that is required for MOMP and cytochrome c release in 

vertebrates. 

CED-4, the APAF-1 homolog lacks the WD repeat domain that is 

responsible for the binding of cytochrome c to human APAF-1 leading to 

oligomerization of the protein and apoptosome formation.  This truncated CED-

4 appears to be another example of gene loss that could explain the absence of 

the mitochondrial pathway of apoptosis in C. elegans.  
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The Drosophila genome encodes two Bcl-2 family proteins. While Debcl 

is pro-apoptotic, contains BH1, BH2 and BH3 domains and is structurally similar 

to BAX (Colussi et al., 2000), (Zhang et al., 2000), there is no evidence that 

Debcl acts to permeabiilze mitochondrial membranes and there is no evidence 

of MOMP in Drosophila apoptosis.  Buffy, an antiapoptotic Bcl-2 protein also 

contains BH1, BH2, and BH3 domains, but appears to lack the BH4 domain 

characteristic of the vertebrate anti-apoptotic Bcl-2 proteins.  While Buffy can 

interact with Debcl in an overexpression system to inhibit Debcl induced 

apoptosis, the functions of these proteins in vivo remain unknown (Quinn et al., 

2003).  One can speculate that as in C. elegans, the absence of a BAX/BAK-

like molecule accounts for the apparent lack of a functional mitochondrial 

pathway of apoptosis in Drosophila.  

The Drosophila APAF-1 homolog, ARK, contains a CARD, NBD and WD 

repeats (Figures 5.2, 5.3, 5.4 respectively), however it has been demonstrated 

that cytochrome c does not activate ARK (Zimmermann et al., 2002, Yu, 2006 

#134), although Drosophila cytochrome c can induce caspase activation in 

vertebrate extract (Dorstyn et al., 2004).  Thus gene loss does not provide an 

adequate explanation for the inability of cytochrome c to activate ARK 

apoptosome formation.  In the absence of proteins necessary to regulate 

MOMP and cytochrome c release from the mitochondrial intermembrane space 

to the cytosol during apoptosis, it appears that Drosophila has evolved different 
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mechanisms of caspase regulation, including a robust IAP system and other 

mechanisms regulating apoptosome formation that remain to be elucidated. 

 

5.3  Origins of the Mitochondrial Pathway of Apoptosis 

This study demonstrates that the mitochondrial pathway is an ancient 

mechanism of regulating cell death in the metazoans and did not, as previously 

suggested, arise with the vertebrates. The results are consistent with several 

theories that speculate about the role of the mitochondria as both cellular 

powerhouse and executioner.  Mitochondria are thought to have originated 

through symbiosis.  According to the endosymbiont theory, eukaryotic cells 

began as anaerobic organisms and later entered into an endosymbiotic 

relationship with the ancestors of extant purple bacteria.  The bacteria provided 

an oxidative phosphorylation system that the anaerobes could use in the 

emerging oxygen atmosphere. Through a series of gene transfers to the host 

nucleus, the symbiosis became obligate and the aerobic “bacteria” evolved into 

mitochondria (Frade and Michaelidis, 1997, Green, 1998).  Several theories 

have been suggested to explain the role of this “symbiont” in the suicide of its 

host.  Considered here are theories related to host-symbiont conflict and the 

structural similarity of the Bcl-2 family proteins to bacterial toxins. 
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5.3.1  Host-symbiont conflict 

One theory proposed by Blackstone and Green (Blackstone and Green, 

1999) is based upon the advantages that the symbiont conferred on host cells: 

increased and efficient ATP synthesis and a defense against mutations caused 

by reactive species (ROS).  Under metabolically active conditions, such as 

rapid cell division, the symbiont provided a ready supply of ATP for the host cell 

and also minimized ROS levels in the cellular environment.  The host cell would 

be well supplied with an energy source and could grow and divide providing a 

suitable habitat for the symbiont, in which it could replicate.  Under 

metabolically inactive conditions, the rate of oxidative phosphorylation would 

drop and ROS production would increase, making the habitat less suitable for 

symbiont replication.  Higher levels of ROS would lead to genetic mutations in 

the host, and likely genetic recombination.  These circumstances could result in 

new host cells that would potentially provide a more suitable environment for 

symbiont replication (Blackstone and Green, 1999). 

Removing cytochrome c blocks the electron transport chain, eventually 

leading to high levels of ROS.  Thus in circumstances in which conditions within 

the host cell did not favor the symbiont, the symbiont, by releasing cytochrome 

c, could manipulate the host to promote genetic recombination and a more 

favorable environment.  It is proposed that cytochrome c release from 

mitochondria in response to apoptotic stimuli could have evolved from this 
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struggle for survival between the proto-mitochondria and its host cell 

(Blackstone and Green, 1999). 

If there is truth to the host-symbiont conflict hypothesis, then evidence of 

such conflict should be present in all organisms that descended from the 

ancestral eukaryote.  The results of the studies described here, demonstrating a 

role for the mitochondria and cytochrome c in apoptosis throughout the 

metazoa, provide such evidence.  Examination of the role of mitochondria in cell 

death in plants, fungi and unicellular organisms, both eukaryotic and 

prokaryotic, will be required to further validate this hypothesis.  

 

5.3.2  Bcl-2 molecules resemble bacterial toxins 

  The endosymbiont theory also provides a possible explanation for the 

observation that the structures of several Bcl-2 proteins, including Bcl-2, Bcl-xL, 

BAX and BID are remarkably similar to bacterial toxins, including colicins and 

diptheria toxin.  This similarity has led to the suggestion that the Bcl-2 proteins 

might have evolved from the symbiont bacteria that was the precursor to 

mitochondria. 

Colicins.  Colicins, toxins secreted by bacteria to kill competing strains of 

bacteria, contain three domains: a receptor binding domain, a translocation 

domain and a toxic domain.  The secreted toxin is bound by a co-opted receptor 

on the outer membrane of the target bacteria, generally a porin, translocated 

through the pore, and then forms a pore in the cytoplasmic membrane leading 
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to the rapid depolarization of the membrane and cell death.  A single pore in the 

cytoplamsic membrane formed by colicin is sufficient to induce death of the 

target cell (Stroud et al., 1998).  

The Bcl-2 family members are structurally similar to the toxic domains of 

colicins suggesting that they may function to form pores leading to MOMP 

(Muchmore et al., 1996).  While the pro-apoptotic multidomain protein BAX can 

form pores in the outer mitochondrial membrane (Kuwana et al., 2002), the 

specific mechanism of action in vivo has yet to be elucidated.  BID functions to 

directly activate BAX, although the mechanism is unknown and while there is 

some evidence to suggest that activated Bid can function as a pore forming 

protein (Schendel et al., 1999), its action on outer mitochondrial membranes 

requires the presence of BAX or BAK (Kuwana et al., 2002). There is also 

evidence to suggest that Bcl-2 or Bcl-xL can form pores in vitro (Schendel et al., 

1998), however pore formation would appear to be at odds with the function of 

these anti-apoptotic molecules, which is to inhibit MOMP and the pore forming 

activity of Bcl-2, Bcl-xL and BID are not involved in cytochrome c release 

(Lazebnik, 2001).  Nevertheless, the similarity between the pore-forming 

functions of the colicin toxin domain and Bcl-2 proteins, suggests that MOMP 

may have evolved from a primordial bacterial colicin present in the ancestral 

symbiont.    

The colicin-secreting bacteria also produce an immunity protein that 

binds colicin and prevents membrane translocation and pore formation, thus 
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avoiding self-destruction (Jin and Reed, 2002).  While there is no structure or 

sequence homology between the bacterial immunity protein and the Bcl-2 

family proteins, the model suggests an analogous mechanism to the inhibition 

of BH3-only proteins through the binding of the anti-apoptotic Bcl-2 proteins and 

the inhibition of the anti-apoptotic Bcl-2 proteins through the binding of the de-

repressor BH3-only proteins.  

As noted above, bacteria under stress secrete colicins that kill target 

bacteria by forming a pore in the cytoplasmic (inner membrane) of the target.  In 

response to cellular stress, BAX and/BAK permeabilize the outer mitochondrial 

membrane although no permeabilization of the inner mitochondrial membrane 

is observed during MOMP (Kluck et al., 1999).  One can speculate that the 

mitochondrial gene encoding the colicin/Bcl-2 ancestor may have been 

transferred to the host genome, thus empowering the host with the “killing 

machinery” which could now act on the symbiont mitochondria as a target.  As 

this system evolved, stress on the host induced “release” of the colicin/Bcl-2 

ancestor from the host nucleus and its target became the mitochondria.  While 

this theory is purely hypothetical, evidence of a colicin/Bcl-2 gene in a 

mitochondrial genome would provide strong evidence to support the theory. 

Diptheria Toxin.  Diptheria toxin (DT) secreted by Corynebacterium 

diptheriae provides another model from which Bcl-2 protein function may have 

arisen.   DT contains a toxin domain, a cell surface receptor binding domain and 

a translocation (T) domain.  Binding of the receptor domain to a receptor on the 
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cell surface leads to endocytosis of the complex and the translocation domain 

mediates transport of the toxin domain from the endosome to the cytosol, where 

it kills the cell by inactivating the translation machinery.  It has been suggested 

that the T domain translocates the toxin, by acting as a chaperone to maintain 

the toxin domain in an unfolded state, however, the mechanism of translocation 

and the nature of the pore remain unknown (Antignani and Youle, 2006).   

The structure of both Bcl-xL and BAX, in part resembles the structure of 

the T domain of DT (Muchmore et al., 1996).  As the nature of the mitochondrial 

outer membrane pore through which cytochrome c exits to the cytosol, remains 

unknown, it is possible that the translocation mechanism seen in DT also plays 

a role in translocating cytochrome c to the cytosol. 

 

5.4 Future Directions 

This study, demonstrating that cytochrome c can activate caspases in 

extracts from sea urchin eggs and planaria and suggesting such a role in 

several Cnidaria, provides insight into the mechanism leading to the 

morphological features of apoptosis that have been previously observed in 

these animals.  It remains to be determined whether (1) cytochrome c from 

these organisms can activate caspases, (2) whether cytochrome c is released 

from the mitochondrial intermembrane space during apoptosis in these 

organisms and if so, (3) whether it activates caspases in vivo.   
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To determine whether cytochrome c from these organisms can activate 

caspases, two alternative approaches can be taken.  First, cytochrome c from 

each of these organisms can either be purified from cellular or mitochondrial 

fractions, or cloned and expressed in a suitable expression system, noting that 

apoptosome formation requires holo-cytochrome c (Martin et al., 2004).  Use of 

this cytochrome c to activate caspases in cytosolic extract will clarify the role of 

cytochrome c from each organism.  Mutants of the S. mediterranea cytochrome 

c at the position homologous to lysine 72 in the human cytochrome c, which in 

the wild type is an arginine residue, will also be informative.  It is predicted that 

a mutant carrying a lysine residue at that position will efficiently induce caspase 

activity while an alanine mutant will not (Abdullaev et al., 2002). 

Second, mitochondrial extracts can be immunodepleted of cytochrome c 

and this extract can be used in experiments similar to those described in Figure 

4.7, to test for caspase activation.  An inability of the cytochrome c-depleted 

extract to induce DEVDase activity will demonstrate the role of the endogenous 

cytochrome c to activate caspases.  

This study demonstrated that in planaria, both irradiation and heat stress 

induced release of cytochrome c to the cytosolic fraction.  Similar experiments 

in sea urchin eggs and in a cnidarian system using these or other inducers of 

apoptosis should be undertaken to determine whether cytochrome c is released 

under apoptotic conditions in these organisms.  Additionally, to determine 

whether MOMP proceeds in these organisms as in the vertebrate, release of 
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other mitochondrial intermembrane space proteins should also be examined.  

Additionally, it will be important to analyze cytochrome c release in intact cells, 

in planaria, sea urchins and a cnidarian, either by flow cytometry (Waterhouse 

et al., 2001) or by microscopy.  These assays will be dependent on the 

availability of antibodies that recognize the native form of cytochrome c in these 

organisms.  

To determine whether cytochrome c has a role in the activation of 

caspases in vivo in these organisms, the techniques of RNAi can be used, 

however, given the role of cytochrome c in electron transport, these 

experiments might prove impractical.  Alternatively, biochemical analysis of 

apoptosome formation through gel filtration techniques could provide clues to 

the localization and interactions of cytochrome c under healthy and apoptotic 

conditions. 

To fully understand the evolution of MOMP and its regulation by Bcl-2 

proteins in the animals, data regarding the function of Bcl-2 family proteins in 

planaria and a Cnidaria will be informative.  As has already been demonstrated 

for S. mediterranea Bcl-2 (J. Pellettieri, unpublished data), RNAi of each of 

these genes will provide information regarding the pro- or anti-apoptotic nature 

of the proteins and the conditions under which they are engaged.  Cloning of 

these genes, expression of the proteins, and use of the recombinant proteins in 

cytochrome c release assays from isolated mitochondria, either alone or in 

combination in experiments similar to those described in Figure 4.6, will provide 
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useful information about the networks of Bcl-2 proteins that may regulate 

MOMP in these systems. 

Information regarding the evolution of caspases and APAF-1 homologs 

can be obtained through the cloning and characterization of these molecules.  

Of considerable interest will be the cloning and analysis of the S. mediterranea 

caspase(s), as it was observed that the caspase(s) in S. mediterranea cytosolic 

extract cleaved the caspase substrate Ac-DEVD-afc significantly more rapidly 

than either active recombinant human caspase 3 or cytochrome c-induced 

caspases in any other extract.    

 To obtain a complete picture of the evolution of the mitochondrial 

pathway in the animals, MOMP and cytochrome c activation of caspases should 

be examined in animals representing the mollusks and annelids 

(lophotrochozoans) and sponges (porifera).  In addition, given the derived 

nature of the model organisms Drosophila and C. elegans, and the lack of any 

biochemical evidence of a role for cytochrome c in the activation of caspases in 

apoptosis in these organisms, it would be useful analyze the role of cytochrome 

c and MOMP in other ecdysozoans. 

The planarian, Schmidtea mediterranea, is receiving considerable 

attention as a model organism for the study of stem cells and regeneration. This 

organism is simple to propagate and maintain under laboratory conditions and 

could provide a useful model for the study of the mitochondrial pathway of 

apoptosis in invertebrates.   The tools for RNAi have been successfully 
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developed in this system and are being used to study stem cell function.  

Additionally, robust TUNEL assays have been developed for S. mediterranea 

(J. Pellettieri, unpublished data).  Application of these techniques, along with 

the techniques described in this study, to the analysis of cell death in response 

to apoptotic stimuli and during regeneration, tissue homeostasis and de-growth 

in S. mediterranea will provide a comprehensive tookit for the study of the 

mitochondrial pathway of apoptosis in the lower invertebrates. 
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