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Abstract

Most triggers of programmed cell death or apoptosis promote cytochrome c release from 

the mitochondria into the cytosol which initiates the activation of a panel of pro-apoptotic 

caspases. Activation of caspase-8 in this pathway is not well defined but may be important 

because it activates Bid which promotes further cytochrome c release. A range of 

experimental approaches have suggested different mechanisms for caspase-8 activation in 

this pathway. In order to identify the proteases directly responsible for caspase-8 

activation, caspase-8 cleaving activity was purified from cytochrome c activated cytosolic 

extracts. Caspase-6 was found to be the only soluble protease in cytochrome c activated 

cytosolic extracts that has significant caspase-8 cleaving activity. Furthermore, caspase-6 

was sufficient to induce Bid-dependent cytochrome c releasing activity in cell extracts. 

Inhibition of caspase-6 activity in cells significantly inhibited caspase-8 cleavage and 

apoptosis, therefore establishing caspase-6 as a major activator of caspase-8 in vivo and 

confirming that this pathway can have a critical role in promotion of apoptosis. The 

intrinsic activity of caspase-6 was found to be dependent on removal of the short 

prodomain. The requirement for two distinct cleavage steps to activate an effector caspase 

may represent an effective mechanism for restriction of spontaneous caspase activation and 

aberrant entry into apoptosis. The caspase activités which cleave the two cleavage sites of 

caspase-6 were purified from cytochrome c activated cell extracts. Caspase-3 and caspase- 

7 were found to have different specificities for the caspase-6 cleavage sites, despite having 

the same preferred peptide substrates.
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Chapter 1 Introduction

1.1. Programmed cell death

1.1.1. Programmed cell death is a physiological process

Programmed cell death or apoptosis is a physiological process by which cells are 

killed (Kerr et a l, 1972). Apoptosis has a critical role in development, tissue homeostasis 

and immune defence. During development, apoptosis is used to sculpt organs, remove auto 

reactive immune cells and remove neurons which have not made proper connections (Meier 

et al., 2000a). In the adult, a balance of cell division and apoptosis is maintained in tissue 

homeostasis (King and Cidlowski, 1998). Cells undergo apoptosis if there are too many, if 

they are growing in the wrong place or if their DNA has become damaged beyond repair. 

Immune cells trigger apoptosis in an infected cell (Krammer, 2000).

When viewed under the light and electron microscope, apoptosis is observed to be a 

dynamic process. Classical morphological features of an apoptotic cell are plasma 

membrane blebbing, cytoplasmic condensation and chromatin condensation (Wyllie et al., 

1980). Adherent cells detach from the dish and become small and spherical. Latterly in the 

process, a cell may become broken up into several vesicles or apoptotic bodies which are 

engulfed by neighbouring healthy cells. A significant feature of this process is that the 

contents of the cell are not released and therefore, the cell is killed without an inflammatory 

response.

Biochemical signalling drives the morphological changes during apoptosis. 

Characteristic biochemical features of apoptosis are the activation of proteases and 

cleavage of a subset of proteins, DNA fragmentation between nucleosomes, and exposure
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of phosphatidylserine on the external surface of the plasma membrane (Strasser et al., 

2000). Although cell type specific and trigger specific differences do occur in the initial 

stages of apoptosis, once committed to apoptosis cells undergo similar morphological and 

biochemical changes.

1.1.2. Discovery of apoptosis

Over the last 150 years the process of programmed cell death had been investigated 

independently by three major approaches (Wyllie et al., 1980). Firstly, cell death had been 

found to occur in response to disease. Treatment of cells with toxic agents was carried out 

to investigate this process in vitro. Secondly, cell death had been observed during 

development. Hormones and genetic background were found to regulate this form of cell 

death. Thirdly, kinetic studies had shown that the growth of some tissues was less than had 

been expected from the rate of proliferation of cells in that tissue. Cell death or migration 

had been suggested as reasons for this disparity. The review by Wyllie, Kerr and Currie in 

1980, began to show the relationship between these forms of cell death and the common 

features that they share (Wyllie et al., 1980). This review also began to classify features of 

apoptosis. The result was that subsequent studies all used the same terminology which 

allowed a rapid understanding of the uniform nature of the execution phase of apoptosis, 

regardless of the stimulus, cell type or organism.

Apoptosis research gained momentum when genes necessary for promotion and 

inhibition of apoptosis were found in C.elegans (Ellis and Horvitz, 1986), and homologues 

were found in mammals (Hengartner, 2000).

Apoptosis has grown into a major field of research because its disregulation 

contributes to the pathogenesis of a number of human diseases (Rudin and Thompson,
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1997). In particular, inhibition of apoptosis has a major role in cancer progression 

(Hanahan and Weinberg, 2000).

1.1.3. Clinical relevance of apoptosis

Apoptosis is essential for development, tissue homeostasis and immune defence. 

Therefore, deregulation of this process is associated with a range of developmental 

problems as well as genetic and acquired diseases (Rudin and Thompson, 1997). Examples 

of the medical problems associated with disregulation of apoptosis are described below.

Disregulation of programmed cell death in the central nervous system is observed in 

a range of neuropsychiatrie diseases (Drouet et a l, 2000; Ho et al., 2001). Neuronal 

apoptosis is fundamental to normal development with over half of neurons produced being 

removed by apoptosis. Neurodevelopmental diseases are associated with both excess and 

insufficient apoptosis and neurodegenerative disease is associated with apoptosis in adult 

neurons. The mechanism of apoptosis and specifically caspase-8 activation in 

Huntingt:)n’s disease and other polyglutamine repeat diseases is discussed in section

1.10.4.

Induction of apoptosis restricts tumour formation. The apoptotic program is

triggered to remove cells if there are too many, if they are damaged or if they are growing

in the wrong place. For tumours to form, cells must acquire the means to avoid apoptosis

(Hanahan and Weinberg, 2000). In this introduction, the protein families operating in cell

survival signalling and apoptosis are described and common mutations of these proteins

found in tumour cells are noted. Cancer cells become resistant to apoptotic triggers in a

variety of ways both by inactivation of pro-apoptotic proteins and by activation of anti-

apoptotic proteins. This is achieved by altering protein expression levels and by a range of

mutations. Since different pro-apoptotic and survival signalling pathways operate in
16



different tissues, the resistance mechanisms found in cancer cells are often cell type 

specific. Tumour cells are found to have several anti-apoptotic lesions to inhibit the 

redundant pathways operating in apoptosis signalling. Resistance to apoptosis is thought to 

be a component of resistance to chemotherapy (Kaufmann and Eamshaw, 2000).

1.1.4. Initial discoveries of the protein families involved in apoptosis

The major protein families that drive apoptosis are well conserved across the 

species. The initial discoveries of these proteins and their mode of action were made when 

Horvitz and colleagues were studying the development of the nematode Caenorhabditis 

elegans (Sulston and Horvitz, 1977). They made the intriguing discovery that during the 

development of C. elegans. out of the 1090 cells that are made, 131 cells undergo 

programmed cell death. This invariant developmental apoptosis in a model organism 

allowed screening for genes that function in this pathway (Ellis and Horvitz, 1986). Two 

genes found by these screens, ced~3 and ced-4, were found to have an essential role in the 

cell death programme. Recessive mutations in either of these genes prevented most of the 

cell deaths (Yuan and Horvitz, 1990).

CED-3 protein was found to have homology to two mammalian cysteine proteases, 

human ICE (interleukin-1 ̂ -converting enzyme), and murine NEDD-2 (Yuan et al., 1993), 

now known as caspase-1 and caspase-2, respectively (Alnemri et a l, 1996).

Overexpression of caspase-1 or CED-3 induced apoptosis in mammalian cells which was 

dependent on the cysteine protease activity (Miura et a l, 1993). This was the first evidence 

that the caspase family of cysteine proteases may function in programmed cell death. 

Fourteen mammalian caspases have now been isolated and activation of a subset of these is 

essential for rapid and morphologically complete apoptosis. The caspase family are

discussed in greater detail in sections, 1.2, 1.3 and 1.4.
17



Genetic screens in C.elegans also found a gene which negatively regulates 

programmed cell death, ced-9 (Hengartner et a l, 1992). A ced-9 gain-of function mutation 

prevented the death of cells that normally die during development and mutations that 

inactivated ced-9 caused cells to die that normally live. On this occasion the mammalian 

field was ahead and CED-9 protein was found to be a homologue, in sequence and 

function, of the mammalian proto-oncogene Bcl-2 (Hengartner et al., 1992). Bcl-2 was 

cloned as a protein over expressed in B cells in follicular lymphomas due to a common 

translocation, t(14:18) (Tsujimoto et al., 1984). In mammalian systems, Bcl-2 had been 

shown to inhibit apoptosis initiated by a range of treatments and a number of the other 

mammalian homologues had already been cloned (Hawkins and Vaux, 1994). Some of 

these were found to behave in a yi way to Bcl-2, but others were found to

actually promote apoptosis. This family is discussed in section 1.6.

When ced-4 was cloned, it had no known homologues and CED-4 protein did not 

appear to be a protease (Yuan and Horvitz, 1992). Genetically, it could be placed between 

ced-9 and ced-3 (Shaham and Horvitz, 1996), and was found to be able to bind 

simultaneously to both CED-9 and CED-3 proteins (Chinnaiyan et al., 1997b; Wu et al., 

1997). CED-4 could promote activation of CED-3 but not the enzymatic activity 

(Chinnaiyan et al., 1997a). This led to the model that CED-4 may be an adaptor protein 

which in the absence of CED-9, promotes CED-3 auto activation.

Subsequently in the mammalian system, a CED-4 homologue Apaf-1 was cloned 

and the Apaf-1-Caspase-9 complex was found to be a close homologue of the CED-4-CED- 

3 complex (Li et al., 1997c). However, any evidence that Bcl-2 family members behave 

like CED-9 and inhibit apoptosis by binding to the CED-4 homologue Apaf-1 (Hu et al., 

1998a; Pan et al., 1998), has been vehemently disputed (Moriishi et al., 1999; Newmeyer et
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al., 2000). It has been proposed that other mammalian CED-4 homologues may exist 

which can be directly inhibited by binding to Bcl-2 family members.

In D.melano2aster, the homologues of CED-3 and CED-4 are DRONC and DARK, 

respectively (Dorstyn et al., 1999; Rodriguez et al., 1999). Although expression of Bcl-2 in 

the developing drosophila eye or in drosphila cells inhibits apoptosis, no anti-apoptotic Bcl- 

2 family member has yet been found (Vemooy et al., 2000). Two pro-apoptotic Bcl-2 

homologues have been found known as drob-1 /dBorg- 1/debcl/dbok and buffy/dBorg-2. 

These proteins may have anti-apoptotic function under certain conditions (Brachmann et 

a l, 2000).

C.eleeans D.melanoeaster H.saniens

Inhibitor CED-9 Bcl-2 like? Bcl-2

Adaptor CED-4 DARK Apaf-1

Initiator caspase CED-3 DRONC Caspase-9

Table 1.1 Members of the conserved caspase activation complex

The Apaf-l-caspase-9 complex is now known to initiate one of the major apoptotic 

pathways in the mammalian system by, directly or indirectly, activating most known pro- 

apoptotic caspases. The Apaf-l-caspase-9 complex is activated by release of proteins from 

the mitochondria. This pathway is discussed in greater detail in section 1.8.
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1.2. Caspases have a major role in apoptosis

1.2.1. Caspase family

Activation of caspases is essential for efficient apoptosis in almost every case of 

apoptosis investigated. Caspases are defined as cysteine proteases which cleave directly C- 

terminal to aspartic acid residues (Alnemri et al., 1996).

Figure 1.1 is a diagram of the 14 mammalian caspases that have been identified, of 

which 13 are found in humans. Analysis of the sequenced human genome revealed no 

other close human homologues (Aravind et al., 2001). The caspases activated during 

apoptosis cleave a diverse set of proteins, altering their properties in such a way to promote 

the dynamic biochemical and morphological changes that kill the cell and label it for 

engulfment. Another subset of caspases do not have a major role in apoptosis (or no 

apparent role in the case of some caspases), but instead are involved in activating pro- 

inflammatory cytokines.

1.2.2. Caspase activation of cvtokines

The first caspase to be cloned was initially found to have a role in the inflammatory 

response not in apoptosis. Caspase-1 (or ICE), was identified by its ability to cleave the 

interleuken-ip precursor, producing the mature form (Cerretti et al., 1992; Thomberry et 

al., 1992). In addition to caspase-1, several other caspases appear to have a role in the 

inflammatory response, based on functional studies or sequence homology (Zeuner et al., 

1999).

The role of these “pro-inflammatory” caspases in apoptosis is contentious. The 

observation that overexpression of these caspases induces apoptosis does not confirm their
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Figure 1.1 C.elesans caspase CED-3 and the mammalian caspase family.
The caspases are divided into those that promote apoptosis and those that generally 
promote cytokine activation (although they may also be activated during apoptosis). 
DED = death effector domain. CARD = caspase activation and recruitment domain.
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role in this process, since overexpression of many proteases would induce apoptosis (Yuan 

et a l, 1993; Zhu et al., 1995). Other experiments have shown that inhibitors of caspase-1 

can inhibit apoptosis, however these inhibitors are not very specific and may be inhibiting 

true “pro-apoptotic” caspases (Garcia-Calvo et al., 1998; Hirata et al., 1998). Although 

there is probably not a broad role for “pro-inflammatory” caspases in apoptosis, there are 

some specific cases of involvement. For example, in the caspase-1 deficient mouse, there 

is an inhibition of Fas induced apoptosis in thymocytes (Kuida et al., 1995; Li et al., 1995).

In contrast, some “pro-apoptotic” caspases have been proposed to have a role in 

cytokine production. Inhibition of the “pro-apoptotic” caspase-3 has been shown to inhibit 

cytokine IL-16 production (Ludwiczek et al., 2001; Sciaky et al., 2000). However, the 

caspase-3 inhibitor peptides used in these studies may be cross-reacting with other “pro- 

inflammatory” caspases to inhibit cytokine production.

1.2.3. Caspase activation during apoptosis

Caspases were first proposed to have a role in apoptosis when CED-3, a protein 

necessary for nearly all cell deaths in C.elegans, was found to have homology to human 

caspase-1 (Yuan et al., 1993). Confirmation that caspases were required to be active during 

apoptosis came from use of the cowpox virus protein CrmA, which was known to inhibit 

caspase-1. Fas and TNFa induced apoptosis and NGF withdrawal induced apoptosis could 

be inhibited by CrmA (Gagliardini et al., 1994). With a more comprehensive knowledge of 

the caspase family, it is now knovm that CrmA inhibits apoptosis not by inhibiting just 

caspase-1 but by inhibiting the pro-apoptotic caspases such as caspase-3, -8, and -9 

(Garcia-Calvo et al., 1998).

Caspases that are activated during apoptosis fall into two functional categories. The

caspases activated first in an apoptosis pathway are called “initiator caspases” and those
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activated subsequently are known as “effector caspases”. They are activated by different 

mechanisms which are discussed in section 1.4.

The contribution of individual caspases to apoptosis is measured in a number of 

ways. Cell lines cultured from caspase-deficient mice are a clean system in which to look 

at the effect of deficiency of a particular caspase (Zheng et al., 1999). In these studies, the 

initiator caspases are found to be critical for apoptosis induced by the relevant apoptotic 

trigger. For example, a deficiency in caspase-9 inhibits the cytochrome c pathway and a 

deficiency in caspase-8 inhibits the Fas pathway, (Hakem et al., 1998; Kuida et al., 1998; 

Varfolomeev et al., 1998).

Biochemical studies have been more suitable to establish the role of the effector 

caspases, because although substrates specific for individual effector caspases have been 

found, these caspases have a degree of redundancy for substrate cleavage and for promoting 

the morphological features of apoptosis (Strasser et al., 2000). The effector caspases are 

found to be abundant and cleave a wide range of substrates during apoptosis (Eamshaw et 

al., 1999). Inhibition of cleavage of these substrates generally results in morphologically 

incomplete or delayed apoptosis.

1.2.4. Caspase-independent apoptotic pathwavs

Although caspase inhibition retards cell death initiated by most if not all apoptotic 

triggers, it rarely prevents cell death. In cells deficient for certain caspases or caspase 

adaptor proteins, even if there is no detectable caspase activity following apoptotic stimuli 

cells do eventual die (Honarpour et al., 2000; Kuida et al., 1998; Kuida et al., 1996; Li et 

al., 2000; Yoshida et al., 1998). There is no clear consensus of what to name cell death 

during which caspases are inhibited because some of the morphological features of

apoptosis are still observed in addition to some features of necrosis.
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Mitochondrial proteins have been implicated in mediating caspase-independent cell 

death. Expression of the Bcl-2 homologues, Bak or Bax, which promote release of pro- 

apoptotic proteins from mitochondria, induce cell death with some morphological features 

of apoptosis in the absence of caspase activation (McCarthy et al., 1997; Xiang et al.,

1996). Caspase independent features of apoptosis may be mediated by the mitochondrial 

proteins apoptosis inducing factor (AIF), endonuclease G and HtrA2 (Li et al., 2001; Susin 

et al., 1999; Suzuki et al., 2001a). All of these proteins, when released into the cytosol, 

induce some of the morphological changes observed during apoptosis. Their role in 

apoptosis is discussed in greater detail in section 1.9.

Non-caspase proteases also promote apoptotic events. The different protease 

families appear to have roles in apoptosis initiated by specific triggers. For example, 

calpains promote neuronal apoptosis and granzymes promote apoptosis induced by 

cytotoxic T lymphocytes. However, no one protease family appears to have such an 

extensive role as the caspase family which is activated in response to most triggers of 

apoptosis in most tissues. Non-caspase proteases activated during apoptosis are discussed 

in section 1.5

1.3. Caspase activation

1.3.1. Procaspase structure.

All caspases are synthesised as inactive pro-enzymes, facilitating rapid cleavage and 

activation on the appropriate trigger. A diagram of the mammalian procaspases and 

proCED-3 is shown in figure 1.1. They all have a homologous protease domain consisting 

of the large domain (which becomes the large subunit or p20 in the mature enzyme) and the 

C-terminal, small domain (which becomes the small subunit or plO in the mature enzyme).
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The large domain contains the conserved active site motif, QACXG (X is R, Q, orG).

Some caspases contain a short linker between the large and small domains. The N-terminal 

prodomain varies between the members in size and sequence. The prodomain of initiator 

caspases may contain either a CARD (Caspase activation and recruitment domain), or a 

DED (Death effector domain) which are involved in homotypic interactions with adaptor 

proteins during activation. The prodomain of effector caspases are only about 30 amino 

acids long. The caspase-2 and -7 prodomains have also been found to have a role in 

caspase localisation (Colussi et al., 1998; Yaoita, 2002).

1.3.2. Active caspase structure

In general, caspases are activated by cleavage between the large and small domains 

and sometimes between the prodomain and large subunit (Cerretti et al., 1992). The mature 

active enzyme is a hetero-tetramer consisting of two large subunits and two small subunits. 

A notable exception in many ways is caspase-9. In the mature enzyme, the caspase-9 

prodomain needs to be retained for caspase activity because cleaved caspase-9 has very 

little activity without binding to Apaf-1 via a CARD-CARD interaction. (Rodriguez and 

Lazebnik, 1999). Caspase-9 is actually active when bound to Apaf-1 independently of 

cleavage between the large domain and small domain (Bratton et al., 2001; Stennicke et al., 

1999). This is the exception rather than the rule.

Removal of the linker region between the large and small domains influences the

activity or activation of some caspases. In the case of caspase-9, cleavage after the large

domain at Asp-315 but not Asp-330 retains the linker on the small subunit. As described

later, the N-terminal sequence of the linker but not the N-terminal sequence of the minimal

small subunit has the requisite sequence for binding to XIAP, a caspase inhibitor

(Srinivasula et al., 2001). The linker region of caspase-3 was found to contain a regulatory
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sequence composed of three sequential aspartate residues. Disruption of the ionic 

interactions of this sequence by acidification or other factors was found to be necessary for 

increased trans cleavage of caspase-3 and increased caspase-3 activity (Roy et al., 2001). 

Caspase-7 is the only other caspase that contains a linker sequence which may function in 

the same way. However, these residues did not show multiple ionic interactions in the 

crystal structure of caspase-7 (Chai et al., 2001b).

Initial three-dimensional structure studies showed that the arrangement of mature 

caspases in hetero-tetramers consisted of two adjacent small subunits surrounded by two 

large subunits (Shi, 2002). The tetramer has two active sites which are formed with amino 

acids from the small and large subunits. These active sites are cavities on either side of the 

tetramer which may function independently.

An exception is the apoptosome which is the high moLjcul ar weight complex of 

active caspases and Apaf-1. A recent study used cryoelectron microscopy to determine the 

structure of a recombinant apoptosome consisting of Apaf-1 and caspase-9 (Acehan et al., 

2002). The structure is complex but the basic form is described as a “seven-spoked wheel”. 

Caspases-3 and -7  are also components of the apoptosome purified from cells but their 

structure within the apoptosome has not yet been well defined.

The indications are that other caspases may be found to be active in other forms 

than as a dimer. For example, caspase-3 and possibly caspase-6 in mouse fibroblasts were 

found to be cleaved and active in high molecular weight complexes distinct from the 

apoptosome, i.e. Apaf-1 and caspase-9 were not detectable (Kilic et al., 2002). There are 

other examples of cleaved caspases being present in other high molecular weight 

complexes during apoptosis but whether these caspase complexes are active is difficult to 

measure if they cannot be isolated from the cell. For example, the Fas DISC (Death
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Inducing Signalling Complex) has never been isolated as an active complex and therefore it 

is not known whether caspase-8 is active when part of the DISC or only when released.

1.3.3. Auto cleavage of caspases

Caspases are cleaved by either auto cleavage or trans cleavage.

Auto cleavage has been observed only for caspases with long prodomains. The CARD or 

DED present in the prodomain interacts with a homologous domain in an adaptor protein. 

For example the DED in procaspase-8 interacts with the DED in F ADD and the CARD in 

procaspase-9 interacts with the CARD in Apaf-1 (Li et al., 1997c; Medema et al., 1997). 

These procaspases have been shown to have enough residual activity to allow auto cleavage 

when two or more caspases are brought into close association by binding to oligomerised 

adaptors (Muzio et al., 1998; Srinivasula et a l, 1998).

1.3.4. Caspase mediated trans cleavage of caspases

Procaspases can be cleaved by active caspases (Eamshaw et al., 1999). The first

evidence for this was that during apoptosis different caspase activities were found to be

produced sequentially in a caspase activation cascade (Greidinger et al., 1996). Three

distinct cleavage phases were distinguished using a range of peptide-based inhibitors with

different selectivities.

To initiate a caspase cascade, auto cleavage of an initiator caspase with a long

prodomain is usually required which initiates the trans cleavage of other caspases. Effector

caspases which have short prodomains have only been observed to be activated in this way

and initiator caspases can also be cleaved by trans cleavage (Engels et al., 2000; Srinivasula

et al., 1996a). One effector caspase, caspase-3, has been made to undergo auto cleavage in

vitro by incubation with a peptide with the sequence ROD (arginine, glycine, aspartate),
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which has been previously known as an integrin recognition motif (Buckley et al., 1999). 

Although this activation mechanism has not been confirmed to occur in vivo, it may have 

therapeutic value.

1.3.5. Methods used to define caspase cleavage of caspases

As more caspases have been isolated, the activation relationships between them 

have been investigated by a number of different approaches.

Peptide Inhibitors. To investigate caspase substrate specificity in general, a 

systematic approach using combinatory peptide fluorogenic substrates was employed 

(Thomberry et al., 1997). The results of this study could be used to infer the procaspase 

substrates of active caspases. This information has also been used to create caspase 

inhibitor peptides which have been used in vitro and in cells to determine the sequence of 

caspase activation following specific triggers of apoptosis (Hirata et al., 1998; Sun et al.,

1999). From this work, caspase activation cascades are now known to be branched rather 

than linear and distinct cascades are employed depending on the initial trigger.

Recombinant caspases. To look at the specificity of caspase induced caspase 

activation directly, recombinant caspases have been incubated with procaspases and 

combinations of active caspases and procaspase have been expressed in yeast (Kang et al., 

1999; Muzio et al., 1997). The benefit of these experiments, over those carried out in cells, 

is that they are clean systems because bacteria and yeast do not contain caspases and any 

caspase activity has to be supplied.

Caspase deficient cells. Cells from caspase deficient mice been invaluble in the 

study of easpase induced caspase activation; they have resolved some issues but also 

provided some intr iging observations. Cells from caspase knockout mice have shown the
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necessity of initiator caspases-8 or —9, depending on the stimulus, for effector caspase 

activation (Hakem et al., 1998; Kuida et al., 1998; Varfolomeev et al., 1998).

Observations made using caspase deficient mice highlight the gaps in our current 

knowledge about tissue specific differences in apoptotic pathways . In response to the 

same apoptotic stimulus, a deficiency in one caspase has often been found to differentially 

protect cells from different tissues. For example, in the caspase-9 knock-out mouse, MEFs 

and ES cells were resistant to UV irradiation whereas in thymocytes and splenocytes UV 

irradiation still triggered apoptosis (Hakem et al., 1998). In the caspase-3 knock-out 

mouse, MEFs were resistant to TNFa induced apoptosis but thymocytes remained sensitive 

(Woo et al., 1998). As yet, differences between the cell types which could account for these 

observations are not known.

Another intriguing observation is that although caspase deficient mice have some 

major developmental problems, most of the organs form normally, despite the significant 

role played by apoptosis in development. Redundancy and compensation may maintain the 

apoptotic response in the absence of one caspase enough to prevent developmental 

problems in most tissues. Loss of certain caspases was shown to be compensated for by 

earlier activation of other caspases (Troy et al., 2001 ; Zheng et al., 2000). In certain cases, 

the caspase which is activated in compensation for deficiency in another, was been found to 

be upregulated and caspase inhibitors downregulated.

Caspase mutants. A range of caspase mutants have been used to examine caspase 

activity and activation. Active-site mutants of caspases which act as dominant negatives 

have been used with the aim of inhibiting specific caspases (Roy et al., 2001; Srinivasula et 

al., 1996b; Thomberry et al., 1992). Other mutants used indu de those which neutralise 

certain motifs or prevent cleavage between domains. Novel RNAi technology is currently
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being used to deplete caspases in cells and this combined with expression of caspase 

mutants should be a powerful technique in the future (Paddison et al., 2002).

Biochemical studies. Investigation of caspase activation in cell extracts allows 

more manipulation of the system than is possible in cells. Caspases can been depleted from 

cell extracts revealing the dependency of caspases on others for activation (Slee et al.,

1999). Caspases have been purified from cell extracts on the basis of their ability to cleave 

other caspases. This powerful technique defined the early events in the cytochrome c 

mediated pathway (Li et al., 1997c; Liu et a l, 1996b) and has been used to isolate a novel 

caspase (Liu et al., 1996a). Both of these techniques have the limitation of only being able 

to study the activation of caspases by other caspases which are soluble at the time of cell 

extract preparation.

As may be expected from using such a range of different approaches, contradictory 

results have been gained.

1.3.6. Other proteases mediate trans cleavage of caspases.

Several other types of protease are activated during apoptosis that can cleave 

caspases including cathepsins, calpains, granzymes. They are discussed at greater length in 

section 1.5.

1.3.7. Caspase post-translational modification

Caspases have been described to be post-translationally modified in a number of

ways. Some of these modifications may be constitu tive and/or inconsequential. Other

modifications may be regulated and have an effect on caspase activity.

A number of caspases have been found to be to be phosphorlyated (Martins et al.,

1998). Activation of the kinase Akt, which protects cells from a range of apoptotic insults,
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was found to promote caspase-9 phosphorylation (Cardone et al., 1998; Marte and 

Downward, 1997). This Akt driven modification was suggested to be part of the 

mechanism of Akt mediated protection because phosphorylated caspase-9 was not active; it 

could not undergo auto cleavage or activate downstream caspases. The general 

significance of this finding was questioned when it was found that the Akt phosphorylation 

site in caspase-9 was not found in other species which could also be protected by Akt 

(Fujitae/fl/., 1999).

A number of caspases have been found to be modified by nitrosylation (Dimmeler 

et al., 1997; Li et al., 1997b). Nitric oxide is toxic to cells at high concentrations but at 

lower concentrations has a protective effect (Kim et al., 2001). A component of this 

protective effect is mediated by nitrosylation of caspases which inhibits their activity. This 

caspase modification has been found to be modulated by other signalling pathways. Fas 

and TNFa were found to induce caspase-3 activity not only by cleaving the caspase but 

also by reversing caspase-3 nitrosylation (Hoffmann et al., 2001 ; Mannick et al., 1999).

Caspases are ubiquitinated on interaction with the inhibitor of apoptosis proteins 

(lAPs). This modification inhibits caspase activity by targeting the caspase for degradation 

in the 26S proteasome (Voges et al., 1999). The lAP C-terminal ring finger acts as the E3 

ubiquitin ligase, catalysing self ubiquitination and the transfer of ubiquitin to caspases 

bound by the RING domain (Palaga and Osborne, 2002). Thus lAPs inhibit caspases not 

only by binding to them but also by promoting their ubiquitination and degradation (Huang 

et al., 2000b; Suzuki et al., 2001b; Yang et al., 2000). Proteins such as HtrA2 and Smac, 

which inhibit XIAP-caspase interactions, regulate this pathway (Du et al., 2000; Suzuki et 

al., 2001a; Verhagen et al., 2000).
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1.3.8. Caspase localisation

Caspase substrates are found in various subcellular compartments and therefore 

active caspases have to be present in these compartments at least transiently. All caspases 

are present in the cytosol and some are present in other compartments too.

In some cases, a specific caspase in a specific location is required to initiate 

apoptosis. Procaspase-8 is recruited from the cytosol to the plasma membrane when it is 

activated in complex with the Fas Receptor (Medema et al., 1997). Caspase-12 is localised 

to the ER and is activated to mediate a response to ER stress. (Nakagawa et al., 2000).

Some caspases are translocated during apoptosis. Procaspases-3 and -7 have a high 

homology and similar peptide substrate specificity. Differences between them in function 

were implied when it was found that during Fas induced apoptosis in hepatocytes, caspase- 

7 but not caspase-3 becomes localised to the mitochondrial and microsomal fractions 

(Chandler et al., 1998).

The signals which determine where caspases are localised are not well described. 

Constitutive localisation of caspase-2 in the nucleus is mediated by the prodomain (Colussi 

et al., 1998). At least in response to Fas, the nuclear caspase-2 is activated before the 

cytosolic caspase-2 (Zhivotovsky et al., 1999). Other caspases are present in the cytosol 

until induction of apoptosis when they are translocated to the nucleus in a mechanism 

mediated by caspase-9. During apoptosis, active caspase-9 inactivates nuclear transport 

and increases the diffusion limit of the nuclear pores (Faleiro and Lazebnik, 2000). 

Caspase-3 (and other proteins) can now enter or leave the nucleus by diffusion. The 

prodomain of caspase-7 inhibits nuclear localisation, once this is removed a sequence in the 

N-terminus of the large subunit promotes nuclear localisation (Yaoita, 2002).
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1.4. Caspase inhibition

1.4.1. Procaspase activation and mature caspase activity can be inhibited 

Inappropriate apoptosis causes damage to an organism. In healthy cells, apoptosis

pathways are inhibited at many levels, including direct inhibition of caspase activation and 

activity. In virally infected cells, apoptosis must be inhibited to allow time for viral 

replication. Expression of viral gene products inhibits a range of pro-apoptotic proteins 

including caspases. Caspase activity is inhibited in cancer cells by down regulation of 

caspase transcription.

Procaspase activation and mature caspase activity is regulated in the cell in a variety 

of ways, by a number of inhibitor families. Procaspase activation is inhibited by 

competition with cellular and viral homologues of caspases. Mature caspase activity is 

inhibited by binding to the viral inhibitors, CrmA, p35 and inhibitor of apoptosis proteins 

(lAP). The cellular lAP, X-linked inhibitor of apoptosis also binds directly to caspases.

The effect of post-translational modification on caspase activation and activity is reviewed 

in section 1.3.7.

1.4.2. Inhibition of procaspase cleavage bv caspase homologues

Catalytically inactive homologues of nearly all pro-apoptotic caspases have been 

isolated. These can be cellular; either splice variants of caspases (Boldin et al., 1996; 

Fernandes-Alnemri et a l, 1995a; Fernandes-Alnemri et al., 1995b; Himeji et a l, 2002;

Seol and Billiar, 1999; Srinivasula et al., 1999; Wang et al., 1994), or expressed from 

distinct genes (Goltsev et al., 1997; Hu et al., 1997b; Inohara et al., 1997; Irmler et al., 

1997; Shu et al., 1997; Srinivasula et al., 1997); or they are viral (Bertin et al., 1997;
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Thome et a l, 1997). Those that have been investigated are mostly found to inhibit caspase 

activation.

The inactive homologues of both caspase-8 and caspase-9, appears to inhibit 

caspase activation by competing with the procaspase for binding to adaptor proteins. The 

inactive splice variant Caspase-9S (or-9b) which lacks the large domain competes with 

procaspase-9 for interaction with the adaptor protein Apaf-1 (Seol and Billiar, 1999; 

Srinivasula et a l, 1999). Although overexpression of caspase-9S protects against a range 

of apoptotic triggers, expression of this splice variant has not yet been found to be 

modulated.

The inactive caspase-8 homologues, known as FLICE inhibitory proteins (FLIP), 

are viral, v-FLIP and cellular, c-FLIP. v-FLIP is homologous to the prodomain of caspase- 

8, consisting of two DEDs and was found initially in a range of y herpes viruses as a protein 

which inhibits apoptosis in the host cell (Thome et a l, 1997). Fas and TNFa induced 

apoptosis are inhibited by v-FLIP. c-FLIP exist in two major forms; c-FLIPs (c-FLIP 

short) is homologous to v-FLIP and c-F L IP l (c-FLIP-long) is homologous to full length 

caspase-8 with an inactive catalytic site (reviewed in (Thome and Tschopp, 2001).

Expression of FLIPs in cells can promote apoptosis under certain conditions. This 

result may be misleading because high FLIP expression may act in the same way as 

expression of catalytically inactive caspase-8, and promote wild type caspase-8 aggregation 

and activation (Perez and White, 1998; Siegel et a l, 1998). In support of a role for c-FLIP 

in inhibition of caspase-8 activation, c-FLIP -/- mouse embryonic fibroblasts were W  

to TNFa and Fas induced caspase-8 activation and apoptosis (Yeh et a l, 2000).

Caspase-2S, the inactive caspase-2 splice variant, inhibits apoptosis and may do so 

in part, independently of caspase-2 (Wang et a l, 1994). In the caspase-2 deficient mouse,
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which has neither caspase-2 or caspase-2S, neuronal apoptosis is accelerated (Bergeron et 

a l, 1998). This may suggest that the CASP-2 gene encodes a suppressor of apoptosis, 

presumably caspase-2S, which works independently of caspase-2. However, it cannot be 

discounted that this neuronal apoptosis phenotype is due to an indirect effect of the loss of 

full length caspase-2 expression. For example, caspase-9 expression is upregulated in 

caspase-2 deficient neurons and in tissue culture, caspase-9 can be activated in 

compensation for caspase-2 in neuronal apoptosis (Troy et al., 2001).

The effector caspases also have inactive splice variants (Fernandes-Alnemri et al., 

1995a; Fernandes-Alnemri et al., 1995b). Their mode of action is less well described; 

presumably they can compete with effector caspases for interaction with activators and 

possibly effectors.

1.4.3. Regulation of FLIPs

The inhibitors of caspase activation only have real significance in apoptosis

regulation if their expression level can be modulated. The role of v-FLIPs, together with

viral Bcl-2 and lAP homologues, is to inhibit apoptosis following viral infection, allowing

viral replication (Bertin et al., 1997; Hu et al., 1997a; Wang et al., 1997). The mechanism

of v-FLIP protection may utilise an additional process, in addition to competing

with caspase-8. Mutants of MCI 59 v-FLIP which can still bind to F ADD and caspase-8

could not inhibit apoptosis, (Garvey et al., 2002).

c-FLIPs have been found to be modulated in a number of situations. Apoptosis in

healthy cells is inhibited by “survival signals” which are signalling pathways that are active

when the cell is in the correct location and has sufficient nutrients. In response to survival

signals, NF-kB is upregulated which protects cells from apoptosis by upregulating a

number of protective factors including c-FLIP (Micheau et al., 2001). c-FLIP in turn
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recruits intermediate adaptor proteins that promote upregulation of NF-kB (Kataoka et al., 

2000).

The significance of c-FLIP in protecting against apoptosis is seen in a number of 

clinical situations. For example, c-FLIP has been implicated in protecting cardiac 

myocytes from apoptosis. Following ischemia/reperfusion injury, cardiac infarcts 

associated with caspase-3 activation were found where c-FLIP levels were low; whereas 

high c-FLIP expression was found in surrounding unaffected tissue (Rasper et al., 1998). 

There appears to be an additional role for c-FLIP along with F ADD and caspase-8 in the 

cardiac myocytes. Although in the FLIP knock-out, apoptosis is promoted and in the 

F ADD and caspase-8 knock-out apoptosis is inhibited, all three knock-out mice have a 

similar defect of impaired heart development (Varfolomeev et al., 1998; Yeh et al., 2000; 

Yeh et al., 1998).

One of the several ways that tumour cells acquire resistance to apoptosis is by 

inhibiting caspase activation. High levels of c-FLIP expression have been observed in 

tumour cell lines, e.g. in melanoma cell lines, malignant melanoma tumours and non- 

Hodgkins lymphoma cell lines (Bullani et al., 2001 ; Irisarri et al., 2000; Irmler et al., 1997; 

Thomas et al., 2002).

1.4.4. Caspase inhibition bv lAPs

Some members of the inhibitor of apoptosis protein family (lAP) family bind to and 

inhibit active caspases and promote their degradation via the 26S proteasome pathway.

Both viral lAPs and cellular lAPs act in this way. The lAP family and their mode of action 

is described in section 1.7.
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1.4.5. Caspase inhibition bv CrmA and p35

The cowpox virus protein CrniA and the baculovirus protein p35 inhibit caspases by 

acting as suicide substrates (Bump et al., 1995; Ray et al., 1992). Both inhibit a broad, 

although not complete, spectrum of caspases. They are cleaved by caspases and remain 

bound to the active site, inhibiting interaction with other substrates. Inhibition of apoptosis 

by these inhibitors provided some of the first evidence that caspases were necessary for 

apoptosis (Gagliardini et al., 1994).

1.4.6. Down regulation of caspase expression in tumour cells.

The expression of caspases has been found to be regulated . As described 

previously, caspases can be ubiquitinated by lAPs and subsequently degraded. Caspase 

expression can also be regulated at the level of transcription.

Silencing of caspases and caspase adaptor genes, by DNA méthylation or gene 

deletion, is one mechanism by which tumour cells avoid apoptosis. In neuroblastoma, loss 

of caspase-8 and caspase-10 by gene méthylation or gene deletion was observed which 

correlated with a lack of sensitivity to a range of apoptotic triggers (Eggert et al., 2001; 

Teitz et ah, 2000). In melanomas, the silencing of the caspase-9 adaptor protein, Apaf-1, 

by DNA méthylation or gene deletion correlated with lack of chemosensitivity (Soengas et 

ah, 2001). Silencing of caspase-1 is associated with renal tumours and silencing of 

caspase-5^endometrial and gastrointestinal cancers (Schwartz et ah, 1999; Ueki et ah, 2001)

The initiator caspases appear to be preferentially silenced over the effector caspases 

which may be because effector caspases have a high degree of redundancy. The silencing 

of pro-inflammatory caspases may provide an environment that promotes tumour 

progression.
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1.5. The role of non-caspase proteases in apoptosis

1.5.1. Non-caspase proteases in apoptosis signalling

Besides the caspases, several other protease families are activated or translocated 

during apoptosis. Unlike caspases, these other protease families appear to be only utilised 

under specific conditions. For proteases such as Granzyme B, initiation of apoptosis 

appears to be the primary function. Other proteases such as calpains and cathepsins, have 

important functions in healthy cells as well as during apoptosis. As with the caspases, only 

a subset of these protease families appears to be involved in apoptosis. Determining the 

role of proteases in apoptosis which have a function in healthy cells as well is difficult 

because inhibition of these proteases impedes the function of the healthy cell and can lead 

indirectly to apoptosis.

1.5.2. Granzvme B

Granzyme B is a serine protease which can initiate caspase activation and apoptosis. 

Cytotoxic T lymphocytes and Natural killer cells induce apoptosis in target cells by 

stimulating the Fas pathway and by granule exocytosis which is the transfer of the contents 

of cytoplasmic granules into the target cell (Shresta et a/., 1995). Two components of these 

granules which together induce apoptosis are perforin and the serine protease granzyme B.

Granzyme B cannot induce apoptosis without perforin which facilitates the entry 

and/or activity of granzyme B in the cell. Perforin has been reported to form a pore in the 

plasma membrane to allow entry of granzyme B, release granzyme B from vesicles in the 

cell or facilitate granzyme B transport to the nucleus (Johnson, 2000).

Granzyme B initiates apoptosis by cleaving caspases and other cellular substrates 

directly. The caspase substrates of granzyme B have not been well defined but using a
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peptide library, the optimal peptide substrate was found to be the same as for caspase-8 

(Thomberry et al., 1997).

Granzyme A is also released from cytotoxic T lymphocytes and although it is not as 

cytotoxic as granzyme A, it can promote some morphological features*apoptosis (Masson et 

al., 1986). Granzyme A does not appear to activate caspases but promotes nuclear 

condensation and DNA cleavage in a caspase-independent manner (Johnson, 2000).

1.5.3. Calpains

Calpains are cytosolic cysteine endopeptidases which are calcium activated (Saido 

et al., 1994). They have been implicated in cell proliferation, differentiation and apoptosis; 

inhibition of calpains reduces cell migration and invasion (Perrin and Huttenlocher, 2002). 

Their role in mediating apoptosis has been mainly associated with neuronal cell death and 

calpain inhibitors have neuroprotective effect in a range of models of neurological damage 

(Wang, 2000). The calpain family has a broad tissue distribution with some members being 

ubiquitously expressed and therefore there is the potential for calpains to have roles in 

apoptosis in other tissues.

A number of studies have shown cross-talk between the calpain and caspase 

families; members of both families have been demonstrated to activate each other (Wang,

2000). The other substrates of calpains are diverse with a large group being cytoskeletal or 

membrane-associated proteins and therefore this protease family has been suggested to 

have a role in destruction of the cellular architecture during apoptosis (Perrin and 

Huttenlocher, 2002).

39



1.5.4. Cathepsins

The cathepsirtare found in lysosomes where they mediate the terminal degradation 

of proteins and they are secreted to degrade the extracellular matrix. More recently, 

cathepsins have been found to be released in a controlled manner from the lysosomes into 

the cytosol during apoptosis (Leist and Jaattela, 2001). The role of cysteine cathepsins in 

apoptosis may have been underestimated previously because they are inhibited by zVAD- 

fmk which was thought to be specific for caspases (Schotte et al., 1999).

Specific cathepsins were found to be released in relatively small amounts from the 

lysosomes following different apoptotic triggers. For example, cathepsin B was released 

during bile salt induced apoptosis in hepatocytes (Roberts et al., 1999), and cathepsin D 

was released following oxidative stress (Roberg and Ollinger, 1998). The role of 

cathepsins has most clearly been described in TNFa induced apoptosis (Guicciardi et al.,

2000). Following TNFa treatment, a deficiency of cathepsin B inhibited apoptosis and in 

vitro caspase-8 could induce cathepsin B release from the lysosomes. Another study 

showed that cathepsin B could cleave Bid and promote cytochrome c release from isolated 

mitochondria (Stoka et al., 2001).

The mechanism and timing of cathepsin release from the lysosomes during 

apoptosis is not known and this information may indicate the significance of this pathway 

in apoptosis.

1.5.5. Other proteases.

The 26s proteasome has a role in protection against apoptosis by degrading 

ubiquitinated caspases and lAPs. This mechanism is discussed in section 1.3.7,
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HtrA2 which is a serine protease which is released from the mitochondria and 

neutralises XIAP by binding to it during apoptosis. A role of the protease domain of HtrA2 

has not been found. The role of HtrA2 is discussed in section 1.9.

1.6. The Bcl-2 family integrates pro- and anti-apoptotic signals

1.6.1. B cl-2  fam ily

Each cell continuously receives several pro- and anti-apoptotic signals and the Bcl-2 

family members act as integrators of these signals (Adams and Cory, 2001). The state of 

the Bcl-2 complexes which result from these signals, can dictate whether cytochrome c and 

other pro-apoptotic factors are released from the mitochondria.

There are three groups of Bcl-2 family members defined by structure and function 

(Gross et ciL, 1999). The first group are homologues of Bcl-2 which inhibit cytochrome c 

release and apoptosis initiated a large range of triggers. The second group are homologues

Anti-Apoptotic -  Bcl-2 like 

Pro-Apoptotlc -  Bax like

BH3-onlv -  variable structure

()BH3) . . . . .  4 W ')

Figure 1.2 Diagram of the structure of the three Bcl-2 sub-families.
BH domains and transmembrane domains (TM) are indicated. The BH3 only 
members have a the largest variation, indicated by the “dashed” protein backbone.
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of Bax which promote cytochrome c release and apoptosis. These two groups both have 

three domains in comm on, the Bcl-2 homology motifs (BH) and have a similar structure. 

The third group, the “BH3 only” members also promote apoptosis. They all have one BH 

domain, BH3, but apart from this are not homologous. Many Bcl-2 family members (Bid 

and Bim being two notable exceptions) have a hydrophobic C terminus which allows 

interaction with the mitochondrial, ER and nuclear membranes. In healthy cells, anti- 

apoptotic members and some pro-apoptotic members are found on these membranes; other 

pro-apoptotic Bcl-2 family members are observed to migrate to the mitochondrial 

membrane following an apoptotie trigger.

1.6.2. Bcl-2 familv function

The Bcl-2 family members are sensors of a wide range of signals whieh regulate 

their pro- and anti-apoptotic functions. In a cell, where often several members of each 

group are expressed, pro- and anti-apoptotic signals can be integrated because the different 

Bcl-2 members can bind to each other (Adams and Cory, 2001). Through this mechanism, 

the balance of pro- and anti-apoptotic signals is read to determine whether the eell survives.

One well described site of Bcl-2 function is at the mitochondria outer membrane 

where the balance of pro-and anti-apoptotic members determines whether cytochrome c is 

released and pro-apoptotic caspases are activated (Adrain and Martin, 2001). Although the 

Bcl-2 family members are found in other subcellular locations, the mitochondria has 

remained the main site of investigation of their function. Perhaps this is beeause 

cytochrome c release has been demonstrated to be a robust apoptotic signal whereas the 

apopbtic signals regulated by the Bcl-2 family at other locations, such as the ER, are less 

well defined (Ferri and Kroemer, 2001). However, there is good evidence that other sites 

of action exist.
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The Bcl-2 homologue in C.elegans, CED-9, binds to and inhibits CED-4 directly 

(Chinnaiyan et al., 1997b; Wu et al., 1997). Although interactions between the mammalian 

homologues, B c1-X l and Apaf-1 have been observed in overexpression systems (Hu et al., 

1998a; Pan et al., 1998), these interactions have not been observed with endogenous protein 

(Moriishi et al., 1999; Newmeyer et al., 2000). The assumption that Bcl-2 may be acting in 

this way in mammals persists because Bcl-2 can rescue cells in ce<7-P-deficient nematodes 

(Hengartner and Horvitz, 1994). This certainly does support the argument that the Bcl-2 

family members from different species may have a common function. It also shows that 

Bcl-2 can have a function besides blocking cytochrome c release which is not required for 

CED-3 activation and apoptosis in nematodes (Hengartner, 2000). In mammals, the Bcl-2 

family members may be binding to other mammalian CED-4 homologues besides Apaf-1 

to inhibit apoptosis.

1.6.3. The Bcl-2 familv regulates cvtochrome c release

Several overlapping theories exist to explain how the Bcl-2 proteins regulate 

cytochrome c release. Bcl-2 proteins may form a pore in the mitochondrial membrane.

The 3-D  structure of B c1-X l resembles membrane-penetrating bacteria toxins, and other 

members can form channels in liposomes (Muchmore et al., 1996). However, it is not clear 

whether these structures form in the cell. Alternatively, Bcl-2 proteins may influence 

transport through the permeability transition pore (FTP) (Crompton, 1999). Components of 

this pore have been found to bind to Bcl-2 proteins.

Expression of the Bax-like members of the Bcl-2 family members induces

cytochrome c release (Gross et a l, 1999). Mouse embryonic fibroblasts (MEFs) from

either Bak-/- or Bax-/- mice remain sensitive to a range of apoptotic triggers but those from

double Bak -/- and Bax -/- cells are resistant (Wei et al., 2001). This demonstrates that in
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MEFs, all the Bcl-2-like and the BH3-only proteins must eventually signal to the Bax-like 

proteins to regulate cytochrome c release. Bak and Bax have been described as a “requisite 

gateway to mitochondrial dysfunction” (Wei et a l, 2001). In other cell types this degree of 

resistance may require a deficiency in a different a combination of Bax-like proteins.

Bax and Bak are activated by a conformational change which is detected using site 

specific antibodies (Desagher and Martinou, 2000; Goping et al., 1998; Nechushtan et ah,

1999). Integration of apoptotic signals appears to centre on modulation of the 

conformational change. Bcl-2 or B c1-X l directly inhibit the conformational change, 

whereas pro-apoptotic, BH3-only proteins promote the conformational change (Desagher et 

al., 1999; Marani et al., 2002). Bcl-2 and B c1-X l can also be inactivated by caspase 

cleavage (Cheng et al., 1997; Woo et a l, 1999).

1.6.4. A wide range of signals modulate the BH3-onlv proteins

The BH3 only proteins are a diverse group in sequence, structure and localisation. 

They are activated in a number of ways, by a range of signalling pathways to promote the 

conformational change in the Bax-like proteins. Individual members are often found to 

have their activity potentiated by several mechanisms. The regulation of three BH3-only 

proteins is discussed below.

Bad is regulated by phosphorylation status (Zha et al., 1996). It is phosphorylated 

by a number of kinases which inactivate Bad by promoting binding to 14-3-3 in the cytosol. 

A drop in the activity of these pro-survival kinases decreases Bad phosphorylation. Bad 

affinity for 14-3-3 decreases and affinity for Bcl-2 or B c1-X l increases. This results in the 

release of Bax-like proteins from inhibition by Bcl-2 (Zha et a l, 1997). The activity of Bad 

is also potentiated by cleavage. Both caspase-3 and caspase-8 have been implicated in Bad 

cleavage (Condorelli et al., 2001).
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Bim associates with LC8 dynein light chain and is regulated by translocation 

(Puthalakath et a l, 1999). In healthy cells Bim is sequestered on dynein motor complex 

via LC8, but following an apoptotic stimulus, LC8 dissociates from the complex and Bim 

translocates to the mitochondria. The mechanism of dissociation of Bim from the dynein 

motor complex during apoptosis is not clear. In addition, following some apoptotic stimuli, 

Bim is upregulated (Dijkers et al., 2000).

Bid is activated when it is cleaved by caspases (Li et al., 1998; Luo et al., 1998). 

Upon activation at the Fas Receptor, caspase-8 cleaves Bid to form tBid (truncated Bid) 

which is subsequently myristoylated at the N-terminal glycine residue, enhancing 

mitochondrial targetting (Zha et al., 2000). At the mitochondrial membrane, tBid 

promotes a conformational change in Bax and cytochrome c is released (Desagher et al., 

1999; Eskes et al., 2000). Bid has since been shown to be cleaved by other caspases 

(Bossy-Wetzel and Green, 1999), by cathepsins (Stoka et al., 2001), by calpains (Chen et 

al., 2001) and in response to other apoptotic stimuli (Plesnila et al., 2001; Slee et al., 2000). 

Bid cleavage can be modulated by phosphorylation by casein kinase I (CKI) and casein 

kinase II (CKII) which inhibits cleavage by caspase-8 and Fas induced apoptosis (Desagher 

et al., 2001).

Mice deficient in BH3-only proteins have few developmental problems and defects 

in apoptosis are only seen when specific triggers of apoptosis are used in a restricted 

number of cell types (Bouillet et al., 1999; Yin et al., 1999). As with the caspase knock

outs, there are less problems in the BH3-only knock-outs than may have been expected, 

given the results gained from tissue culture experiments. This may indicate that the BH3- 

only proteins are redundant or can compensate for each other.
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1.6.5. Role of Bcl-2 familv members at the endoplasmic reticulum and nuclear membrane

Research into the action of the Bcl-2 family members has focussed on the 

mitochondrial membrane, although they are found localised to the endoplasmic reticulum 

(ER) and nuclear membranes too.

Signals from the ER promote apoptotic pathways as part of the ’’unfolded protein 

response” (UPR) (Kaufman, 1999). When an excess of unfolded proteins accumulate in the 

ER, a signal transduction pathway is activated which results in upregulation of enzymes 

that promote protein folding and a downregulation of Bcl-2. The current model is that if 

the UPR is low then protein folding is increased but if the UPR is high then Bcl-2 

downregulation promotes apoptosis (Ferri and Kroemer, 2001).

In the case of UPR, down regulation of Bcl-2 may promote cytochrome c release 

from the mitochondria or it may be have another protective role at the ER. Bcl-2 does not 

have to be at the mitochondria to have a protective effect; it has been shown to be active 

when exclusively targeted to the ER membrane (Annis et a l, 2001; Hacki et a l, 2000).

A role for Bcl-2 family members at the nucleus has not been defined.

1.7. Inhibitor of apoptosis proteins (lAP)

1.7.1. TAP familv

The Bcl-2 family inhibits caspase activation whereas the Inhibitor of Apoptosis 

Proteins (lAP) bind to and inhibit the activity of cleaved caspases. They were first 

identified in baculoviruses as proteins which prevented defensive apoptosis by host insect 

cells (Crook et al., 1993). Cellular lAPs which have now been found in mammals and D. 

melano£aster. This section will focus on the mammalian lAPs.
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All lAPs contain the baculoviral lAP repeats (BIR) domain which is approximately 

70 amino acids long and has conserved cysteine and histidine residues (reviewed in 

(Verhagen et a l, 2001). Some lAPs have a C-terminal RING-fmger which has ubiquitin 

protein ligase activity (Yang et al., 2000). c-IAPl and C-IAP2 have a CARD between their 

BIR domains and RING-finger, but no interaction between these proteins and CARD 

containing proteins such as caspase-9 and Apaf-1 have been described (Rothe et al., 1995).

The most well studied lAPs are XIAP, c-IAPl and C-IAP2 which inhibit caspases 

not only by binding to them but also by targeting them for degradation at the 26s 

proteasome, as described in section 1.3.%

A subset of proteins that contain BIR domains do not efficiently inhibit apoptosis 

(Verhagen et al., 2001). These BIR proteins include mammalian Survivin and proteins in

C.elegans and yeast. Since they are found in a wide range of organisms, they may be the 

earliest BIR domain containing proteins. Apart from their BIR domain, they are variable in 

size and structure. Although overexpression of Survivin can inhibit apoptosis (Ambrosini 

et al., 1997), its main function, along with its homologues in C. elegans and yeast, appears 

to be to regulate cell division (Verhagen et al., 2001).

1.7.2. XIAP inhibits caspase activity

XIAP (X-Iinked inhibitor of apoptosis) inhibits apoptosis in response to a range of

insults (LaCasse er al., 1998). It is expressed in the cytosol and has a wide tissue

distribution (Deveraux et al., 1997). Cleaved caspases-3, -7 and -9 bind to XIAP at two

different sites. The active site of caspases-3 and -7 binds XIAP close to the BIR-2 domain

(Chai et al., 2001a; Riedl et al., 2001), whereas the N-terminus of the caspase-9 plO linker

binds to XIAP at the BIR3 domain (Srinivasula et al., 2001). XIAP was found bound to the

apoptosome via interactions with caspase-9 and -3 (Bratton et al., 2001). Intriguingly,
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XIAP was also found to interact with Apaf-1 in the absence of caspase-9 or cleaved 

caspase-3. Whether this interaction is direct or via an intermediate is not clear but it is 

dependent on Apaf-1 oligomerisation.

m itochondriaV  \  y..
AVP Smac

iA VP Smac

Htra2

(j
Apaf-1
casp-9 p20

Figure 1.3 Smac and HtrA2 inhibit XIAP inhibition of caspase-9.
XIAP inhibits caspase-9 by binding to the ATP sequence at the N- 
terminus of the linker of caspase-9. The AVP sequence at the N- 
terminus of Smac and Htra2 also binds to XIAP at the same position, 
reversing the repression of caspase-9

The interaction between caspase-9 and XIAP can be inhibited by two mitochondrial 

proteins which are released during apoptosis. The sequence at the N-tefninus of the 

caspase-9 linker which binds to XIAP is homologous to the sequence at the N-terminus of 

mature Smac and HtrA2 (Du et ai, 2000; Suzuki et al., 2001a; Verhagen et a i, 2000). 

When released from the mitochondria they liberate caspase-9 from repression by XIAP by

competing for the same binding site in XIAP (fig ). However, Smac also appears to be
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able to apoptosis independently of interaction with XIAP because the mature form

of Smac p, a splice variant of Smac, can efficiently j)fo'^«h_apoptosis in the absence of 

interaction with XIAP (Roberts et al., 2001).

1.7.3. c-IAPl and C-IAP2

c-IAPl and C-IAP2 are rather homologous. They were found to be associated with 

the ligated TNF receptor via an interaction between the BIR domain of the lAP and the 

TRAP domains of TRAP 1 and TRAP2 (Rothe et a l, 1995). When TNP is ligated, NP-kB 

is activated which has a protective effect, reducing caspase-8 activation (Van Antwerp et 

at., 1996). This protective effect is partially mediated by the increased expression of c- 

lAPl and C-IAP2 which results from NP-KB activation (Wang et al., 1998). The 

mechanism of this protective effect is not clear since caspase-8 is not inhibited by the lAPs. 

c-IAPl and C-IAP2 can directly inhibit caspase-3 and caspase-7 and therefore the may 

inhibit a feedback loop of caspase-8 activation (Roy et al., 1997). Alternatively these lAPs 

may inhibit some other component of the TNP receptor.

1,8. Cvtochrome c induced apoptosis pathway

1.8.1. Initiators of apoptosis promote cvtochrome c release

Cytochrome c release from the mitochondria initiates a major apoptotic pathway 

(Adrain and Martin, 2001). A large range of apoptotic triggers promote cytochrome c 

release and the majority of these require the mitochondrial pathway for efficient apoptosis 

(Green and Reed, 1998). Each group of triggers promotes cytochrome c release by a 

different mechanism although most ultimately promote a conformational change in the pro-
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apoptotic Bax-like proteins. Some of the signalling pathways which initiate cytochrome c 

release are discussed below.

Activated Death Receptors initially activate caspase-8 which cleaves and activates 

the BH3-only protein Bid (Li et a l, 1998; Luo et a l, 1998). Activation of the Fas pathway 

also induces cleavage of the BH3-only protein Bad which potentiates its cytochrome c 

releasing activity (Condorelli et al., 2001). Both of these BH-3 only proteins are cleaved 

upstream of cytochrome c release. This pathway has been well investigated with respect to 

Fas signalling where the contribution of the mitochondrial pathway to apoptosis depends on 

the cell type (Scaffidi et al., 1998). Inhibition of cytochrome c release can inhibit Fas 

induced apoptosis in some cells known as “type II cells”, but not in others known as “type I 

cells”.

There is a degree of opposition to the proposal that Fas induced apoptosis requires 

cytochrome c release in any cell type (Huang et al., 1999; Huang et al., 2000a). In the 

1998 Scaffidi paper and in most other publications, the Fas pathway is stimulated 

experimentally by anti-Fas antibody or soluble Fas ligand which is argued by Huang and 

colleagues to be unphysiological. They suggest that the Fas pathway should be stimulated 

experimentally by aggregated Fas ligand, aggregated anti-Fas antibody or cells expressing 

Fas ligand because these are more close to the physiological ligand (Huang et al., 2000a). 

When these more powerful stimulants of the Fas pathway are used, apoptosis no longer 

requires the mitochondrial pathway. However, there is evidence to suggest that soluble Fas 

ligand is a viable physiological ligand (Dhein et al., 1995). In vivo, a whole range of Fas 

stimulation probably exists and perhaps the same cell may act as a “type I cell” or a “type II 

cell” depending on the strength of signal it encounters.

p53 has a role in mediating the apoptotic response of a variety of genotoxic stresses

such as chemotherapeutic drugs, UV and y irradiation and some oncogenes (Clarke et al.,
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1993; Lowe et al., 1993). p53 induces cytochrome c release by upregulating several pro- 

apoptotic Bcl-2 family members including Bax and the BH3 only member Noxa (Miyashita 

and Reed, 1995; Oda et al., 2000). p53 upregulation also induces expression of 

mitochondrial enzymes that generate reactive oxygen species (ROS) which also promote 

the mitochondrial apoptosis pathway (Bauer, 2000). The contribution of the mitochondrial 

pathway to p53 induced apoptosis is best demonstrated in double knock-out mice where 

knock out of p53 and Apaf-1 or caspase-9 is oncogenic (Soengas et al., 1999). In

D.melanosaster, p53 upregulates Reaper which inhibits lAPs (Jin et al., 2000). However, a 

Reaper homologue in mammals remains elusive.

The permeabilitv transition pore complex tPTPl can be targeted directly to induce 

release of cytochrome c and other pro-apoptotic proteins from the mitochondria. PTP is a 

pore formed at the site of contact between the mitochondrial inner and outer membranes 

consisting of adenine nucleotide translocase (ANT) on the inner membrane and the voltage 

dependent anion channel (VDAC) on the outer membrane (Zamzami and Kroemer, 2001). 

Under the influence of Bax-like proteins or alone, both components can be induced to form 

non-specific pores that allow release of cytochrome c and probably other pro-apoptotic 

proteins.

Agents resulting from cellular stress such as Ca^ ,̂ nitric oxide, oxygen radicals 

convert ANT to a non-specific pore (Vieira et a l, 2000). Toxic metabolites such as 

bilirubin, the bile salt glycochenodeoxycholate and the mediator of apoptosis in 

Alzheimer’s disease |3-amyloid act directly on PTP (Ferri and Kroemer, 2001). Infectious 

agents also induce apoptosis by acting on VDAC e.g. HIV-1 protein Vpr interacts with 

ANT and Hepatitis B virus X-protein acts on VDAC.
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1.8.2. Initial discovery

In 1996, Wang and colleagues purified cytochrome c as a factor necessary for 

induction of an apoptotic programme in cell-free extracts (Liu et al., 1996b). In their 

experimental system, incubation of extracts from healthy cells with dATP could induce 

caspase-3 activation and DNA fragmentation. This was the first time that apoptotic events 

had been reconstituted from healthy extracts. Previously, cell-free systems that could 

induce apoptotic events in the nucleus required cytosol from cells undergoing apoptosis 

(Lazebnik et ah, 1993; Newmeyer et al., 1994). The benefit of using extracts from healthy 

cells was that factors that initiate caspase activation could be purified and identified.

This cell-free system was used to purify three factors from cytosol which were 

required to activate caspase-3. These three “apoptotic protease activating factors” (Apaf) 

were identified as cytochrome c, caspase-9 and a novel protein which they named Apaf-1 

(Li et al., 1997c; Liu et al., 1996b; Zou et al., 1997). In the presence of dATP these three 

proteins were sufficient to activate caspase-3. It may appear contradictory that cytochrome 

c could be purified from healthy cell extracts; this was possible because the extracts were 

prepared in a hypotonic buffer which ruptures mitochondria.

1.8.3. Release of Holocvtochrome c initiates apoptosis

A role for mitochondria in apoptosis had been indicated by the finding that the anti-

apoptotic Bcl-2 family members can be localised to the outer mitochondrial membrane (de

Jong et al., 1994; Krajewski et al., 1993; Monaghan et a l, 1992). Apoptotic triggers were

now shown to induce cytochrome c release from the mitochondria and this was inhibited by

Bcl-2 (Kluck et a l, 1997; Yang et a l, 1997). The action of cytochrome c in the cytosol of

cells was confirmed when it was found that microinjection of cytochrome c into intact cells

induced dose-dependent apoptosis which was inhibited by caspase inhibitors (Li et a l,
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1997a; Zhivotovsky et a l, 1998). Only holocytochrome c from the mitochondria and not 

newly synthesised cytosolic apocytochrome c was found to promote caspase activation 

(Yang et ah, 1997).

Confirmation of the role of cytochrome c came when cytochrome c deficient mice 

were generated (Li et al., 2000). Probably due to the role of cytochrome c in mitochondrial 

respiration, the cytochrome c deficient mice died by midgestation, but cells could be 

cultured from these embryos. These cells were resistant to apoptosis induced by UV 

irradiation, serum starvation and staurosporine.

1.8.4. Cvtochrome c triggers formation of Apaf-1-caspase-9 holoenzvme

Two other factors that Wang and colleagues isolated as participants in caspase-3 

activation were caspase-9 and a novel protein called Apaf-1 (Li et al., 1997c; Zou et al.,

1997). Apaf-1 is a ISOkDa protein which has an N-terminal CARD (caspase activation and 

recruitment domain), a region homologous to C.elesans CED-4 and a C-terminal stretch of 

twelve WD-40 repeats. Caspase-9 which also has a CARD in the prodomain had been 

identified previously based on its homology to other caspases (Duan et al., 1996b; 

Srinivasula et al., 1996b). Caspase-9 is relatively inactive as a monomer but binds to Apaf- 

1 via a CARD-CARD interaction to produce an active caspase-9 holoenzyme (Li et al., 

1997c; Rodriguez and Lazebnik, 1999).

In healthy cells, Apaf-1 and inactive procaspase-9 are present in the cytosol 

separately (Rodriguez and Lazebnik, 1999). The Apaf-1-caspase-9 holoenzyme forms 

following an apoptotic trigger and can cleave effector caspases-3 and -7 (Srinivasula et al.,

1998). Studies on cells isolated from Apaf-1 and caspase-9 deficient mice have confirmed

that this holoenzyme has an integral role in apoptosis induced by a large range of triggers

(Hakem et al., 1998; Honarpour et al., 2000; Kuida et al., 1998; Yoshida et al., 1998).
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Thus the mechanism of caspase-9 activation must be robust but controlled to prevent 

spontaneous activation in healthy cells.

Caspase-9 holoenzyme activation is dependent on cytochrome c and dATP (Li et 

ah, 1997c). Holocytochrome c released from the mitochondria binds to Apaf-1 in the WD- 

40 repeat region increasing the affinity of Apaf-1 for dATP (Jiang and Wang, 2000; 

Srinivasula et ah, 1998). When Apaf-1 is bound by cytochrome c and dATP it 

oligomerises via the CED-4 domain forming a high molecular weight complex called the 

apoptosome (Hu et ah, 1998b; Zou et ah, 1999). The CARD in Apaf-1 becomes exposed 

in the apoptosome and recruits caspase-9 via a CARD-CARD interaction promoting 

caspase-9 autoactivation (Qin et ah, 1999; Srinivasula et ah, 1998). Although caspase-9 

cleavage occurs rapidly following recruitment to the apoptosome, caspase-9 can be active 

independently of processing (Bratton et ah, 2001; Stennicke et ah, 1999). Caspase-9 

mutants that cannot be cleaved are almost fully active once bound to Apaf-1. As yet no 

other caspases have been shown to be active independently of processing

1.8.5. The apoptosome recruits and activates effector caspases

Gel filtration analysis of the apoptosome formed with endogenous protein revealed 

that the active apoptosome also contains effector caspases-3 and -7 (Cain et ah, 2000; Cain 

et ah, 1999). Caspase-9 is recruited to the apoptosome initially followed by caspase-3 

which is recruited by an interaction between the active site of caspase-9 and a cleavage site 

in caspase-3 (Bratton et ah, 2001). XIAP is also recruited to the apoptosome via 

interactions with activated caspases but also via an interaction with oligomerised Apaf-1. 

Similar gel filtration analysis of apoptosome formation has revealed similar results with 

other cell types and using different apoptotic triggers or in vitro activation (Beere et ah,

2000; Freathy et ah, 2000; Saleh et ah, 2000).
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1.8 .6 . Positive feedback loop of caspase activation and cvtochrome c release

A positive feedback loop of caspase activation and cytochrome c release may occur 

in some forms of apoptosis. Figure 1.4 is a diagram showing that some of the caspases 

which are activated following cytochrome c release can cleave Bcl-2 family members, 

either potentiating activity in the case of the BH3-only proteins or inhibiting their anti- 

apoptotic function in the case of Bcl-2-like proteins . Bid is cleaved by caspase-8  and less 

efficiently by caspases-2 and -3 (Bossy-Wetzel and Green, 1999; Guo et a l, 2002; Li et al., 

1998; Luo et al., 1998). Caspase-3 has also been demonstrated to cleave and potentiate the 

activity of Bad. Caspase-8  has been implicated in direct Bad cleavage, too, since Bad is

m itochondria

cytochrome c 

release

tBcI2

caspase-2 j

caspase-8

caspase-3

caspase-9

Figure 1.4 Feedback loop of caspase activation and cytochrome c release
Which of these pathways is operational in a cell may be dependent on the cell type and 
apoptotic stimulus. Cleavage of Bad, Bcl-2 and other Bcl-2 family members by 
caspases other than those shown, has not been well investigated.
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cleaved following Fas ligation in the presence of Bcl-2 (Condorelli et al., 2001). Bcl-2 is 

cleaved and inactivated by caspase-3 (Cheng et al., 1997). Caspase-2 can also promote 

cytochrome c release from isolated mitochondria, presumably by cleaving a Bcl-2 family 

member (Guo et al., 2002; Paroni et al., 2002).

Other caspases may be able to cleave Bcl-2 family members, too. In some of the 

examples given above, other caspases were not assayed for their ability to cleave these Bcl-

2 family members. Some other caspases have been shown to indirectly promote 

cytochrome c release independently of Bid cleavage (Bossy-Wetzel and Green, 1999).

Although there are many signalling pathways established that together could 

constitute a mitochondrial feedback loop, demonstration of an operational feedback loop in 

any biochemical pathway is difficult experimentally. Evidence to support the existence of a 

mitochondrial feedback loop comes from a variety of experimental systems.

Some experiments demonstrate that cytochrome c released into the cytosol or 

introduced into the cytosol experimentally, can promote further cytochrome c release. In 

response to ionising radiation and etoposide, cytochrome c release was observed to fall into 

two distinct stages separated by a caspase activation phase (Chen et al., 2000). Early 

cytochrome c release was caspase-independent, preceding the activation of caspase- 9  and -

3 and changes in ATP levels or mitochondrial transmembrane potential. The second phase 

of cytochrome c release was caspase-dependent and was associated with loss of 

transmembrane potential. In other experiments, the introduction of cytochrome c into the 

cytosol by pinocytic loading was shown to promote Efther cytochrome c release (Gilmore 

et al., 2001). Cytochrome c introduced into cells was found to cause mitochondrial 

permeabilisation and a drop in the mitochondrial transmembrane potential. Following 

some apoptotic triggers. Bid was found to be only cleaved after initial cytochrome c release
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which demonstrated the potential for mitochondrial feedback (Slee et al., 2000; Woo et ah, 

1999).

Other experiments demonstrate that caspase induced caspase activation requires 

cytochrome c release as an intermediate. In Fas induced apoptosis, in certain cell types, 

initial minimal caspase- 8  activation triggers cytochrome c release which is necessary for 

subsequent caspase- 8  and other caspases to be activated (Scaffidi et ah, 1998). Use of 

caspase-3 knock-out mice demonstrated that in Fas induced apoptosis, caspase-3 activation 

was necessary for the mitochondria feedback loop. Fas induced caspase-3 activation in 

hepatocytes is downstream of cytochrome c release but when caspase-3 is deficient, release 

of cytochome c is attenuated (Woo et ah, 1999; Yeh et ah, 1998). Caspase-2 induced 

apoptosis also requires the release of cytochrome c for bulk caspase activation. Caspase-2 

camiot activate other caspases directly but when activated in cells it promotes cytochrome c 

release which initiates caspase activation (Guo et ah, 2002; Paroni et ah, 2002).

In opposition to the concept of the feedback loop, a paper was published showing 

that release of a cytochrome c-green fluorescent protein (OF?) from individual cells is 

rapid and invariant (Goldstein et ah, 2000). A major problem with this paper is that the 

apoptotic triggers used were not titrated down and use of a more gentle trigger may lead to 

less initial cytochrome c release. In addition, it is not unlikely that cytochrome c-GFP, 

which is three times as large as cytochrome c, may behave differently than endogenous 

cytochrome c. Endogenous cytochrome c is found in at least two populations in the 

mitochondria, one loosely bound in the inter membrane space and one tightly bound to 

cardiojî p in (Ott et ah, 2002). Disruption of this interaction with cardioh pin is needed 

before cytochrome c is released. It is not clear whether cytochrome c-GFP fusion could 

bind to cardiophilin or behave as endogenous cytochrome c in other respects too.
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1.9. Other mitochondrial proteins promote apoptosis

1.9.1. SMAC

Emphasis is placed on the role of cytochrome c in triggering apoptosis although 

several other proteins are released from the mitochondria that appear to have a role in 

commitment to apoptosis too. Some function in co-ordination with cytochrome c and 

others independently.

SMAC (“second mitochondrial activator of caspases” also called Diablo) is also 

released from the mitochondria during apoptosis (Du et aL, 2000; Verhagen et aL, 2000). It 

was purified from cell extracts on the basis of its ability to promote cytochrome c induced 

caspase-9 activation. As described earlier, SMAC performs this function by competing 

with caspase-9 for the same binding site of XIAP and so freeing caspase-9 from repression 

(Du et aL, 2000; Verhagen et aL, 2000).

Although SMAC was shown to promote caspase-9 and-3 activation in vitro, when 

mice deficient for SMAC were generated they were found to develop normally and aged 

mice did not show any signs of disease (Okada et aL, 2002). In contrast caspase-9 and 

caspase-3 deficient mice have defects in brain development (Hakem et aL, 1998; Kuida et 

aL, 1998; Kuida et aL, 1996; Woo et aL, 1998). Although in cell extracts from SMAC (-/-) 

mice, cleavage of procaspase-3 was inhibited, all types of cultured SMAC (-/-) cells tested 

responded normally to all apoptotic stimuli applied. This result was consistent with the 

existence of a redundant molecule or molecules capable of compensating for a loss of 

SMAC function.
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1.9.2. HtrA2

HtrA2 (or Omi) is also released from the mitochondria during apoptosis and like 

SMAC, neutralises XIAP through it N-terminal A VP sequence (Hegde et aL, 2002; Martins 

et aL, 2002; Suzuki et aL, 2001a; Verhagen et aL, 2002). Both HtrA2 and SMAC can 

be released from the mitochondria in a Bid-dependent manner. (Deng et aL, 2002; Hegde 

et aL, 2002; Martins et aL, 2002), and HtrA2 may be able to compensate for a deficiency in 

SMAC.

Although SMAC and HtrA2 have been shown to function in the same way in XIAP 

neutralisation, HtrA2 is also a serine protease whereas SMAC does not appear to have any 

catalytic function. Whether the serine protease function of HtrA2 is utilised in the cytosol 

during apoptosis or is utilised in the mitochondria in healthy cells is not yet clear. Certainly 

when over expressed, HtrA2 appears to promote components of apoptosis independently of 

its role in caspase inhibition (Hegde et aL, 2002; Suzuki et aL, 2001a). However, 

expression of any active protease in healthy cells is likely to cause problems.

1.9.3. AIF

AIF (apoptosis inducing factor) is a 57kDa flavoprotein which is released from the 

mitochondria and translocates to the cytosol and nucleus during apoptosis (Susin et aL, 

1999). It was purified from mouse liver mitochondria as a caspase-independent activity 

which induces an apoptotic morphology in isolated nuclei. AIF has homology to bacterial 

oxidoreductases but its ability to bind to the prosthetic group, flavin adenine dinucleotide is 

not required for its apoptotic function (Daugas et aL, 2000).

In mice, a deficiency for AIF is embryonic lethal; programmed cell death during 

cavitation of embryoid bodies is inhibited (Joza et aL, 2001). However, cells taken from

the AIF deficient mice were demonstrated to be resistant to serum deprivation only.
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In contrast to other pro-apoptotic proteins released from mitochondria, interest in 

AIF has remained low. This is probably due to a lack of known binding partners and any 

information regarding the molecular mechanism of function.

1.9.4. Endonuclease G

Endonuclease G is released from mitochondria during apoptosis and cleaves 

chromatin into nucleosomal fragments (Li et aL, 2001). Unlike the other known DNA 

nuclease that is activated during apoptosis, CAD (caspase-activated deoxyribonuclease). 

Endonuclease G is active following release from the mitochondria and does not require 

caspase activity to become activated (Sakahira et aL, 1998). In C.ele^ans. Endonuclease G 

is the first mitochondrial protein shown to be involved in apoptosis .

1.10. Mechanisms of Caspase-8 activation

1.10.1. Caspase- 8  is activated bv several mechanisms

As described previously, cytochrome c initiated caspase activation is well defined 

biochemically for the apical caspases. However, the activation of some of the laterly 

activated caspases, such as caspase-8 , has not been well investigated. A large part of this 

thesis is concerned with investigating the mechanism of caspase- 8  activation in the 

cytochrome c initiated apoptosis signalling pathway. In this section, the current knowledge 

of caspase- 8  activation in this pathway and in others is discussed.

Caspase- 8  is activated in several apoptosis signalling pathways. The mechanism of 

activation has only been clearly described at the Fas receptor and it appears that caspase- 8  

is activated using different mechanisms in other pathways. Caspase- 8  can act as the
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initiator caspase for some signalling pathways but for others it has the role of an effector 

caspase.

1.10.2. Caspase-8  activation in the ligated Death Receptor complexes

Caspase-8  aetivation is best characterised at the ligated Fas Receptor. This is a 

member of the Death Receptor family whieh is a subfamily of the Tumour Necrosis Factor 

Receptor (TNF-R)/ Nerve Growth Factor Family (Schulze-Osthoff et al., 1998). When 

activated by an extracellular ligand, the Death Receptors are able to transduce an apoptotic 

signal into the cell resulting in caspase aetivation which starts with caspase-8  (and 

sometimes caspase-10) activation. A range of different signalling pathways emanate from

Fas Ligand

Fas Receptor

iniiinitnieiii I
Death Domains

FADD
Death Effector Domains

Procaspase-8

Auto activation

Active

caspase-8

Figure 1.5 Caspase-8 auto activation in the Fas induced DISC
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each activated receptors including pro- and anti-apoptotic signals. In this section these 

receptors will be discussed with respect to caspase-8  activation only.

When the Death Receptors are ligated, transduction of the apoptotic signal initiates 

with recruitment of protein complexes to an intracellular domain common to all the 

receptors called a Death Domain (DD). This process has been best described in the Fas 

Receptor where the group of proteins recruited to the receptor are called the Death Inducing 

Signalling Complex (DISC) (Kischkel et aL, 1995). The proteins in the DISC besides Fas 

are an adaptor protein FADD (Boldin et aL, 1995; Chinnaiyan et aL, 1995; Kischkel et aL, 

1995), and two isoforms of caspase- 8  (caspsae-8 a  and caspase-8 13) (Boldin et aL, 1996; 

Scaffidi et aL, 1997). A series of homophilic interactions forms this complex. FADD 

binds to Fas via an interaction between their DDs and FADD binds to caspase- 8  via an 

interaction of their Death Effector Domains (DEDs).

Recruitment of caspase- 8  to TNF-R 1 appears to occur in much the same way except 

FADD is recruited to the receptor via another adaptor TRADD (Hsu et aL, 1996; Hsu et aL, 

1995). Due to the later discovery of TRAIL, signalling from its receptors TRAIL-Rl and 

TRAIL-R2 is less well described. FADD was found to be necessary for transduction of the 

apoptotic signal on stable expression of these receptors but not higher level, transient 

expression (Kuang et aL, 2000; Yeh et aL, 1998). Caspase- 8  also appears to be the apical 

caspase activated at this receptor (MacFarlane et aL, 2000).

Caspase- 8  is activated at the Fas receptor by auto-activation. Procaspase- 8  has a

low but detectable enzymatic activity and when two or more procaspases are brought into

close contact artificially they can auto activate (Muzio et aL, 1998; Yang et aL, 1998). The

same process appears to occur when procaspase-8  molecules are brought into close

association at the DISC, although the exact activation mechanism remains unclear (Martin

et aL, 1998; Medema et aL, 1997). Whereas elucidation of the mechanism of caspase-9
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activation at the apoptosome has been facilitated by reconstitution of the apoptosome using 

purified components (Srinivasula et aL, 1998), reconstitution of caspase- 8  activation using 

purified components of the DISC has not been possible.

Another putative component of the DISC involved in caspase- 8  activation is a 

novel multi-domain protein called FLASH (Imai et aL, 1999). FLASH was found to 

associate with the ligated Fas receptor. Expression of full length FLASH induces caspase- 8  

activation whereas expression of truncated FLASH inhibits Fas induced caspase- 8  

activation and apoptosis. FLASH also appears to have an additional role in promoting 

TNFa induced NF-kB activation (Choi et aL, 2001).

A subject of heated debate for some time has been the proposed existence of another 

mammalian CED-4 homologue, besides Apaf-1, which can be inhibited by Bcl-2 family 

members in an analogous way to which C.ele^ans CED-4 is inhibited by CED-9. FLASH 

was proposed as this CED-4 homologue because, apart from the region of reported 

homology to CED-4, it could bind to caspase-8 , self-associate and bind to ElB 19K, a Bcl- 

2 homologue (Imai et aL, 1999). This proposal of FLASH as a CED-4 homologue was 

heavily disputed on the grounds of lack of significant homology to CED-4 although there 

was no major criticism of the experimental data (Koonin et aL, 1999).

1.10.3. Caspase- 8  activation in the cvtochrome c initiated apoptosis pathwav.

Caspase-8  is activated following cytochrome c release from the mitochondria by an 

ill-defined mechanism. This system can be reconstituted in vitro and therefore all the 

components necessary for caspase- 8  activation are present in the soluble cytosolic fraction 

(Slee et aL, 1999). An investigation into the mechanism of caspase- 8  activation in this 

pathway is described in chapter 3 and the isolation of caspase- 8  cleaving proteases from
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cytochrome ç activated extracts is described in chapter 4. Caspase-8  is activated late in this 

pathway and a number of candidate activators have been suggested.

Caspase- 8  has been suggested to be activated by the apoptosome. Caspase- 8  could 

bind to Apaf-1 on exogenous expression (Hu et aL, 1998a), and it has been suggested as 

one of the caspases which may substitute for caspase-9 at the apoptosome in caspase-9 (-/-) 

cells (Hakem et aL, 1998). If caspase- 8  does bind to Apaf-1, then the interaction is 

probably via the CED-4 domain because caspase- 8  has been shown bind to C.elegans CED- 

4 (Chinnaiyan et aL, 1997b).

Recombinant caspase- 8  and caspase-10 eould cleave caspase- 8  in vitro, presumably 

by trans activation. Obviously caspase- 8  cannot intiate caspase- 8  cleavage by trans 

activation, but it may contribute to cytochrome c induced easpase- 8  activation once 

initiated (Fernandes-Alnemri et aL, 1996; Muzio et aL, 1997; Srinivasula et aL, 1996a).

In an in vitro system, immunodepletion of caspases-3, - 6  and -9  from cell extraets 

has been shown to inhibit cytochrome c induced caspase- 8  aetivation (Slee et aL, 1999). 

Although this indicates that these caspases are upstream of caspase- 8  aetivation, it does not 

determine which, if any, of these caspases can directly cleave caspase-8 . Being activated 

late in the pathway, it is possible that caspase- 8  is activated by more than one faetor.

An additional role for FADD in caspase- 8  activation in the cytosol has been

proposed by a number of publications. Apoptosis induced by injection of cytochrome c

directly into the cytosol was inhibited in cells expressing the Death Domain of FADD

(FADD DN) (Juin et aL, 1999), and triggers of apoptosis that utilise the cytochrome e

initiated pathway have repeatedly been found to be inhibited by expression of the FADD

DN (Micheau et aL, 1999; Rytomaa et aL, 1999; Wesselborg et aL, 1999). Colocalisation

of FADD and Caspase 8 in the cytosol, not proximal to the plasma membrane has been

observed on overexpression; however this interaction has not yet been observed with
64



endogenous protein (Perez and White, 1998; Siegel et aL, 1998). If FADD does have a role 

in cytochrome c induced caspase-8  activation it may promote auto activation.

1.10.4. Caspase-8  activation in Huntington’s Disease

Caspase-8  activation has been observed in cell models of Huntington’s Disease and 

other neurodegenerative diseases associated with an expansion of polyglutamine repeats 

(Huntington's Grp, 1993). These polyglutamine diseases are characterised by neuronal 

apoptosis (Ross, 1995). Activated caspase-8  was found in the insoluble fraction of affected 

brain regions from Huntington's disease (HD) patients and in a cell model, caspase-8  was 

found to be required for polyglutamine repeat induced apoptosis (Sanchez el aL, 1999).

This activation of caspase-8  in aggregates appears to occur by a novel mechanism and 

different experimental systems have implied alternative models. In a cell model based on 

expression of different numbers of polyglutamine repeats, caspase-8  was found to be 

activated in nuclear aggregates of polyglutamine (Martin el aL, 1998). In another cell 

model based on expression of Huntingtin protein (Htt) and associated proteins, when the 

number of glutamine repeats on Htt increased, Htt moved to the nucleus and caspase-8  was 

activated in the cytosol in a complex with Htt binding proteins (Gervais et aL, 2002).

Whether the same mechanism of caspase-8  activation occurs in all polyglutamine 

diseases is not clear. The experimental cell systems used are widely different making it 

difficult to make a judgement based on the reported data. However, the mechanism of 

caspase-8 \does appear to be different from that found in both the Death Receptors and 

following cytochrome c release.
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1.10.5. Caspase- 8  activation at the endoplasmic reticulum

Caspase- 8  has also been proposed to be activated at the surface of the endoplasmic 

reticulum (ER). Caspase- 8  was found to be weakly associated with Bap31, an integral 

membrane protein found predominantly at the ER (Ng et aL, 1997). Bap31 is cleaved 

during apoptosis and on expression of a non-cleavable mutant, Fas induced cytochrome c 

release and morphological features of apoptosis were inhibited (Nguyen et aL, 2000). In 

Bap31 and Bap29 (a Bap31 homologue) double knockout cells, El A induced processing of 

all known forms of caspase- 8  was reduced and apoptosis was inhibited (Breckenridge et aL, 

2002). Examination of Bap31 binding proteins revealed a novel isoform of caspase- 8  with 

a 59 amino an ‘N’ terminal extension denoted caspase-8 L (Breckenridge et aL, 2002).

As yet there is no clear evidence that caspase- 8  or caspase-8 L is activated when 

bound to Bap31. A problem investigating a putative mechanism for Caspase- 8  activation is 

that it cannot bind directly to Bap31 (Ng and Shore, 1998). The intermediate is not known 

although Caspase- 8  and Bap31 were shown to be able to interact via C.elesans CED-4 

when expressed in cells. Of great interest is the novel isoform of caspase-8 , caspase-8 L 

(Breckenridge et aL, 2002). Caspase-8 L is expressed at lower levels than caspase- 8  but has 

a wide tissue distribution and unlike caspase- 8  is found in part in the light membrane 

fraction. Caspase-8 L would be a good candidate for activation at the ER since it was not 

found to be recruited with caspase- 8  to the Fas induced DISC.

66



Chapter 2 Materials and Methods

2.1. Materials

2.LL Reagents 

Reagent

All other reagents

Bovine Cytochrome c

Brilliant Blue G Colloidal concentrate

Broad Range Rainbow Markers

Chromatography columns

dATP

Digitonin

Expand Hi-Fi polymerase

Foetal bovine serum

Gel Filtration protein standards

GenePorter

Geneticin G418

P- 6  Microspin columns

Promix

QuikChange site-directed mutagenesis kit 

Streptavidin-HRP

TNT Rabbit reticulocyte in vitro translation kit 

TNT Wheatgerm lysate in vitro translation kit 

Z-EK(bio)D-aomk 

zVAD-fmk

Retailer

Sigma

Sigma

Sigma

Amersham

Pharmacia

Amersham

A. G. Scientific, Inc.

Boehringer-Mannheim

Foetal bovine serum

Sigma

Gene Therapy Systems

Gibco

Biorad

Amersham

Stratagene

Amersham

Promega

Promega

Peptide Institute, Oasaka 

Bachem

2.1.2. Antibodies

Raised against 

Bid

Species

Goat

Retailer 

R&D Systems
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Biotin Mouse Sigma

Caspase-2 Mouse Pharmingen

Caspase-3 FL Rabbit Upstate Biotech.

Caspase-3 p20 Mouse Transduction Labs.

Caspase- 6  plO Mouse Pharmingen

Caspase- 6  prodomain Rabbit Upstate Biotech.

Caspase-7 p20 Rabbit Upstate Biotech

Caspase-7 p20 Mouse Stressgen

Caspase-8  plO Mouse Pharmingen

Caspase- 8  p20 Goat Santa Cruz Biotech.

Caspase-9 p35 Rabbit New England Biotech.

Cytochrome c Mouse Pharmingen

FADD Mouse Transduction Labs

Fas Rat Alexis

Lamin B Mouse Calbiochem

Mcl-l Goat R&D Systems

XIAP Mouse Stressgen

Rabbit IgG Donkey Amersham

Mouse IgG Sheep Amersham

Goat IgG Rabbit Pierce

2.1.3. Constructs

pcDNA3 -caspase- 6  was kindly provided by Seamus Martin. From pcDNA3 -caspase-6 , 

pcDNA3-caspase- 6  D23A and pcDNA3-caspase- 6  C l73A were made by point mutagenesis 

as described in section 2 S-I pcDNA3.1+caspase-8 and pcDNA3.1+caspase-8C/A were 

used. PcDNA3.1+caspase-8 511-1440 was made as described in Z5'Z.
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2.2. Cell Culture.

2.2.1. Cell maintenance

The human leukemic T cell line, Jurkat E-61 was maintained in RPMI medium 

supplemented with 5% foetal calf serum. The African Green Monkey cell line Cos-7 was 

grown in E4 medium supplemented with 10% foetal calf serum. Both were also 

supplemented with 100 units/ml penicillin and lOOmg/L streptomycin and grown in an 

atmosphere of 5 %C0 2  in air at 37°C. Cells were obtained from ICRE Cell Services.

2.2.2. Transient transfections

COS-7 cells were transfected using Gene PORTER (Gene Therapy Systems, Inc.) 

according to manufacturers instructions and stable pools were selected using 0.5 mg/ml 

Geneticin (Gibco). Expression of protein transfected was assessed by Western Blot.

2.2.3. Apoptosis induction

0.5 X 10^/ml Jurkat cells were incubated with Ipg/ml monoclonal anti-Fas antibody (CH- 

1 1 ) in the growth medium and conditions described in section 2 .2 .1 .

COS-7 cells at a confluency of 50% were maintained as in section 2.2.1 but with 0.1% 

serum.

2.3. Bacterial culture

2.3.1. Preparation of competent E. coli

A single colony was inoculated into 2ml LB (l%NaCl, 0.5% Yeast extract, l%Bacto- 

Tryptone) and grown overnight at 37°C. 1ml of preculture was inoculated into 500ml 

LB/lOmM MgCE and grown with vigorous shaking at 18°C until OD596 0.25-0.7. Culture
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was placed on ice for lOmins. Bacteria were harvested at 2500g for 10 mins at 4°C and 

resuspended in 160ml ice cold TB (lOmM Pipes, 55mM MnCb, 15mM CaClz, 250mM 

KCl) and incubated in an ice bath for 10 mins. Bacteria were harvested and resuspended in 

40ml TB and 2.8ml DMSO was added to the culture dropwise while swirling. Bacteria 

were incubated in an ice bath for a further lOmins before being aliquotted and chilled in 

liquid nitrogen.

2.3.2. Transformation of E.coli bv heat shock

50 |Lil competent DH5a E.coli were thawed on ice, combined with 1 |xl of plasmid DNA 

(20ng) or 5 pi ligation and incubated on ice for 30 min. The bacteria were incubated for 30 

sec at 42°C, placed on ice for 2 min and mixed with 1 ml LB medium. The bacteria were 

incubated at 37°C for Ih were spread on LB plates (LB medium containing 15g/l agar) 

containing appropriate selective antibiotics (ampicillin lOOpg/ml), The plates were 

incubated over night at 37 °C.

2.4. DNA techniques

2.4.1. Purification of plasmid DNA

A single bacterial colony was inoculated into 5ml of LB medium and incubated overnight 

in a 37°C shaker. Plasmid DNA was purified using QIAGEN Mini Prep kit, according to 

the manufacturer’s instructions. For large scale plasmid DNA purification, 1.5 ml of the 

overnight culture was inoculated into 400 ml of LB medium and incubated overnight in a 

37°C shaker. Plasmid DNA was purified using a QIAGEN Maxi Prep kit. The DNA was 

dissolved in water and stored at -20°C.
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2.4.2. Quantitation of DNA

Plasmid DNA concentration was determined measuring the Aieonm and Aisonm in a 

spectrophotometer. An Aieonm of 1 corresponds to 50 pg/ml double stranded DNA and 33 

pig/ml single stranded DNA. The ratio A 260/280nm provides an estimate of the purity of 

DNA solutions and should be -1.5 for DNA preparations.

2.4.3. DNA agarose gel electrophoresis

Agarose gels were prepared by dissolving 0.7-1% agarose in TAB buffer (40mM Tris base, 

pH 8.0, ImM BDTA). Bthidium bromide was added to a final concentration of 0.5 |ig/ml. 

DNA samples were mixed with loading buffer (0.25% bromophenol blue, 0.25% xylene 

cyanol, 15% Ficoll (Typ 400)) and run at 5-20 V/cm in TAB buffer.

2.4.4. Restriction digestion and fragment ligation

Restriction enzyme digestions were routinely performed using 4pl of the relevant enzymes 

in a final volume of lOOpl at 37°C according to the manufacturer’s instructions (New 

Bngland Biolabs). Ligations were carried out at room temperature for 30 minutes in a total 

reaction volume of 10 p.1 using T4 DNA Ligase, according to the manufacturer’s protocol 

(New Bngland Biolabs).

2.4.5. Nucleotide sequencing

Fluorescent cycle sequencing was performed using gene-specific primers with the ABI 

Prism Sequencing system and the dRbodamine Terminator Cycle sequencing ready reaction 

kit (Perkin-Blmer). Reactions were carried out in a total reaction volume of 20 p.1 

containing 1-3 )l i1 DNA (0.2 |xg/|xl), 3.2pmol primer and Sp-l reaction mix using a thermal
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cycler. PCR conditions were as follows: dénaturation :96°C for 10 sec, annealing at the 

relevant temperature for 5 sec, extension at 60 °C for 4 min (25 cycles). Samples were 

ethanol precipitated. Electrophoresis and visualisation of the samples was performed by the 

ICRE Sequencing Service. Sequence alignment was performed by using ABI Prism 

software and ICRE CGAL software.

2.4.6. In vitro transcription and translation

^̂ S Methionine-labelled caspases were in vitro transcribed and translated using the 

Wheatgerm lysate and Rabbit reticulocyte lysate TNT kits (Promega) according to 

manufacturer’s instructions. 2jxg of plasmid were used in a 50|li1 transcription/translation 

reaction containing 2pl of Promix (Amersham).

2.5. Generation of caspase-6 and -8  constructs

2.5.1. Generation of caspase- 6  D23A and Cl 73 A

Substitution of residues in pcDNA3-caspase- 6  was achieved using the QuikChange Site- 

Directed Mutagenesis Kit (Stratagene) according to manufacturers instructions. The oligo 

5 -GATATTTATCATCCAGGCAGCTCGGGGAAACCAGC-3' was used for the 

substitution of Asp-23 residue with Ala and the oligo 5'-

GGAAGAAAACATGACAGAAACAGCCGCCTTCTATAAAAGAGAAATG-3' for the

substitution of Cys-263 with Ala. The resulting PCR products were introduced into 

pcDNA3.1+as EcoRl-Xhol fragments.

The sequences of the above constructs was verified by DNA sequencing.
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2.5.2. Generation of caspase- 8  511-1440

Generation of pcDNA3.1-Caspase- 8  217-419 was achieved by using the primers 5’- 

CTAGTCTAGAATGCTGCTGAAGATAATCAACGACTATGAAGAATTCAG-3 ’ and 

5’-CGCGGATCCTCAATCAGAAGGGAAGACAAGTTTTTTTCTTAGTGTG-3’ to 

amplify a fragment from pcDNA3.1-caspase-8 . Expand HiFi polymerase and buffer 

system was used. The resulting PCR product was introduced into pcDNA3.1+ as Xbal 

BamHl fragments. The sequence of the resultant construct was verified by DNA 

sequencing.

2 ,6 , Protein techniques

2.6.1. Protein quantitation

Protein dilutions were made in 0.8ml water, incubated with 0.2ml BioRad Protein Assay at 

room temperature for 5 min and the absorption was measured at Agggnm in a 

spectrophotometer. Standard curves were constructed using serial dilutions of BSA.

2.6.2. Lvsis ih SDS-sample buffer

Cells washed twice with ice-cold PBS and extracts prepared were resuspended in IX 

Sample Buffer (lOOmM Tris HCl, pH 6 .8 , lOOmM jithiothmtol, 2% SDS, 0.1% 

Bromophenol blue, 10% glycerol). The protein was denatured at 90°C for 5 min and when 

appropriate sonicated for lOfrLj^ysates were stored at -20°C.
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2.6.3. SDS-Dolvacrvlamide gel electrophoresis

The separating gel was prepared in a final volume of 10ml by mixing 3.5ml Tris-Cl, pH 

8 .8 , lOOpl 10% SDS, acrylamide/bisacrylamide solution and water. The composition of 

acrylamide/ bisacrylamide and water is shown in the following table:

Final acrylamide concentration

7.5% 10% 15%

Water 1.9 ml 2.5 ml 3.75 ml

40% acrylamide/ 

0.8% bis-acrylamide 

mix

4.4 ml 3.8 ml 2.5 ml

The stacking gel was made by mixing 3.5ml 1 M Tris pH 6 .8 , lOOpl 10% SDS, 1.0 ml 30% 

acrylamide/0.8% bisacrylamide mix and 5.3 ml water. For the polymerisation reaction 100 

|il 10% APS and 10 pi TEMED were added. Protein samples were mixed with SDS-sample 

buffer (50mM Tris HCl, pH 6 .8 , lOOmM Dithiothrtitol, 2% SDS, 0.1% bromophenol blue, 

10% glycerol) and boiled for 5 min. Proteins were separated alongside molecular weight 

markers (Rainbow Markers, Amersham; RPN 800) at 100-200V.

2.6.4. 2-Dimensional gel electrophoresis.

For the first dimension samples dissolved in 2-D gel loading buffer (8 M Urea, 2M 

Thiourea, 4% Chaps, lOOmM Dithiothfdtol, 0.5% IPG 3-1OL) were focussed on 7cm, pH 

3-10 linear iso-electric focussing strips (APB) using a IGPhor (APB) according to 

manufacturer’s instructions . For the second dimension, focussed strips were incubated for
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10 minutes in equilibration buffer (50mM Tris-Cl, pH 8 .8 , 6 M Urea, 30% glycerol, 2% 

SDS, 0.1% bromophenol blue) with lOmg/ml dithiothreitol and 10 minutes in equilibration 

buffer with 25mg/ml îodoacetamide before being loaded on to a 15% SDS-polyacrylamide 

gel.

2.6.5. Western Blotting

Resolved proteins were transferred onto polyvi nylfluoride (PVDF) membranes 

(Millipore) in transfer buffer (20mM Tris, 150mM glycine, 20% methanol) by wet blotting 

at 6 6  V for Ihr at 4°C. The rest of the procedure was carried out at room temperature. 

Membranes were blocked in blocking buffer which consisted of Tris-buffered Saline (TBS- 

25mM Tris base, 0.9%NaCl) containing 5% milk powder, 0.5% Tween-20 for 10 minutes. 

Primary antibody was diluted in blocking buffer and incubated with the blot for Ihr. 

Membranes were washed with blocking buffer for 3x 15 min. HRP-conjugated secondary 

antibody (1:2000) in blocking buffer was incubated with the blot for 45 minutes. Blot was 

washed with TBS containing 0.5% Tween-20 for 4x20 minutes. Immunoreactive proteins 

were visualised using enhanced chemiluminescence according to manufacturer’s protocol 

(ECL, Amersham).

2.6.6. Phosphor Imaging.

SDS-polyacrylamide gels were dried and exposed to phosphor screens (Molecular 

Dynamics for 30minutes to overnight. The screen was then scanned using a phosphor 

imager (Molecular Dynamics). The image was manipulated using the IVQMac2 software.
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2.6.7. Calculation of isoelectric point

Primary amino acid sequence of caspases was taken from the NCBI data base at 

http://www.ncbi.nlm.nih.gov:80/entrez/qiierv.legi?db=Protein and inputted into 

http://us.expasv.org/toois/pi_tool.html

2.7. Cell fractionation

2.7.1. Isolation of mouse liver mitochondria

The entire procedure was carried out on ice. One mouse liver was placed in 30ml HSB 

(0.3M sucrose, lOmM Hepes-KOH pH 7.4) and roughly cut into chunks, removing 

connective tissue and gall bladder. Material was homogenised with 15 strokes of a loose 

pestle (Glas-Col). The material was centrifuged twice at 600g for 5 minutes, retaining the 

supernatant which was centrifuged at 8700g for 1 0  minutes to precipitate the mitochondrial 

fraction. The pellet was resuspended in lOmls HSB/lmM phenylmethysulphonyl fluoride 

and centrifuged at 8700g for 10 minutes. The pellet was washed twice in and resuspended 

at lOmg/ml in MSB (0.4M Mannitol, lOmM NaH2P0 4 , 20mM Hepes-KOH pH 7.4, 0.5mM 

EOT A, 5mg/ml BSA) and kept on ice prior to use. I House s^rc^ ISa18/c ab /if

2.7.2. Cvtosolic preparation bv Pounce homogenisation

Cells were wash once in cold phosphate buffered saline and once in cold SCEB (50mM 

Hepes pH 7.4, 0.3M Sucrose, 5mM MgCl], 0.1 mM EGTA, ImM phenylmethysulphonyl 

fluoride, 5mM dithiotheritol). Cells were broken in a ratio of 4 vol of SCEB buffer to 1 vol 

cell pellet using 20 strokes of a Dounce homogeniser (Glas-Col) or until 80% were Trypan 

Blue positive. The homogenates were centrifuged at 18 OOOg. The concentration of the 

cell extracts was approximately lOmg/ml.
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2.7.3. Rapid cytosol preparation using digitonin

Cell lysis in digitonin-buffer was carried out according to (Samali et al., 2001). Cells ( 6  x 

1 0 )̂ were detached by incubation with trypsin, washed once in mitochondrial buffer 

(70mM Tris base, 0.25 M sucrose, ImM EDTA, pH 7.4) and resuspended in 100 jLil of 

mitochondrial buffer. An equal volume of digitonin (1 mg/ml dissolved in MES-buffer: 

20mM EGTA, 20mM EDTA, 0.25M D-mannitol, 20mM MES, pH 7.4) was added to the 

sample and incubated on ice for 5 min. Centrifugation at 20.000 x g for 10 minutes 

separated the cytosolic fraction from the unbroken cells and organelle fractions. Samples 

were resuspended in equal final volumes of SDS-sample buffer.

2.8. Biochemical techniques

2.8.1. EKD-Biotin labelling of activated caspases

Aliquots of protein were incubated for 5 min at 37°C with 10 p.M Z-EK(bio)D-aomk 

peptide (Peptide Institute, Osaka) and resuspended in Sample Buffer. Following 15% SDS- 

PAGE and wet blotting, protein was visualised by incubation of the blot with Streptavidin- 

HRP followed by ECL. (««ok  =

2.8.2. Assav for cvtochrome c release from mitochondria.

30|Xg mitochondria were incubated with lOp.1 samples at 37°C for 60 minutes in a final 

volume of 25pl in MRB (250mM Mannitol, lOOmM Sucrose, 20mM Hepes-KOH pH 7.4, 

lOmM KCl, 1.5mM MgCl:, ImM EDTA, ImM EGTA, ImM DTT, ImM PMSF). After 

centrifugation at 9000g for 10 minutes at 4°C, the pellet and supernatant were resuspended 

in 30pl and lOpl, respectively, of SDS-PAGE loading buffer.
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2.8.3. Immunoprécipitation.

600|il material was incubated with either 25^1 Protein A or Protein G and 2.5|ag antibody 

in IPB (lOmM Hepes pH 7.4, 0.1%NP40 1% BSA, ImM DTT) rotating for 1 hour at room 

temperature. Beads were pelleted, washed 3 times with IPB and protein was eluted with 

50p.l SDS-PAGE loading buffer. 20pl aliquots of preload and unbound protein was 

resuspended in loading buffer and eluted protein were analysed on 15% SDS-PAGE 

followed by Western blot

2.8.4. Immunodepletion.

50pl Protein G Sepharose was pre-incubated with 5pg antibody for 1 hr at room 

temperature. Beads were washed 3 times with TBS/0.1%NP40 and incubated with 250pl 

of Jurkat cell extract (lOmg/ml) overnight at 4°C. Beads were washed and resuspended in 

50|il Sample Buffer. Flow through was used in further experiments.

2.8.5. In vitro caspase activation.

Jurkat cell extracts prepared by Dounce homogenisation as in section 2.7.2 were mixed 

with ImM bovine cytochrome c, O.lmM dATP and sometimes desalted IVT caspases (at 

0.25-1 pi per lOOpl). Reactions were incubated at 37°C and the reaction stopped by 

resuspension in sample buffer.

2.8.6. Caspase cleaving assavs

To assess fractions ability to cleave caspase- 6  or - 8  during a purification, the following

procedure was carried out. The protein concentration of fractions was estimated using the

AKTA FPLC Unicom software and the BioRad Protein Assay. If the protein concentration
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was below O.lmg/ml then BSA was added as a carrier protein to a concentration of 

O.lmg/ml. Fractions were always desalted into lOmM Tris buffer/ImM DTT using Biorad 

P6  gel spin columns prior to being incubated with 0.25-1% desalted, IVT caspase- 6  or 

- 8  for 30 minutes at 37°C. Cleavage of substrate caspase was assessed by SDS-PAGE and 

phosphor imaging,

2.8.7. Ammonium Sulphate precipitation.

Ammonium Sulphate crystals were added slowly to protein fractions while stiring. Ten 

minute after the last crystals were added, fractions were centrifuged at 141c g for lOminutes 

to pellet precipitated protein.

2.9. Column Chromatography

2.9.1. General procedures

Procedure was carried out at 4°C using an AKTA FPLC (APB) in conjunction with the 

Unicom software. All columns were obtained from (APB). Samples were either 

centrifuged at 90k g for 1 Ominutes where possible or for larger volumes at 20k g for 

30minutes. All buffers were filtered.

2.9.2. Gel Filtration

500pl sample was loaded onto a Superdex 200 10/30 column. Buffer A (lOmM Hepes, 

50mM NaCl, 5mM DTT) was run at 0.25ml/min. 0.5 or 1ml fractions were collected. 

Column was calibrated by individually running components of the Sigma Gel Filtration 

standard kit through the column under the same conditions.
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2.9.3. Ion-exchange chromatography

The columns used were HiLoad Q-Sepharose 26/10 FF, were HiLoad Q-Sepharose 16/10 

HP and HiLoad SP-Sepharose 16/10 HP. Columns were run according to manufacturers 

instructions. Briefly, columns were pre-equilibrated in Buffer A with the concentration of 

NaCl matching that of the sample. Sample was loaded and colunm washed with 5-10 CV 

(colunm volumes) of buffer A until the protein concentration of the eluate returned to 

baseline. Protein was eluted in a lOCV gradient of Buffer A to Buffer B (lOmM Hepes, 

5mM DTT, IM NaCl or a pre-established sufficient NaCl concentration). Fractions were 

collected.

2.9.4. Hydrophobic Interaction Chromatography

The column used was HiTrap 1ml Octyl-Sepharose which was run according to 

manufacturers instructions. Briefly, column was pre-equilibrated in Buffer A (lOmM 

Hepes, IM (NH4)2S0 4 , 5mM DTT) Sample was made up to IM (NH4)2S0 4  and loaded 

onto the column. The column was washed with 5-10 CV (colunm volumes) of buffer A 

until the protein concentration of the eluate returned to baseline. Protein was eluted 

initially with steps of 25, 50, 75, 100% Buffer B (lOmM Hepes, 5mM (NH4)2S0 4 , 5mM 

DTT) or those appropriate. Fractions were collected.

2.9.5. Affinity Chromatography

Columns used were HiTrap 1ml Heparin and HiTrap 1ml Blue. Columns were run as in 

2.9.3 with the following modification. For the HiTrap Heparin buffer B had initially 0.5M 

NaCl and for the HiTrap Blue Buffer B had 2M NaCl.
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Chapter 3 Results: Mechanism of caspase-8 activation in the 

cvtochrome c initiated apoptosis pathway

3.1. Introduction

Cytochrome c release from the mitochondria into the cytoplasm is a rate limiting 

step in the progression of apoptosis initiated by a wide range of factors (Desagher and 

Martinou, 2000), Once in the cytoplasm, cytochrome c initiates the activation of a subset 

of caspases which are responsible for many of the morphological features of apoptosis 

(Cohen, 1997; Porter et al., 1997). Caspase-8 has been found to be activated in this 

pathway, but the mechanism of activation is unknown (Kruidering and Evan, 2000). 

Caspase-8 may be activated by auto activation or by direct cleavage by another protease; 

and by interaction with one or many activators. In this chapter, the mechanism of 

cytochrome c initiated caspase-8 activation is investigated and placed in the context of the 

activation of other caspases in this pathway.

3.2. Results

3.2.1. Caspase-8 cleavage in Jurkat cells and extracts

The mechanism of caspase-8 activation was investigated in the lymphoblastoid cell 

line, Jurkat clone E-61. There is a large body of literature describing caspase activation in 

this cell line and these cells are amenable to both cellular and biochemical assays.

Apoptosis was induced in Jurkat cells by stimulating the Fas pathway with an 

agonistic anti-Fas antibody. Jurkat cells have been defined as “Type 11” cells because
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following activation of the Fas pathway in this cell line, caspase-8 cleavage has been 

demonstrated to be mostly downstream of cytochrome c release (Scaffidi et al., 1998). In 

figure 3.1a, Jurkat cells were incubated with an agonistic anti-Fas antibody for the times 

indicated above the blot. Western blotting was performed on whole cell lysates using a 

polyclonal anti-caspase-8 p20 antibody. Full-length caspase-8 is visualised as a 55kDa 

cfô Wvhand the intermediate caspase-8 cleavage fragments seen as a 42kDa<̂ ':ctWgr, initially 

appearing after 2hr of Fas stimulation. A band of 18kDa was observed on long exposure of 

the blot.

Caspase-8 activation by Fas stimulation in cells represents a physiological setting in 

which caspase-8 is activated downstream of cytochrome c release. Although it is desirable 

to carry out experiments in physiological settings, caspase activation is slower and less 

synchronous in cell systems than in in vitro systems. In addition, once caspases are 

activated, cells quickly die and are cleared which means active caspases are only present 

transiently in the cell system. Therefore, in vitro systems are useful for defining 

biochemical pathways. To specifically investigate the effect of cytochrome c on caspase-8 

activation a well established experimental system could be employed. Cytochrome c 

induced caspase activation can be reproduced in vitro when cytosolic extracts are incubated 

with cytochrome c and Apaf-1 co-factors, MgCb and dATP (Li et al., 1997c).

Figure 3.1b and c, are Western blots showing caspase-8 activation in Jurkat cell

extracts incubated with cytochrome c. Under these conditions, Jurkat cell extracts have all

the components necessary and sufficient for caspase-8 activation. Extracts were incubated

at 37°C for the times indicated above the blots and Western blotting was performed using,

in figure 3.1b, the polyclonal anti-caspase-8 p20 antibody and in figure 3.1c, a monoclonal

anti-caspase-8 plO antibody. Figure 3.1b shows that cytochrome c induced caspase-8

activation shows the same cleavage pattern as seen on Fas stimulation in figure 3.1a. Using
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Figure 3.1 Caspase-8 cleavage in Jurkat cells and extracts
a) Jurkat cells were incubated with 1 p,g/ml anti-Fas antibody for 0-5hrs, as indicated. Cells 
were washed twice in PBS and resuspended in SDS-PAGE sample buffer. lOpg protein 
was loaded onto 15% SDS-PAGE and blotted onto PVDF.
b, c) Post-mitochondrial Jurkat cell extracts were incubated with ImM cytochrome c and 
O.lmM dATP at 37°C, for the times in minutes indicated. Extracts were resuspended in 
SDS-PAGE sample buffer. 20|ng protein was loaded onto 15% SDS-PAGE and blotted 
onto PVDF.
Western blotting was carried out using in (a) and (b) a polyclonal anti-caspase-8 p20
antibody, and in (c) a monoclonal anti-caspase-8 plO antibody.
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an antibody raised against the plO, figure 3.1c, shows full length caspase-8 as a 55kDa 

band and the caspase-8 plO subunit appearing after 60 minutes of stimulation. The 25 kDa 

band which is lost after 30 minutes of stimulation may be a cross-reacting band because it 

is not visualised by other anti-caspase-8 antibodies.

Caspase-8 activation in this setting was demonstrated to be comparable to caspase-8 

activation in Fas stimulated cells. One conclusion that can be drawn from using the in vitro 

system is that protein synthesis is not needed to activate caspases including caspase-8.

3.2.2. Caspase-8 remains in the same sized complex during activation.

When investigating the mechanism of caspase activation it can be informative to 

determine whether the protease becomes part of a larger or smaller complex during 

activation. For example, caspases-3, -7 and -9 become part of a complex with the high 

molecular weight apoptosome during their activation (Cain et al., 1999).

The change in complex size of caspase-8 during activation in Fas stimulated cells or

cytochrome c activated cell extracts was measured by gel filtration chromatography. In

figure 3.2, cells were incubated with and without anti-Fas antibody for 2 hrs prior to cytosol

extraction and cell extracts were incubated with and without cytochrome c for Ihr. Each

sample was loaded onto a Superdex 200 10/30 gel filtration column, which separates

protein complexes between approximately lOOOkDa and lOkDa. 0.5ml fractions were

collected and the even number fractions were analysed by Western blot using the

polyclonal anti-caspase-8 p20 antibody . Caspase-8 behaved in the same manner in this

assay regardless of whether it was activated in the intact cell (fig. 3.2b), or in vitro (fig.

3.2d). This validates the assertion that cytochrome c activation of cell extracts is an

appropriate model for investigating caspase activation in the mitochondrial pathway. Prior

to activation, full-length caspase-8 was found to peak in fraction 26, indicating that it was
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Figure 3.2 Caspase-8 is in a ~100kDa complex before and during activation.
a, b) Jurkat cells were incubated (a) alone, or (b) with Ipg/ml anti-Fas antibody for 2hrs. 
Post-mitochondrial extracts were prepared.
c, d) Post-mitochondrial Jurkat extracts were incubated (c) alone, or (d) with ImM 
cytochrome c and O.lmM dATP at 37°C for 1 hour.
2.5mg each extract was loaded onto a Superdex 200 10/30 gel filtration column and 0.5ml 
fractions were collected. lOpl of even numbered fractions from 16 to 40 was loaded onto 
10% SDS-PAGE and blotted onto PVDF. Western blotting was carried out using a 
polyclonal anti-caspase-8 p20 antibody.
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in a complex size of approximately lOOkDa. During activation, indicated by appearance of 

a 42kDa cleavage product, caspase-8 remained in the same fractions.

Caspase-8 therefore remains in the same size complex during activation as the 

procaspase. Unlike some of the other caspases activated in this pathway, caspase-8 

activation is probably not being facilitated by a stable interaction with either adaptor 

proteins or caspases. Nor does loss of an inhibitor binding to the procaspase-8 appear to be 

a component of the activation mechanism. However, from this assay very small changes in 

complex size may be undetected.

3.2.3. Cvtochrome c induces trans activation of caspase-8: the prodomain is not required.

Caspases can be activated by auto activation or trans activation. The mechanism of 

auto activation requires a homotypic interaction of the caspase prodomain with an adaptor 

protein (Kumar and Colussi, 1999). The prodomain of caspase-8 is essential for activation 

in the Fas induced Death Inducing Signalling complex (DISC) (Muzio et al., 1996). The 

prodomain is required to recruit caspase-8 to the DISC via a homotypic interaction with the 

adaptor protein F ADD, bringing the procaspases into close association thereby promoting 

auto activation.

To determine whether caspase-8 is activated by auto activation or trans activation in 

the cytochrome c initiated apoptosis pathway, we assayed whether the prodomain was 

required. The approach used was to produce a caspase-8 prodomain deletion mutant and to 

observe whether this protein could be cleaved in cytochrome c activated extracts. The 

deletion mutant was in vitro translated (IVT) and labelled with ^̂ S methionine which 

allowed it to be distinguished from the endogenous caspase-8 in the cell extracts.

Firstly, it was established that IVT caspase-8 wild type was cleaved in

cytochrome c activated extracts in an analogous way to which the endogenous caspase-8 is
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activated. Figure 3.3b, shows that IVT caspase-8 was cleaved into a number of 

cleavage products in cytochrome c activated extracts , visualised by phosphor imaging. 

Cleavage products visible after 60 minutes stimulation are the p42 intermediate (consisting 

of the prodomain and p20 domain), the 25kDa prodomain, and the pi 0 domain. This 

method does not necessarily allow visualisation of every subunit on one-dimensional SDS- 

PAGE. For example, the 25kDa prodomain of caspase-8 and the p20 subunit are similar in 

size but, because the pro-domain contains nine methionine residues and the p20 contains 

only three, the signal from the prodomain masks that of the p20 subunit.

In order to assess whether caspase-8 without the prodomain could be cleaved in 

cytochrome c activated extracts, a mammalian expression vector was constructed to express 

a caspase-8 prodomain deletion mutant, caspase-8 217-419 (caspase-8 p20+pl0). Figure 

3.3a shows that caspase-8 217-419 could be in vitro translated although it had a lower 

intensity than that of full length caspase-8, partly because it has less labelled methionine 

residues. Figure 3.3c, shows that when caspase-8 217-419 was mixed into cell extracts 

which were subsequently activated with cytochrome c, the mutant was cleaved into its 

constituent p20 and plO subunits after 60 minutes. The cleavage of the mutant proceeded 

with similar kinetics as cleavage of the full length caspase-8. This means that caspase-8 

cleavage in this pathway does not require the prodomain. Caspase-8 was not being cleaved 

by auto activation but by trans activation by another protease in cytochrome c activated 

extracts.

3.2.4. Caspase-8 is cleaved bv transient interaction with a smaller protease

Caspase-8 had been shown to be cleaved by transient interaction with one or more

proteases in cell extracts stimulated with cytochrome c. It could be postulated that

determining the size of these activating proteases may aid in their identification. Therefore,
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Figure 3.3 IVT 35§ caspase-8 is activated in Jurkat cell extracts
a) 2jil IVT 35S caspase-8 full length and IVT 35§ caspase-8 217-479 (p20+pl0) were 
resuspended in SDS-PAGE sample buffer and loaded onto 15% SDS-PAGE. 
b, c) 2pl (b) IVT 35S caspase-8 full length, and (c) IVT 35g caspase-8 217-479 (p20+pl0), 
were desalted and incubated with 50pl Jurkat cell extract, ImM cytochrome c and O.lmM 
dATP at 37°C, for the times in minutes indicated. 5pl samples were loaded onto 15% 
SDS-PAGE. The gels were dried and bands were visualised by phosphor imaging.
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cell extracts capable of supporting caspase-8 cleavage were separated by size using gel 

filtration chromatography and fractions collected were assessed for their ability to cleave 

IVT caspase-8.

In figure 3.4a, cytochrome c activated Jurkat cell extracts were loaded onto a 

Superdex 200 10/30 column and fractions collected were incubated with IVT caspase-8. 

Following the reaction, samples were loaded onto SDS-PAGE and phosphor imaging was 

used to visualise IVT ^̂ S caspase-8 cleavage products. Fractions which could support 

caspase-8 cleavage, were revealed by the appearance of the 42kDa caspase-8 cleavage 

product.

Caspase-8 cleaving activity has only one peak on the gel filtration column and that 

peak is at fraction 28 (fig 3.4a). Endogenous caspase-8 peaks at fraction 25 (fig 3.5). In 

contradiction to data published using recombinant caspases, this ruled out that active 

caspase-8 could trans cleave full length caspase-8 in this system (Muzio et al., 1997; 

Srinivasula et al., 1996a). Caspase-8 was being cleaved by transient interaction with a 

smaller protein complex or complexes. Since each fraction contains many protein 

complexes of similar size, it was not possible to tell how many factors could activate 

caspase-8.

Figure 3.4b shows a similar assay with the substrate caspase-8 now being the 

prodomain deletion mutant, caspase-8 217-419. This substrate is cleaved by the same 

fractions as the full length caspase-8. This reiterates the result of the earlier experiment 

presented in figure 3.3c. Caspase-8 does not require the prodomain in order to be cleaved 

between the p20 and plO domains and therefore can be activated by trans cleavage in this 

pathway.
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Figure 3.4 Caspase-8 is cleaved by transient interaction with a smaller pro tease.
250)li1 Jurkat cell extract, incubated with ImM cytochrome c and O.lmM dATP at 37°C 
for 20 minutes, was loaded on to a Superdex 200 10/30 gel filtration column and 0.5ml 
fractions were collected. 50|li1 aliquots from these fractions, indicated by numbers above 
blots, were incubated at 37^0 for 30 minutes with either in (a) O.Sjixl IVT caspase-8 
full length or in (b) O.SpI IVT caspase-8 217-479 (p20+pl0). The same reaction was 
also carried out in cytochrome c activated, unfractionated extracts, indicate by (+).
15pi fractions were loaded onto 15% SDS-PAGE and the bands were visualised by 
phosphor imaging.
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3.2.5. Gel filtration analysis of the cvtochrome c initiated apoptosis pathway.

Caspase activation in the cytochrome c initiated pathway has been the subject of 

intense study over the last few years. Many proteins of this pathway have been 

characterised and antibodies raised against them are available. Although rigorous analysis 

of the change in complex size of these proteins by gel filtration has been carried out, it was 

not known how these proteins behaved in cytochrome c activated Jurkat cell extracts (Cain 

et al., 1999; Saleh et al., 1999; Zou et al., 1999). This was significant information for this 

project, specifically because the aim was to determine which activated caspases peak in the 

same fraction as the caspase-8 cleaving activity.

Figure 3.5 and 3.6 shows Western blot analysis of control and cytochrome c 

activated extracts separated by gel filtration. For each protein, every fraction from 14 to 40 

was analysed with at least two different antibodies. Figure 3.5 shows Western blots for 

Apaf-1, caspase-8 and -9 for every fraction from 16 to 28; these proteins were not observed 

below fraction 28. Figure 3.6 shows Western blots for caspases-2, -3, -6, -7, F ADD and 

XIAP, for even numbered fractions from 16 to 40.

All caspases analysed were observed at their expected size in the control extracts 

and were cleaved into their expected fragments following incubation with cytochrome c.

As had been demonstrated in other cell systems following different apoptotic triggers, the 

adaptor protein Apaf-1, caspases-9, -3 and -7 became part of high molecular weight protein 

complexes following extract activation (Cain et al., 1999). A population of each of these 

caspases and Apaf-1 was found in the fraction 16, the column void volume, following 

activation. The complex of Apaf-1 and active caspases called the apoptosome had been 

implicated as a potential activator of caspase-8 in the cytochrome c initiated apoptosis
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Figure 3.5 Gel filtration analysis of known components of cytochrome c induced 
apoptotic pathway in Jurkat cells.
Post-mitochondrial Jurkat extracts were incubated (a,c,e) alone, or (b,d,f) with ImM 
cytochrome c and O.lmM dATP, at 37°C for 20 minutes. 2.5mg both extracts were loaded 
onto a Superdex 200 10/30 gel filtration column and 0.5ml fractions were collected. lOpl 
of fractions from 16 to 28 were loaded onto 10% SDS-PAGE and blotted onto PVDF. 
Western blotting was carried out using in (a,b) a monoclonal anti-Apaf-1 antibody, (c,d) a 
polyclonal anti-caspase-9 antibody, or (e,f) a polyclonal anti-caspase-8 antibody .
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Figure 3.6 Gel filtration analysis of known components of cytochrome c induced 
apoptotic pathway in Jurkat cells.
Post-mitochondrial Jurkat extracts were incubated (a,c,e,g,i,k) alone, or (b,d,f,h,j,l) with 
ImM cytochrome c and 0.ImM dATP, at 37^0 for 20 minutes. 2.5mg both extracts were 
loaded onto a Superdex 200 10/30 gel filtration column and 0.5ml fractions were collected. 
lOfJ of even numbered fractions from 16 to 40 were loaded onto 10% SDS-PAGE. 
Western blotting was carried out using in (a,b) a poyclonal anti-caspase-7 antibody, (c,d) 
a polyclonal anti-caspase-3 antibody, (e,f) a monoclonal anti-caspase-2 antibody, (g,h) a 
polyclonal caspase-6 antibody, (i j)  a monoclonal anti-FADD antibody, or (k,l) a polyclonal 
anti-XIAP antibody.
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pathway (Hakem et a l, 1998; Hu et a l, 1998a). However, since the caspase-8 cleaving 

activity peaks in fraction 28 (figure 3.4a and b), the apoptosome is not activating caspase-8 

directly in this system.

Cleaved caspases-2, -3, and -6 (fig. 3.6), in the cytochrome c activated extracts were 

all found in the region of fraction 28 and therefore were all candidates for having caspase-8 

cleaving activity.

FADD (fig.3.6), is the adaptor protein which directly recruits caspase-8 to the Fas 

receptor, promoting auto activation (Medema et ah, 1997). There is evidence to suggest 

that FADD may have an additional role in caspase-8 activation in the cytosol, away from 

the plasma membrane and downstream of cytochrome c release (Kruidering and Evan,

2000). FADD was found to peak in fraction 30 before and during activation. It was not 

found to peak in the same fractions as either caspase-8 or the caspase-8 cleaving activity 

and therefore FADD does not appear to have a direct role in caspase-8 activation in this 

system. Evidence presented later confirms that FADD is not necessary for caspase-8 

activation in this system.

In D. melano2aster, there is evidence that members of the lAP family bind to the 

prodomain of the caspase DRONC (Meier et aL, 2000b). One requirement for activation of 

this caspase appears to be removal of this inhibitor. The mammalian caspase inhibitor, 

XIAP (fig.3.6), was found in fractions above 24 and therefore not bound to caspase-8 in 

control extracts. Relief from repression by XIAP did not appear to have a role in caspase-8 

activation. As seen in figure 3.2, no portion of caspase-8 shifted to a lower fraction on 

activation and therefore relief from repression by any other inhibitor was probably not 

involved in activation either. Recent publications have shown that XIAP works by 

inhibiting cleaved caspases and not procaspases (Holcik and Korneluk, 2001). Mammalian

lAPs which inhibit caspases by binding to the prodomain have not yet been identified.
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3.3. Discussion

Caspase-8 activation in cytochrome c activated Jurkat cell extracts was found to be 

a good approximation of caspase-8 activation in cells following cytochrome c release. 

Therefore, this in vitro activation system could be used for subsequent analysis of caspase-8 

activation with a degree of confidence. This system has many advantages; the cytochrome 

c pathway is activated in isolation, caspase activation is more rapid and synchronous and 

the system is cheaper for the large scale experiments described in the next chapter.

3.3.1. Cvtochrome c initiated caspase-8 activation

Caspase-8 activation downstream of cytochrome c release was defined by a series of 

experiments. Caspase-8 was found to be cleaved by transient interaction with an activator 

and it did not become part of a larger or smaller complex during activation. It was 

informative to place this observation is the context of the activation of other caspases in this 

system. As had been observed in several other systems, a proportion of caspases -3, -7 and 

-9 were observed to become part of a high molecular weight apoptosome with Apaf-1 

during activation (Bratton et aL, 2001; Cain et aL, 1999). The fact that similar results have 

been observed with several cell types, utilising different triggers of apoptosis in cells, or 

with caspases activated in vitro indicates that this core mechanism of apoptosis is little 

modulated (Beere et aL, 2000; Cain et aL, 1999; Freathy et aL, 2000; Rodriguez and 

Lazebnik, 1999; Saleh et aL, 2000; Zou et aL, 1999). Although not shown here, gel 

filtration analysis of the apoptosome formed on Fas treated Jurkat cells was performed and 

also showed no differences to that formed on cytochrome c treatment of extracts. 

Furthermore, in D. melanogaster although the initial apoptosis signalling pathways utilising
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Reaper, Hid and Grim appear to be rather different to those found in mammals, the 

apoptosome formation and downstream caspase activation is analogous to that found in 

mammals (Rodriguez et aL, 2002). This contributes to the idea that the core mechanism of 

apoptosis is well conserved.

3.3.2. Caspase-8 is cleaved bv trans activation: bv transient interaction with a smaller 

protease or proteases.

Caspase-8 was found to be cleaved by trans activation by another protease as 

opposed to auto activation; the prodomain of caspase-8 was not required for the activating 

cleavage between the large and small domains. Auto activation of caspase-8 occurs in the 

Fas DISC, utilising the adaptor protein FADD (Medema et aL, 1997). Auto activation has 

also been implicated as the mode of caspase-8 activation in a cell model of Huntington’s 

Disease, utilising the indirect adaptor proteins Hip and Hippi (Gervais et aL, 2002).

Caspase-8 was found to be cleaved by a smaller protease or proteases; gel filtration 

fractions that could support caspase-8 activation contained complexes smaller than caspase- 

8. From Western blot analysis of these fractions candidate caspases could be caspase-2, -3, 

or -6. However, from the data presented thus far it was not possible to determine which of 

these caspases could activate caspase-8 directly or if all of them were involved. Caspases 

are not the only proteases activated during apoptosis; several members of the calpain and 

cathepsin families of proteases are also activated (Johnson, 2000). Some of these proteases 

have been demonstrated to be able to cleave caspases in vitro and their role in apoptosis 

may be underestimated because their protease activity can be inhibited by synthetic 

inhibitors which were thought to have specificity for caspases alone. At this stage the role 

of other proteases in caspase-8 activation was not clear.
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3.3.3. Limitations of the in vitro system

Although the in vitro system used appears representative of the cytochrome c 

initiated apoptosis pathway that occurs in cells, it has a number of limitiations which should 

be recognised.

Only proteins solubased by Dounce homogenisation of cells in isotonic buffer are 

present. For example, these experiments were performed before the identification of the 

mitochondrial protein Smac and Htra2 which are not abundant in cell extracts prepared as 

described above, but are also released from the mitochondria during apoptosis (Du et aL, 

2000; Suzuki et aL, 2001a; Verhagen et aL, 2000). Processed forms of both of these 

proteins have an N-terminal “AVP” sequence which allow binding to XIAP, freeing 

apoptosome caspases from repression by XIAP (Martins et aL, 2002; Srinivasula et aL,

2001). Cytochrome c induced caspase activation has been demonstrated to be more 

efficient in the presence of Smac and Htra2 (Du et aL, 2000; Hegde et aL, 2002; Martins et 

aL, 2002; Suzuki et aL, 2001a).

In addition, apart from in Death Receptor complexes, a pool of caspase-8 has been 

variously described to be associated with the outer membranes of endoplasmic reticulum 

(Ng et aL, 1997), or the mitochondria (Stegh et aL, 2002), with Huntington binding 

proteins (Gervais et aL, 2002), and with aggregates in the cytosol during activation (Ding et 

aL, 2000). It is a limitation of the in vitro system that some of these components which 

may be relevant to cytochrome c induced caspase-8 activation in cells are not present. 

However, the in vitro system does contain sufficient soluble cytosolic components to 

activate caspase-8 and therefore can be used to investigate the proteins necessary and 

sufficient for cytochrome c induced caspase-8 activation.
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Chapter 4 Results: Purification, identification and 

characterisation of the caspase-8 cleaving activity

4.1. Introduction

In the previous chapter, Caspase-8 was shown to be cleaved in cytochrome c 

stimulated Jurkat cell extracts by transient interaction with one or more smaller proteases. 

From the gel filtration analysis of the activated cell extracts several caspases could be 

identified as possible candidates. Which, if any, of these caspases or other proteases could 

be directly activating caspase-8 could not be determined from the previous experiments. 

Therefore, in this chapter the caspase-8 cleaving activities were purified and identified.

4.2. Results

4.2.1. Purification of caspase-8 cleaving activitv

Caspase-8 does not form a stable complex with an activating protease (fig 3.2). 

Therefore, attempting to purify activators by co-precipitation would probably not be a 

successful strategy. Instead, caspase-8 cleaving activity was produced on a large scale by 

incubating Jurkat cell extracts with cytochrome c, as previously, and a sequential column 

purification of caspase-8 cleaving activity was carried out.

At each stage of the purification the activity of fractions collected was assayed by 

their ability to cleave IVT caspase-8, as seen in figure 3.4. The IVT caspase-8 

shown in the figures was synthesised in rabbit reticulocyte lysate. This lysate contains 

mammalian caspases which may have interfered with the assay. Therefore, results gained
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were reproduced using IVT caspase-8 synthesised in wheatgerm extract which has no 

known caspases.

The details of the sequential column purification are summarised in figure 4.1a. 

Chromatography was a carried out as described in the methods section 2.9 with some 

modifications.

Stepl: Activation o f post-mitochondrial extracts -  Cytosolic extracts were prepared 

from 50 litres of Jurkat cells by Dounce homogenisation in isotonic buffer. Caspase-8 

cleaving activity was made by incubating the extracts with cytochrome c for 90 minutes at 

30°C. The incubation time may appear longer than necessary when compared to previous 

experiments, but it had to be adjusted to account for the large volumes involved.

Step 2: Q-Sepharose Chromatography -  The extracts from step 1 (2g protein) were 

loaded in two halves on to a Q-Sepharose column (50ml bed vol). Protein was eluted with 

a five column volume linear gradient of Buffer A to Buffer A containing 0.3M NaCl.

Step 3: SP-Sepharose Chromatography -  Active fractions from step 2 (0.1 g protein) 

were loaded onto a SP-Sepharose column (20ml bed vol) equilibrated in Buffer A (now 

with 50mM NaCl). Proteins were eluted with a ten column volume linear gradient of 

Buffer A to Buffer A containing 0.3M NaCl.

Step 4: Ocytl-Sepharose chromatography -  Active fractions from step 3 (lOmg 

protein) were made up to IM (NH4)2S0 4  before being loaded on to a Octyl-Sepharose 

column (1ml bed vol). After loading the column was washed in Buffer A /0.8M 

(NH4)2S0 4 . Bound protein was step eluted in Buffer A/0.5M(NH4)2SO4. Crystals of 

(NH4)2S0 4  were added directly to protein from step elution (2.5mg) up to 50% saturation 

with shaking at 4°C. Precipitated protein was resuspended in 1ml.
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Purification Scheme

'.  Cytochrome c activated post-mitochondriai celi extracts

2. High Load Q-Sepharose FF 26/10 - eiutes 0.09-0.2M NaCI

. High Load SP-Sepharose HP 16/10 - eiutes 0.12-0.23M NaCi

4. High Trap Octyi Imi -step eiution 1-0.5M (NH4)2S04

5. Superdex200 10/30 -eiutes 16-18mi

6. Anaiysis

12 13 14 15 16 17 18 19 20 fractions

— p17

-  pis

Coomassie

Figure 4.1 Purification of caspa$e-8 cleaving activity.

a) Scheme of sequential column purification of caspase-8 cleaving activity.
b) Following elution from Superdex 200 10/30, 15|il from 1ml fractions collected loaded
onto 15% SDS-PAGE. The gel was stained with colloidal Coomassie Blue.
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Step 5: Superdex200 gel filtration chromatography -  Active protein from step 5 

was loaded in two halves on to a Superdex 200 column (23ml bed vol). 0.5ml fractions 

collected were assayed for caspase-8 cleaving activity.

Following this purification, caspase-8 cleaving activity appeared in fractions 16 to 

18 (fig. 4.2a-upper panel). The same fractions were separated by SDS-PAGE followed by 

colloidal Coomassie Blue staining (fig. 4.1b). Two bands of 17kDa and IBkDa were found 

specifically in fractions 16 to 18, co-eluting with caspase-8 cleaving activity.

4.2.2. Identification of the 17kDa band as the catalvtic subunit of the caspase-8 cleaving 

activity.

Following the purification, it was necessary to determine whether either, or both the 

17kDa and 13kDa bands present only in the active fractions, constituted the caspase-8 

cleaving activity. Firstly, a synthetic caspase substrate was used to identify the 17kDa band 

as the catalytic subunit of the caspase-8 cleaving activity.

The gel filtration fractions from the final stage of the purification were incubated 

with a peptide substrate, z-Glu-Lys (Biotinyl)-Asp-CH2-DMB (EKD-Biotin), which 

mimics the recognition site between the pi 8 and plO of caspase-8 - Glutamate, Valine, 

Aspartate or EVD (Martins et al., 1997). The EKD-Biotin covalently modifies the p20 

subunits of the caspases to which it binds, inhibiting their activity and contains a Biotin 

group to allow detection. Following incubation with EKD-Biotin, the fractions were 

separated by SDS-PAGE, blotted onto PVDF and the Biotin bound proteins were detected 

by Streptavidin-HRP (fig. 4.2b). A 17kDa band from fractions 16 to 18 bound to EKD- 

Biotin (and resolved as a single spot on a 2D gel (fig. 4.4b)). Following peptide binding,
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Figure 4.2 EKD-Biotin inhibits purified caspase-8 cleaving activity and binds to a 
single 17kDa band.
Following elution from Superdex 200 10/30, 15pl from 1ml fractions collected were
incubated (a) without, or (b,c) with lOjiM EKD-Biotin at 3?oc for 10 minutes.
a,b) Protein was desalted, incubated with 0.1 pi IVT caspase-8 at 37^C for 30 minutes
and loaded onto 15% SDS-PAGE. Bands were visualised by phospor imaging.
c) Protein was loaded directly onto 15% SDS-PAGE and blotted onto PVDF. Bands were
visualised by incubation with Streptavidin-HRP.
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the fractions were desalted and assayed for caspase-8 cleaving activity (fig. 4.2a lower 

panel).

Fractions 16 to 18 were no longer able to cleave IVT caspase-8 confirming that 

the pi 7, EKD-Biotin binding species, contained the catalytic site of the caspase-8 cleaving 

activity. Since only one EKD-Biotin binding spot was resolved on a 2-dimensional gel and 

all caspase-8 cleaving activity was inhibited by this peptide, only one significant caspase-8 

cleaving activity had been purified.

4.2.3. The 13kDa band is also a subunit of the caspase-8 cleaving activity

Analysis of the sequence human genome has revealed no novel caspase homologues 

(Aravind et al., 2001). Although 2% of the genome is unsequenced, the caspase-8 cleaving 

activity was probably a known caspase. Therefore, active fractions from each stage of the 

purification were immunoblotted using a panel of antibodies raised against a range of 

caspases.

When probing the fractions from the final column, the Superdex 200, none of the 

antibodies raised against the large subunit of caspase-1 to -10 that were used recognised the 

17kDa subunit. The only antibody to recognise the 13kDa band in fractions 17 and 18 from 

the final column was a monoclonal antibody raised against the small subunit of caspase-6 

(fig. 4.3a). This 13kDa protein could be co-immunoprecipitated with the EKD-Biotin 

binding p i7 subunit from S200 fraction using a monoclonal anti-Biotin antibody (fig 4.3b). 

Therefore, the caspase-8 cleaving activity contained both the catalytic 17kDa and the 

13kDa bands seen in the Coomassie Blue stained gel of the purified material.

Although the anti-caspase-6 antibody could bind to the p i3 subunit, for several

reasons we were not confident that this positively identified the caspase-8 cleaving activity

as caspase-6. The anti-caspase-6 antibody raised against the p20 domain did not recognise
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Figure 4.3 Anti-caspase-6 antibody binds to the pl3 of the caspase-8 cleaving activity.
After the purification indicated in fig 4.1, following elution from Superdex 200 10/30, 1ml 
fractions collected were incubated with lOpM EKD-Biotin at 37^C for 10 minutes.
a) 15pl protein was loaded directly onto 15% SDS-PAGE and Western blotting was carried 
out using monoclonal anti-caspase-6 plO antibody.
b) 600pl protein was incubated with 25pl monoclonal anti-Biotin antibody bound agarose
or 25|xl Protein G Sepharose and 2.5pg isotype matched control antibody for Ihr at room
temperature. Protein was eluted from the beads into 50pl SDS-PAGE sample buffer,
loaded onto 15% SDS-PAGE and blotted onto PVDF. Blots were probed with Streptavidin-
HRP in the upper panel, and a monoclonal anti-caspase-6 plO antibody in the lower panel.
In lane 1 is 15pl preload; in lanes 2 and 3 are 20pl protein eluted from the anti-Biotin
antibody and the control antibody, respectively; and in lanes 4 and 5 are 15pi protein left
unbound after incubation the anti-Biotin antibody and the control antibody, respectively.
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the p 17 subunit although this antibody was working well in unfractionated cell extracts, 

recognising both full length and cleaved caspase-6 (fig. 4.5a). The anti-caspase-6 plO 

antibody was raised against an epitope that has high homology to other caspases and 

recognises several bands in whole cell extracts (fig. 5.Id). The Western blot using the anti- 

caspase-6 plO antibody was performed on highly purified material that may give 

misleading results. For these reasons we sought to confirm that the caspase-8 cleaving 

activity was indeed caspase-6 by another approach.

4.2.4. Confirmation that caspase-6 is the caspase-8 cleaving activitv.

In order to confirm that caspase-6 was the caspase-8 cleaving activity, caspase-6 

was followed through the biochemical purification using an alternative detection method. 

Jurkat cell extracts were spiked with IVT caspase-6, extracts were incubated with 

cytochrome c and caspase-8 cleaving activity was purified. The IVT caspase-6 was 

followed through the purification using phosphor imaging.

The purification was carried out as above with the following modifications.

Extracts from 2.51 Jurkat cells were mixed with 160pl IVT caspase-6. Extract 

activation and column chromatography was performed as before. Following step 4, the 

Octyl-Sepharose column, the activity was incubated with l)xM EKD-Biotin. Following 

Ammonium Sulphate precipitation and acetone precipitation, protein was run on a 2-D gel.

The protein was focused on a 7cm lEF strip with PI range 3-10, the strip loaded

onto 15% SDS-PAGE and blotted on to PVDF. Visualisation by phosphor imaging,

revealed two ^̂ S caspase-6 spots of 17kDa and 13kDa, both being between 6.5 and 7 PI

units (fig. 4.4a). This corresponds to the pi 7 subunit of caspase-6 (amino acids 24 - 179)

which has a predicted PI of 6.82 and the p i3 subunit plus linker (amino acids 180 - 293)

which has a predicted PI of 6.90. The blot was probed with Streptavidin-HRP which
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Figure 4.4 Caspase-8 cleaving activity is caspase-66.
Extracts from 2.5 litres of Jurkat cells were mixed wiith 160pl of IVT caspase-6 prior 
to activation with ImM cytochrome c and 0.1 mM dAiTP. The activated material was 
partially purified, incubated with lOpM EKD-Biotin,, precipitated and resuspended in 2D 
gel loading buffer. The sample was focussed on a Term, pH 3-10 linear gradient lEF strip 
followed by 15% SDS-PAGE and electroblotting ontco PVDF.
a) The labelled caspase-6 spots were visualised using; the phosphorimager.
b) EKD-Biotin bound protein was visualised using Sttreptavidin-HRP.
c) The blot was probed with a mixture of Streptavidim-HRP and monoclonal anti-caspase- 
6 plO antibody with the relevant secondary antibody Ito visualise the p i3 additionally.
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detected one spot that colocalised with the upper caspase-6 spot confirming that the 

catalytic domain of caspase-8 cleaving activity is the pi 7 subunit of caspase-6 (fig. 4.4b). 

The blot was then probed with the anti-caspase-6 p i3 antibody which detected one 

additional spot that colocalised with the lower caspase-6 spot. This confirmed that the 

ISkDa species that the antibody detects in the purified activity is caspase-6 p i3 subunit (fig 

4.4c).

4.2.5. The caspase-6 prodomain must be removed for caspase-6 to be active.

Procaspase-6 contains a 23 amino acid prodomain (Liu et al., 1996a; Orth et a l,

1996). On analysis of several purifications it was found that caspase-6 large subunit always

migrated with the PI corresponding to the prodomain being removed. At the time these

experiments were performed, the prodomain of the effector caspases had not been shown to

have a function and cleavage of the prodomain was thought to be dispensable for activity

(Stennicke et al., 1998). Therefore, it was of interest to know why the caspase-6 large

subunit was always purified without the prodomain. There were two possible reasons.

During the initial activation of extracts with cytochrome c or during the purification, the

cleavage of caspase-6 may have gone to completion. Alternatively, caspase-6 retaining the

prodomain may be inactive.

As indicated previously, the caspase-8 cleaving activity would not bind to an anti-

caspase-6 p20 antibody. During the investigation into why this was, it was found that this

antibody only recognises the large subunit retaining the prodomain. During the activation

process there is a heterogeneous population of caspase-6 species (Faleiro et al., 1997;

Fernandes-Alnemri et al., 1996). Analysis of IVT caspase-6 cleaved in cytochrome c

activated extracts revealed that caspase-6 large subunit is present both with (p20) and

without (p i7) the prodomain (fig 4.5b). This is most clearly visualised after 60 minutes of
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Figure 4.5 The pro-domain of caspase-6 must be removed for caspase-6 to be able 
to cleave caspase-8.
a, b) 5plIVT 35S caspase-6 was mixed with 500pl Jurkat cell extract, ImM cytochrome 
c and 0. ImM dATP and incubated at 37°C. 15pl aliquots incubated for the times indicated 
were analysed (a) by Western Blotting using a polyclonal anti-caspase-6 prodomain 
antibody, and (b) by phosphor imaging.
c, d) The caspase-8 cleaving material from Q-Sepharose column was loaded on to the SP- 
Sepharose column and eluted with a linear gradient of 50mM to BOOmM NaCl.
c) 15pl aliquots of preload (Q Active), SP flow through (SP FT) and fractions from the 
gradient (indicated by the numbers above the blot) were incubated with IVT 35S caspase- 
8 for 30 minutes at 37®C and the resultant fragments were visualised by phosphor imaging.
d) the same aliquots were loaded onto 15% SDS-PAGE and Western blotting was carried 
out using a polyclonal anti-caspase-6 prodomain antibody.
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cytochrome c addition, when five distinct caspase-6 species are observed. These are 

corresponding to the 33kDa full length caspase, the 20kDa prodomain plus large subunit, 

the 17kDa large subunit alone, the 13kDa small subunit plus linker and the 1 IkDa small 

subunit alone. In figure 4.5a, the same gel was immunoblotted using the anti-caspase-6 p20 

antibody. In this blot only two bands are observed which correspond to the 33kDa full 

length caspase and the 20kDa prodomain plus large subunit. Therefore this antibody 

recognises the prodomain or the large domain retaining the prodomain of caspase-6.

This antibody was a useful tool to determine whether the prodomain of caspase-6 

inhibits the caspase-8 cleaving activity. It could be used to follow caspase-6 p20 (retaining 

the prodomain) through the purification. It was found that under the conditions used to 

prepare the caspase-8 cleaving activity that the caspase-6 p20 was present and proceeded 

someway through the purification (fig. 4.5d). Consequently, it could be ruled out that the 

absence of the caspase-6 p20 in the final step of the purification was due to the initial 

caspase-6 activation reaction going to completion.

Analysis of the fractions from the purification confirmed that caspase-6 retaining

the prodomain was inactive. On the first column in the purification, the Q-Sepharose, the

caspase-6 p20 co-migrated with the caspase-8 cleaving activity which was shown

previously to be caspase-6 pi 7. Figures 4.5 c and d, show the analysis of the fractions from

the second column, the SP-Sepharose; figure 4.5c being the analysis of the caspase-8

cleaving activity, and figure 4.5d being an immunoblot using the anti-caspase-6 prodomain

antibody. These figures show that the caspase 6 p20 was separated from the caspase-8

cleaving activity (caspase-6 pi 7), by the SP-Sepharose column. The first lane of fig. 4.5 c

and d is the preload (Q Active). It contains the active material, caspase-6 p i7 and caspase-

6 p20 since they co-purify on the Q-Sepharose column. However, the p20 is found solely

in the flow through of the SP-Sepharose column (SPFT) which is inactive in the caspase-8
109



cleaving assay. Whereas the active material, caspase-6 p i7, is bound to the column and 

elutes during the NaCl gradient (fractions 9-11). Since the SP flow through lacks caspase-8 

cleaving activity, caspase-6 retaining the prodomain is inactive in this assay.

The separation of caspase-6 p20/pl0 from caspase-6 pl7/pl0 on the SP-Sepharose 

column is represented in the diagram below.

INPUT

Caspase-6 ^

/ \
FT eiuate

Caspase-6 Caspase-6

p20/p10 p17/p10

LI.— ^ . |: S q

INACTIVE ACTIVE

Diagram 4.1 SP-Sepharose column allows separation of inactive caspase-6 

p20/pl0 from active caspase-6 p l7/p l0

4.2.6. Caspase-6 remains in the same size complex during activation

One possible explanation for why the prodomain renders the p20 inactive is that it is 

bound to an inhibitor or the prodomain prevents binding of an essential caspase-6 co

activator. Therefore the relative migration of IVT caspase-6 cleavage products on 

Superdex 75 and Superdex 200 gel filtration columns was measured. If inhibitors or
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activators bind differentially to caspase-6 p20 and p i7, they will be in different size 

complexes and migrate differently.

In figure 4.6, IVT caspase-6 was mixed with Jurkat cell extracts and activated 

by the addition of cytochrome c. Extracts were loaded onto a Superdex 200 10/30 column 

and fractions were collected. In figure 4.6, IVT caspase-6 fragments were visualised by 

phosphor imaging. Elution of full length caspase-6 peaked at fraction 27 and elution of 

caspase-6 cleavage products peaked at fraction 28. The difference between fraction 27 and 

28 is probably not significant and may reflect a change in the structure of caspase-6 as it 

becomes activated. Caspase-6 p20 and caspase-6 p i7 co-eluted and therefore it is unlikely 

that caspase-6 p20 is inactive because it is bound to an inhibitor or because it prevents 

binding of an activator that binds to caspase-6 pi 7.

4.2.7. Caspase-6 is the onlv factor purified with significant caspase-8 cleaving activitv

At the outset of this project, more than one caspase-8 cleaving activity may have 

been expected to be purified. The activated extracts used for the purification contained a 

complement of active cytosolic caspases and it had been reported that caspase-8 can be 

cleaved by some of them including caspases-3, -6, -8, -9 and -10 (Denning et al., 1998; 

Femandes-Alnemri et al., 1996; Muzio et al., 1997; Slee et al., 1999; Srinivasula et al., 

1996a). Although the specificity of recombinant enzymes used in some of these studies 

may be questioned, redundancy might have been expected in this significant apoptosis 

pathway. However, only one caspase-8 cleaving activity was purified.

To find out why only one caspase-8 cleaving activity, caspase-6, had been purified

when others had been described to have this same activity, antibodies were used to follow

caspases 1-10 through the purification. Although some caspases may have lost necessary

co-factors during the purification, it could be ruled out that the apoptosome could be
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Figure 4.6 Caspase-6 remains in the same size complex before and during activation.
500fil Jurkat cell extract was mixed with 20|j1 IVT 35§ caspase-6 and incubated (a) alone 
or (b) with 1 mM cytochrome c and 0.1 mM dATP for 20mins at 37°C. Material was loaded 
onto a Superdex 200 10/30 gel filtration column and 0.5ml fractions were collected 15pl 
from each fraction was loaded onto 15% SDS-PAGE and bands were detected using a 
phosphor imager.
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cleaving caspase-8. Fractions containing the apoptosome did not have caspase-8 cleaving 

activity (fig 3.4 and fig 3.5).

An example of one caspase that has been implicated in caspase-8 cleavage is 

caspase-3 (Cha et al., 2001; Tang et al., 2000). Figure 4.7 is an analysis of the purification 

which illustrates that cleaved caspase-3 has no detectable caspase-8 cleaving activity. Prior 

to the third column, the Octyl-Sepharose, there are only two known caspases remaining, 

caspase-3 and caspase-6, seen in lane 1, in the Western blots in fig 4.7b and c, respectively. 

Figure 4.7a, is the caspase-8 cleaving assay. This “pre” material has caspase-8 cleaving 

activity; the p42 cleavage fragment of caspase-8 can be detected. After loading onto the 

Octyl-Sepharose column, the caspase-3 is in the FT (fig4.7b, lane 2) and the caspase-6 

elutes predominantly in the 50% IM Ammonium Sulphate (fig 4.7c, lane 4). Analysis of 

the caspase-8 cleaving activity assay shows that caspase-8 cleaving activity does not co

elute with caspase-3 (fig 4.7a, lane2). The caspase-8 cleaving activity all co-elutes with the 

caspase-6, in the 50% elution (fig 4.7a, lane 4).

In this experiment it was demonstrated that caspase-3 has no detectable caspase-8 

cleaving activity. The same type of analysis was performed for caspases-1 to -9 with 

similar results. Caspase-6 (minus the prodomain) was the only detectable caspase-8 

cleaving activity.

4.3. Discussion

In this chapter, caspase-6 was purified as the only detectable caspase-8 cleaving 

activity in cytochrome c activated Jurkat cell extracts. Moreover, it was found that the 

short prodomain had to be removed for caspase-6 to become active.
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Figure 4.7 Caspase-3 does not have significant caspase-8 cleaving activity
Caspase-8 cleaving activity was partially purified as described in the results, up to the 
elution from SP-Sepharose column. 2ml active material (Pre-lane 1) was brought to a 
concentration of IM Ammonium Sulphate and loaded onto a 1ml HiTrap Octyl column. 
The flow through (FT-lane 2) was collected and protein was eluted from the column by 
steps to 750mM (75%-lane 3), 500mM (50%-lane 4) and OmM (0%-lane 5) Ammonium 
Sulphate.
a) 50pl fractions were desalted, incubated with 0.5ml IVT 35S caspase-8 at 37°C for 30 
mins and loaded on to 15% SDS-PAGE. Bands were visualised by phosphor imaging, 
b, c) 20pl fractions were desalted and loaded on to 15% SDS-PAGE. Western blotting 
was carried out using (b) a polyclonal anti-caspase-6 prodomain antibody, and (c) a 
polyclonal anti-caspase-3 antibody.
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4.3.2. Caspase-6

Caspase-6, in addition to caspases-3 and -7, is described as effector caspase (Liu et 

a l, 1996a; Srinivasula et al., 1996b). These caspases have been found to be abundant and 

are thought to carry out the major quantity of substrate cleavage which results in the 

morphological changes associated with apoptosis (Faleiro et al., 1997). With few 

exceptions (Kilic et al., 2002), effector caspases are not found to initiate caspase activation 

pathways but are reliably activated in response to a wide range of apoptotic triggers 

(Eamshaw et al., 1999). The substrates for caspases-6 are not well described, even more so 

than for other caspases. Recently, it has become more apparent that although the effector 

caspases have some degree of overlapping specificity, when all are present they appear to 

have distinct roles (Slee et al., 2001). Identification of caspase substrates may be hampered 

by the fact that the when an effector caspase is absent, the mechanisms of redundancy and 

compensation allow other caspases to take on their substrates (Troy et al., 2001; Zheng et 

a l, 2000).

4.3.3. Specificitv of caspase-6 cleavage of caspase-8

In the cytochrome c treated Jurkat cell extracts caspases-2, -3, -6, -7, -8, -9 and -10 

are known to be cleaved. However only caspase-6 was found to be able to cleave caspase-8 

in these extracts. The apoptosome and free caspases -7, -8 and -9 were shown to not be 

able to cleave caspase-8 because they were all larger than the caspase-8 cleaving activity. 

These caspases and caspase-3 were also shown by biochemical means to be unable to 

cleave caspase-8. At this stage it is important to reiterate that in a whole cell system there 

may be additional mechanisms of caspase-8 activation which cannot be supported by the in 

vitro system.
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However, this study and others investigating the mechanism of caspase activation, 

contradicts results gained from using recombinant caspases. Recombinant caspases -8  and 

-10 can cleave a range of proapoptotic caspases (Muzio et al., 1997). However, when 

caspase-8 is activated in cells treated with TNFa or anti-Fas antibody, caspase-3 inhibition 

and Bcl-2 expression, which do not directly inhibit caspase-8, can prevent other caspases 

being activated (Perez and White, 2000; Scaffidi et a l, 1998). In these examples active 

cellular caspase-8 cannot cleave the same range of substrates as the recombinant caspase; 

its action is restricted to a subset of substrates. There are many analogous examples with 

the general trend being that caspases purified from cells show a much higher degree of 

substrate specificity than their recombinant counterparts. Purely speculative reasons for 

this may be explored. Recombinant proteins are produced in high concentration and this 

may alter the conformation of the caspase, making it more active than the cellular caspase, 

even when diluted. Caspases have been described to undergo a range of post-translational 

modifications that may have an effect on caspase activity and these will not be reproduced 

in recombinant systems. Additional binding proteins may be present in the mammalian 

system that are not present in bacteria. Although interpretation of results gained from use 

of recombinant caspases may have to be interpreted with caution, it should be recognised 

that recombinant caspases have been a useful tool in the initial investigations into caspase 

activation.

The specificity of caspase induced caspase cleavage reactions may dictate the 

sequence of caspase activation observed during apoptosis. This sequential caspase 

activation, together with the distinct specificity for other substrates may facilitate the co

ordinated substrate cleavage and organised cell repackaging.
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4.3.4. Caspase-6 activation requires removal of the prodomain.

Caspase-6 is not active until the 23 amino acid prodomain is removed. Using a 

cation exchange column cleaved caspase-6 with and without the prodomain could be 

separated and only caspase-6 without the prodomain could cleave caspase-8. Previously no 

role had been ascribed to the effector prodomain which was thought to be irrelevant for 

caspase activity (Stennicke et a l, 1998). Work with recombinant caspase-6 had shown that 

another caspase was required to cleave between the p20 and plO but that the prodomain 

was removed by auto activation (Femandes-Alnemri et aL, 1995a). However when 

caspase-6 retaining the prodomain was purified from cell extracts and separated by the SP- 

Sepharose column from mature caspase-6, no activity was associated with this caspase. If 

the caspase-6 with the prodomain had been able to auto cleave off its prodomain, it would 

have become active and been able to cleave caspase-8.

Recent studies with caspase-3 have suggested that the prodomain of this effector 

caspase may also inhibit its activity in the same way (Meergans et al., 2000; Perez and 

White, 2000). Transfection of caspase-3 without the prodomain was observed to sensitise 

cells to apoptosis more than full length caspase-3 (Meergans et al., 2000). In another study, 

TNFa treatment of cells lead to incomplete activation of caspase-3 in the presence of ElB 

19K (Perez and White, 2000). Caspase-3 was cleaved between the p20 and plO but the 

prodomain was not removed; this correlated with a lack of cleavage of PARP, a caspase-3 

substrate. This effect of the caspase-3 prodomain is not observed with recombinant 

caspase-3 where removal of the prodomain had no effect on substrate activation (Stennicke 

et a l, 1998).

The caspase-6 prodomain had a dramatic effect on the binding properties of

caspase-6 to the SP-Sepharose column. Therefore, it could be postulated that caspase-6

retaining the prodomain may be unable to interact successfully with caspase-8. Gel
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filtration analysis revealed no discernible difference in migration of caspase-6 with or 

without the prodomain suggesting that an inhibitor is probably not binding to the 

prodomain, or an activator to the mature enzyme. The crystal structure of the procaspase of 

another effector caspase, caspase-7, showed that the prodomain had no electron density 

suggesting that it did not have a fixed structure although similar data is not available for 

caspase-6 (Yaoita, 2002).

The significance of finding that the prodomain of caspase-6 has to be removed for 

activity and that caspase-6 cannot auto cleave off the prodomain, is that caspase-6 requires 

two distinct cleavage steps to become activated. Results described above may allow the 

same to be suggested for caspase-3 as well (Perez and White, 2000). Caspase-3 and -6 

have been described as being abundant compared to other caspases and therefore their 

spontaneous activation may need to be inhibited in a healthy cell to prevent aberrant entry 

into apoptosis (Faleiro et al., 1997). Caspases with long prodomains have their activation 

restricted in healthy cells by inactive cellular homologues (Irmler et al., 1997; Srinivasula 

et al., 1999; Wang et al., 1994). These have homologous prodomains through which they 

compete with caspases for binding to adaptor proteins, but do not have a functional active 

site. The observation that effector caspases need to be cleaved twice in order to be 

activated may provide another mechanism to prevent restrict the spontaneous activation of 

caspases in healthy cells. This mechanisms may be only relevant to effector caspases since 

caspase-9 is active when retaining the prodomain (Bratton et al., 2001; Stennicke et al., 

1999).
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Chapter 5 Results: Action of caspase-6

5.1. Introduction

In the last chapter, caspase-6 was purified as the only detectable caspase-8 cleaving 

activity in cytochrome c activated Jurkat cell extracts. In this chapter, the action of 

caspase-6 is investigated.

At this stage, purified caspase-6 had only been shown to be able to cleave an IVT 

caspase-8. To have confidence in this initial finding, confirmation of the role of 

caspase-6 in the cytochrome c initiated caspase activation pathway was required. As a 

caspase-8 cleaving activity, caspase-6 should be able to be able to cleave cellular caspase-8 

and promote Bid-dependent cytochrome c release. Conversely, inhibition of caspase-6 

activity should inhibit caspase-8 activation in cells and inhibit apoptosis.

5.2. Results

5.2.1. Caspase-6 has specificitv for cleaving caspase-8 and caspase-6

Cytochrome c activated cell extracts contain a panel of active caspases. Therefore,

it was interesting that only caspase-6 was purified as the caspase-8 cleaving activity,

especially when there is evidence caspases-3, -8, -9, and -10 can cleave caspase-8 in vitro

or other cell systems (Derming et al., 1998; Femandes-Alnemri et al., 1996; Muzio et al.,

1997; Slee et al., 1999; Srinivasula et al., 1996a). One possibility was that caspase-6 has

the most protease activity out of these caspases in this system Certainly, caspases-3 and -6

are known to be the most abundant caspases in other cell systems tested (Faleiro et al.,
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1997). Alternatively, caspase-6 may have some specificity for cleaving caspase-8 above 

other caspases.

To address this issue, the ability of caspase-6 to cleave other caspases was assessed. 

In figure 5.1, purified caspase-6 was incubated with untreated Jurkat cell extracts and 

cleavage of caspases was detected by Western blot. Extracts were immunoblotted for 

caspase-8 (fig.S.lf) as well as caspases-2, -3, -6, -7, and -9 (fig 5.1a-e and g). As expected, 

the purified caspase-6 was observed to cleave caspase-8 in this system. Caspase-6 in the 

cell extract was also cleaved by the purified caspase-6 (fig. 5.1c and d). In cytochrome c 

activated extracts, caspase-6 was cleaved initially between the p20 and p i3, followed by 

removal of the prodomain (fig 4.5a and b). Whereas in this assay, the purified mature 

caspase-6 cleaves full length caspase-6 in the extracts between the prodomain and p i7 only, 

but not between the p20 and p i3. In figure 5.1c, immunoblotting with an antibody which 

recognises the prodomain of caspase-6 shows loss of immunoreactive fragments after 

caspase-6 cleavage. In figure 5.Id, immunoblotting with an antibody raised against the p i3 

of caspase-6 shows loss of full length caspase-6 and appearance of a 30kDa band, 

corresponding to the size of caspase-6 with the prodomain removed. There is no appearance 

of the pl3 or pl l .

Some processing of all caspases assayed in this system was observed by 60 minutes 

(data not shown); including caspase-3, as had been reported previously (Liu et a l, 1996a). 

However, the mature caspase-6 clearly has a higher specificity for caspases-8 and -6. 

Although mature caspase-6 can cleave procaspase-6, it can not activate procaspase-6 alone. 

It cannot cleave procaspase-6 between the large domain and small domain and therefore, 

can only contribute to caspase-6 activation. This mechanism is not auto cleavage but trans 

cleavage. Indeed, no evidence for caspase-6 autoactivation, which had been observed with
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Figure 5.1 Purified caspase-6 cleaves caspases-8 and 6.
Post-mitochondrial Jurkat cell extracts were incubated with or without purified caspase-6
(~5ng), as indicated, in a final volume of 50pl at 30^C, for the times indicated. 20pl
extracts were loaded onto 10% or 15% SDS-PAGE and Western blotting was carried out
using (a) a monoclonal anti-caspase-2 antibody, (b) a polyclonal anti-caspase-3 antibody,
(c) a polyclonal anti-caspase-6 pro antibody, (d) a monoclonal anti-caspase-6 plO antibody,
(e) a polyclonal anti-caspase-7 antibody, (f) a polyclonal anti-caspase-8 p20 antibody,
and (g) a monoclonal anti-caspase-9 antibody. (* indicates non-specific band).
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the recombinant caspase-6, was observed with the cellular caspase (Femandes-Alnemri et 

a l, 1995a). Caspase-6 cleaved between the large domain and small domain but retaining 

the prodomain cannot auto activate (figure 4.5). Figure 7.1 on page 155 is a diagram of 

caspase-6 activation.

5.2.2. Caspase-6 promotes Bid dependent cvtochrome c releasing activitv.

One of the original reasons for investigating the mechanism of cytochrome c 

induced caspase-8 activation was because active caspase-8 can promote further cytochrome 

c release (Li et al., 1998; Luo et al., 1998). Active caspase-8 can cleave Bid, a pro

apoptotic member of the Bcl-2 family, and cleaved Bid promotes cytochrome c release. 

Thus, the cycle of cytochrome c release, caspase activation. Bid cleavage and further 

cytochrome c release forms a positive feedback loop. Therefore, if caspase-6 can activate 

caspase-8, it should also be able to promote cytochrome c release.

To assess whether caspase-6 could induce cytochrome c releasing activity in cell 

extracts, an in vitro cytochrome c releasing assay was performed. Jurkat cell extracts were 

preincubated with purified caspase-6 extracts prior to being incubated with freshly prepared 

mouse liver mitochondria. Mitochondria and cell extracts were then separated by 

centrifugation and Western blotting was carried to determine whether cytochrome c was 

pelleted with the mitochondria or had been released into the cell extracts. Mitochondria 

were purified from mouse liver because this is an abundant source of the organelle. 

Mitochondria were prepared freshly for each experiment because cytochrome c is released 

from freeze-thawed mitochondria.

Figure 5.2 shows that extracts incubated with purified caspase-6 promote 

cytochrome c release from the mitochondria (lane 3). This is dependent on the caspase 

activity because inhibition of caspase-6 with EKD-Biotin, inhibits cytochrome c release
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Figure 5.2 Purified caspase-6 activates cytochrome c releasing factor in cell extracts.
Purified mitochondria were incubated with pre-treated Jurkat extracts, for 60 minutes at 
3 7 0 c , in a final volume of 25pl. (a) Mitochondria, and (b) supernatants, were separated 
by centrifugation, both resuspended in 50pl final volume with lOpl loaded onto 15% SDS- 
PAGE and blotted onto PVDF. Western blotting was carried out using a monoclonal anti- 
cytochrome c antibody.
Mitochondria were incubated with buffer (lane 1 ), untreated extracts (lane 2), extracts pre
incubated with ~5ng purified caspase-6 at 30^0 for 30 minutes (lanes 3), extracts pre
incubated with purified ~5ng caspase-6-EKD-Biotin at 30^C for 30 minutes (lanes 4), 
with purified caspase-6 (lane 5), with purified caspase-6-EKD-Biotin (lane 6). Following 
preincubation with purified caspase-6 for 30 minutes (lane 3), extracts were also mixed 
with 50pM zVADfmk (lane 7), O.Spg polyclonal anti-Bid antibody (lane 8), or 0.5pg 
polyclonal anti-Mcl-1 antibody (lane 9), prior to incubation with mitochondria.
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(lane 4). The activity of caspase-6 alone or untreated extract cannot promote cytochrome c 

release (lanes 5 and 2, respectively).

The nature of the cytochrome c releasing activity produced by caspase-6 in cell 

extracts was investigated by giving the active extracts a series of treatments, prior to 

incubation with the mitochondria. The cytochrome c releasing activity could be partially 

inhibited by neutralising polyclonal anti-Bid antibodies (lane 8) but not by control 

antibodies (lane 9). It was also found that once the cytochrome c releasing activity had 

been generated it was caspase-independent. The broad spectrum caspase inhibitor zVAD 

did not inhibit the cytochrome c releasing activity when incubated with the caspase-6 

activated extracts just prior to addition of the mitochondria (lane 7). The caspase-6 purified 

is thus sufficient to cleave caspase-8 and initiate Bid-dependent cytochrome c releasing 

activity in the cytosol.

5.2.3. Inhibition of caspase-6 inhibits caspase-8 activation and apoptosis in cells

Caspase-6 had been shown to activate caspase-8 in vitro. Investigations were 

carried out to see whether there was evidence for this pathway occurring in cells. It was 

shown that inhibiting caspase-6 activity or prodomain removal inhibited caspase-8 

activation in cells.

Inhibition of caspase-6 activity in cells could be achieved in a number of 

approaches. Caspase-6 knockout cells could be used. Although caspase-6 knock-out mice 

have been used in a publication, a detailed analysis of them has not yet been published 

(Zheng et al., 2000). Caspase-6 activity could be inhibited by synthetic peptide inhibitors 

(Garcia-Calvo et al., 1998). This approach was not appropriate for this study because these 

inhibitors do not have high specificity; the caspase-6 inhibitor peptide binds to caspases-3 

and -7 at only a ten-fold higher concentration than that at which it binds to caspase-6
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(Hirata et a l, 1998). Additionally, the relative concentrations of these caspases in cells is

not known and altering cell growth conditions to induce apoptosis may affect caspase

expression levels and peptide inhibitor uptake.

Therefore it was decided to inhibit caspase-6 activity by expressing a catalytically

inactive mutant in cells. A caspase-6 point mutant, caspase-6 C 173 A, containing a

cysteine to alanine substitution in the active site, was made. This substitution at this

conserved residue has been shown to inhibit caspase activity (Srinivasula et al., 1996b).

Caspase-6 C 173 A presumably would compete with the wild type caspase-6 for interaction

with activating caspases and substrates, thus inhibiting the action of the wild type protein.

However, it must be acknowledge that over-expression of caspase mutants may too have

on^specific side-effects. ^

The expression of a caspase-6 mutants was the only relevant approach to inhibit the

removal of the caspase-6 prodomain in cells. Caspase-6 D 23 A, containing an aspartate to

alanine substitution at the cleavage site between the prodomain and large subunit was

made. This mutant has been shown previously to prevent cleavage at this site (Srinivasula

et al., 1996b). From our studies this mutant would be presumed to be inactive even though

it contains an active site. This mutant when expressed in cells would compete with the wild

type caspase-6 for interaction with activating caspases and possibly substrates, again

inhibiting the activity of the wild type protein.

These caspase-6 mutants, wild type caspase-6 and an empty vector were transiently

transfected into COS-7 cells and stable transfectants were drug selected. Figure 5.3a shows

a diagram of the caspase-6 mutants. Figure 5.3b is Western blot performed on whole cell

extracts made from the stable cell lines, using a polyclonal anti-caspase-6 antibody

The apoptotic stimulus chosen to measure the influence of caspase-6 inhibition on

caspase-8 activation was serum starvation. Use of a gentle apoptotic trigger may induce
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Figure 5.3 Cos-7 ceils expressing caspase-6 mutants were produced.
a) The caspase-6 constructs indicated, caspase-6 WT (wild type), caspase-6 C 173 A 
(catalytically inactive) and caspase-6 D 23 A (non-cleavable prodomain) were expressed 
in pcDNA 3 and transfected along with the vector control into Cos-7 cells. Stable cell 
lines were selected with G418.
b) Cells were washed twice in PBS and resuspended in SDS-PAGE sample buffer. lOpg 
protein was loaded onto 10% SDS-PAGE and Western blotting was carried out using a 
polyclonal anti-caspase-6 prodomain antibody.
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slow cytochrome c release, thereby promoting the positive feedback loop of caspase 

activation based around cytochrome c release from the mitochondria. Cytoplasmic extracts 

were separated from the cell pellet using the digitonin method and used for looking at 

caspase-8 activation by Western blot using a polyclonal anti-caspase-8 antibody (figure 

5.4a).

Caspase-8 was found to be cleaved more slowly in both the cell line expressing 

caspase-6 C 173 A and that expressing caspase-6 D 23 A, than in the cell lines expressing 

either the wild type caspase-6 or the vector control. In the vector control and caspase-6 

wild type expressing cells, full length caspase-8 was undetectable three days after serum 

starvation. Whereas, in the caspase-6 C 173 A and caspase-6 D 23 A expressing cells 

caspase-8 full length was detectable for an extra day.

In confirmation that the cells were dying by apoptosis cleavage of Lamin B was 

observed (fig 5.4b). Lamin cleavage facilitates the nuclear events of apoptosis (Rao et al., 

1996). The remaining cell pellet from the digitonin preparation was used for looking at 

Lamin B cleavage by Western blot using a polyclonal anti-Lamin B antibody. In the vector 

control and wild type caspase-6 expressing cells full length Lamin B is largely absent by 

day three. In parallel with the caspase-8 cleavage, Lamin B full length is detectable for a 

day longer in the caspase-6 D 23 A and C 173 A expressing cells. This indicates that 

apoptosis is retarded in these cells compared to the vector control and wild type caspase-6 

expressing cells.

Quantitation of apoptosis in cells dying slowly is not straight forward because many

markers of apoptosis are lost when the cells are cleared by phagocytosis or further

degradation. Therefore, since it had already been established that the cells were dying by

apoptosis, death was quantitated by measuring viable cells left using Trypan Blue

exclusion. Figure 5.5 is a bar chart showing viable cell number for each cell line, measured
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Figure 5.4 Serum deprivation induced caspase-8 activation is delayed by inhibiting 
production of mature active caspase-6
Pools of COS-7 ceils stably expressing pCDNA 3.1+ (V), caspase-6 (WT), caspase-6 C173A 
(C l73A) and caspase-6 D23A (D23A) were serum deprived (0.1% PCS) for 0-5 days as 
indicated. Cytoplasmic fractions were separated from the rest of the cell pellet using the 
digitonin method (see methods).
a) Cytoplasmic fractions were loaded onto 10% SDS-PAGE and Western blotting was 
carried out using polyclonal anti-caspase-8 antibody.
b) The remainder of cell fractions were loaded onto 15% SDS-PAGE, and Western blotting
was carried out using polyclonal anti-Lamin B antibody.
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Figure 5.5 Serum deprivation induced apoptosis is delayed by inhibiting production 

of mature active caspase-6.
Pools of COS-7 cells stably expressing pCDNA 3.1+ (V), caspase-6 (WT), caspase-6 C 
173 A (C 173 A) and caspase-6 D 23 A (D 23 A) were serum deprived (0.1% FCS) for 
0-5 days as indicated. Number of viable cells were assessed by Trypan Blue exclusion
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each day following serum starvation. The cells expressing the vector control and wild type 

caspase-6 die with very similar kinetics. Wild type caspase-6 is not toxic to these cells in 

transient transfection assay (data not shown) and does not sensitise cells to serum starvation 

induced apoptosis. Caspase-6 D 23 A and caspase-6 C 173 A die with reduced kinetics 

compared to the other cell lines.

Therefore inhibition of caspase-6 activity and prodomain removal can inhibit 

caspase-8 activation and rate of apoptosis.

5.3. Discussion

Results presented in previous chapters had demonstrated that caspase-8 was cleaved 

specifically by a transient interaction with caspase-6 . In this chapter, the focus was on the 

action of caspase-6. The following questions were addressed. Does caspase-6 cleave 

caspase-8 because there is more protease activity associated with caspase-6 than the other 

caspases in these extracts, or does caspase-6 have specificity for caspase-8 over the other 

caspase substrates? Does caspases-6 fi*lfill the biological roles expected of a caspase-8 

cleaving activity? Can it promote cytochrome c release and is there evidence that caspase-6 

cleaves caspase-8 in cells?

5.3.1. Caspase-6 has specificitv for caspase-8 and caspase-6 prodomain.

Caspase-8 was found to be cleaved by caspase-6 in this system, not because it is a 

generally active caspase, but because it has specificity for caspase-8 over the other caspases 

cleaved in this system, with one exception.

Caspase-6 was also observed to cleave procaspase-6, specifically between the 

prodomain and large domain and not between the large domain and small domain. This 

was the first evidence that the two sites needed to be cleaved for caspase-6 to become
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active, can be cleaved differentially. This observation is explored in more depth in the next 

chapter.

This observation may explain why effector caspases have been described to be able 

to auto cleave off their prodomains once cleaved between the large domain and small 

domain (Fernandes-Alnemri et al., 1995a; Stennicke et al., 1998). If the caspase introduced 

to cleave the pro-effector caspase between the p20 and plO has even minimal ability to 

cleave off the effector caspase prodomain as well, this will result in a small quantity of 

mature effector caspase. This mature effector caspase can cleave off the prodomain of 

other effector caspase molecules efficiently, leading to an exponential increase in that 

active mature effector caspase. In the previous chapter, it was demonstrated that if caspase- 

6 cleaved between the large domain and small domain but retaining the prodomain is 

isolated, it cannot auto activate.

Caspase-6 was not found to be able to cleave caspases -3 efficiently. This result 

may appear to contradict the paper in which caspase-6 was cloned as a result of its ability to 

cleave caspase-3 (Liu et al., 1996a). Although caspase-6 may have some ability to cleave 

caspase-3, caspase-6 clearly has a higher specificity for caspases-8 and -6, at least in Jurkat 

cell extracts. At the time this paper was published, the necessity for cytochrome c and 

dATP to activate the apoptosome was not known (Liu et al., 1996b). Following this 

discovery, made by the same group, they subsequently purified Apaf-1, cytochrome c and 

caspase-9 as three factors that together cleave caspase-3 efficiently (Li et al., 1997c).

5.3.2. Caspase-6 indirectlv activates cvtochrome c releasing activitv

Caspase-8 has been shown to be able to cleave and activate the proapoptotic Bcl-2

member. Bid and therefore promote cytochrome c release from the mitochondria (Li et al.,

1998; Luo et al., 1998). Redundancy in this signalling pathway has now been found, with

caspase-3 also shown to be able to cleave Bid, albeit with lower efficiency (Bossy-Wetzel
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and Green, 1999). Since caspase-6 cleaves caspase-8, it followed that caspase-6 should be 

able to activate cytochrome c releasing activity in the cell extracts.

On incubation of caspase-6 with cell extract, an activity was indeed produced that 

could promote cytochrome c release from isolated mitochondria. Once made, this activity 

could be inhibited by an anti-Bid antibody but not by caspase inhibitors. This confirms that 

a component of the cytochrome c releasing activity is Bid-like, although the neutralising 

antibody may inhibit other Bcl-2 family members too.

Caspase-2 has now been identified as a caspase that can promote cytochrome c 

release on direct incubation with mitochondria without the need for any additional factors 

(Guo et al., 2002; Paroni et al., 2002). The interpretation is that all the factors required for 

cytochrome c release are present on the mitochondria but inactive. Caspase-6 was not 

found to have this property. Caspase-6 had to cleave factors in cell extract which in turn 

promoted cytochrome c release. In this cases the cytochrome releasing factor was caspase- 

independent; once produced caspase inhibitors did not inhibit it. Thus there at least two 

caspase dependent signalling pathways that result in cytochrome c release.

5.3.3. Inhibition of caspase-6 in cells inhibits caspase-8 activation and apoptosis

In order to look for some evidence that caspase-6 could cleave caspase-8 in cells, 

catalytically inactive caspase-6 was expressed in cells. In chapter 4, it had been shown that 

another requirement for caspase-6 to be able to cleave caspase-8 was that the prodomain 

had to be removed. Therefore we also expressed a caspase-6 mutant in cells that could not 

be cleaved between the prodomain and large domain (Srinivasula et al., 1996b).

Expression of both of these point mutants inhibited caspase-8 activation and apoptosis 

induced by serum starvation.
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Expression of wild-type caspase-6 was not found to sensitise cells to caspase-8 

activation or apoptosis. Caspase-6 is found in large quantities in the cell and therefore 

levels of the pro-enzyme may not be rate-liming in caspase-8 activation. However, the fact 

that the wild type can be expressed at several fold higher levels than the endogenous levels 

suggests that there is a good mechanism for preventing spontaneous activation.

Serum starvation may activate caspase-6 following cytochrome c release and by 

other pathways aswell. Indeed there is evidence that serum starvation could lead to 

caspase-3 and -6 activation by promoting their aggregation (Kilic et al., 2002). Whichever 

mechanism of caspase-6 activation used in these cells, expression of the two caspase-6 

mutants inhibits caspase-8 activation and apoptosis.

The effect of the caspase-6 mutants was to retard caspase-8 activation and 

apoptosis, not too completely inhibit it. This may be due to technical reasons or may also 

be due to redundancy in the system. As mentioned in the introduction, caspase-8 activation 

has been described to take place by several mechanisms and in several cellular locations. 

Although some of these pathways may not be relevant to the cell system used here, other 

redundant pathways such as Bap 31 activation of caspase-8 at the endoplasmic reticulum 

may be operating (Ng et al., 1997).

Redundancy in caspase-8 cleavage and apoptosis may be occurring by way of other 

signalling pathways, too. Caspase-8 may be inefficiently cleaved by other proteases 

activated during apoptosis such as calpains and cathepsins (Johnson, 2000). Studies using 

caspase knock-out mice and in vitro studies using caspase inhibitors have indicated the 

presence of caspase independent signalling pathways in apoptosis.
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Chapter 6 Results: Purification and identification of caspase-6 

cleaving factors

6.1. Introduction

Caspase-6 is an effector caspase, characterised by a high abundance, a small 

prodomain and activation in response to a wide rang of apoptotic triggers by direct 

cleavage. Investigation into caspase activation has focussed on initiator caspases because 

their activation is well regulated and necessary for all other caspases to be activated. 

However, it has become increasingly clear that initiator caspase activation does not 

represent a “commitment point” to apoptosis and that the effector caspases must become 

cleaved before apoptosis is inevitable and complete (Woo et ah, 1998). It has been 

demonstrated in this thesis for caspase-6 and in other publications for caspase-3, that these 

effector caspases must be cleaved not only between the large domain and small domain but 

also between the prodomain and large domain to become active (fig 4.5 and Perez and 

White, 2000). Therefore activation of caspase-6 may require cleavage by more than one 

protease. Isolation and identification of the proteases which cleave caspase-6 is the subject 

of this chapter.

From studies presented earlier in this thesis and published data, a little is known 

about caspase-6 activation. Unlike the other effector caspases, caspases-3 and -7, caspase-6 

does not form a stable complex with the apoptosome (fig 4.6 ). Caspases-3 and -9 have 

been shown by immunodepletion studies to be upstream of caspase-6 cleavage, but this was 

work carried out before it had been demonstrated that caspase-6 must be cleaved twice in 

order to be activated (Slee et a l, 1999). Activation was assessed previously as cleavage
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between large domain and small domain because loss o f the prodomain was thought to be 

irrelevant for activity and caused by auto activation (Femandes-Alnemri et al., 1995a). In 

this thesis it has been shown that removal of the prodomain is essential for caspase-6 

activity and that this does not occur by autoactivation (fig 4.5).

TETD/A DW D/N TEVD/A
large domain I I small domain

prodomain linker

Diagram 6.1 Procaspase-6 cleavage sites

In this thesis it has been demonstrated that the cleavage o f the two caspase-6 sites 

does not have a dependent order. Cleavage between the large domain and the small domain 

is observed initially in the cytochrome c initiated pathway (fig 4.5), but cleavage between 

the prodomain and large domain is observed on incubation with mature caspase-6 (fig 5.1). 

Although the last example is an artificial situation and it remains to be seen if in any 

apoptosis signalling pathways the prodomain o f caspase-6 comes off first; it does show that 

mechanistically cleavage between the large domain and small domain is not a prerequisite 

for cleavage between the prodomain and large domain.

Caspase-6 has two cleavage sites between the large domain and small domain

separated by a linker, shown in diagram 6.1. Caspase-6 small subunit with the linker

migrates as a 13kDa band on SDS-PAGE and the small subunit without the linker migrates

as an 1 IkDa band. In cytochrome c activated extracts, cleavage at DVVD/N occurs before

cleavage at TEVD/A. When caspase-6 was purified as the caspase-8 cleaving activity, no

difference was observed in activity between the mature enzyme with or without the linker.

Although the linker o f caspase-3 was found to have an inhibitory effect on caspase-3
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activation and activity, the sequence responsible for this effect was found in caspase-7 but 

not in caspase-6 (Roy et al., 2001).

In this chapter, the identification of the factors that cleave caspase-6 at the two 

different sites was carried out in the cytochrome c activated Jurkat cell extracts. This was 

in part because of interest in this pathway, but also because it contains a range of activated 

caspases. The potential activation of caspase-6 by a downstream protease in the 

cytochrome c activated pathway would not necessarily be irrelevant because that 

downstream protease may be upstream in another pathway.

It was of interest to know whether the same factor or factors cleave both sites; or 

whether different proteases have differential preferences for each site. It was not knoW/\ 

whether any proteases, besides mature caspase-6 itself, have any differential specificity for 

the caspase-6 cleavage sites. The prodomain-large domain cleavage site is TETD/A and 

the initial large domain-small domain cleavage sites is DVVD/A. Since these sites are 

fairly dissimilar, it is not unlikely that they have different cleaving proteases. If an effector 

caspase were to require two or more different caspases to cleave the two different sites 

necessary for activation, then activation could be the result of a co-ordination of different 

signalling pathways. There is circumstantial evidence that this may be the case for Fas 

induced caspase-3 activation in type II cells where the mitochondrial pathway appears to be 

required for cleavage between the prodomain and large domain (Perez and White, 2000).

As discussed earlier, because caspase-6 needs to be cleaved twice in order to be activated 

this allows more opportunities for regulation of caspase activation.
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6.2. Results

6.2.1. Caspase-6 is cleaved bv transient interaction with >1 OOQkDa and 1 OOkDa protein 

complexes.

From studies presented here, it was known that caspase-6 did not become part of a 

larger or smaller complex during cytochrome c induced activation (fig 4.6). Unlike the 

other effector caspases, caspase-6 was not a component of the apoptosome. Caspase-6 

appeared to be cleaved by transient interaction another protease.

In figure 6.1, the size of caspase-6 activating proteases was determined using a 

similar approach as was taken to find the size of the caspase-8 activating factors. Jurkat 

cell extracts were activated by incubation with cytochrome c and loaded onto a Superdex 

200 gel filtration column. (This column was same as had been used previously. Since the 

last use the column had sustained some damage resulting in some small changes in the void 

volume and elution volumes. It was recalibrated). Fractions collected were assessed for 

their ability to cleave caspase-6. Fractions were incubated with IVT caspase-6, loaded 

onto SDS-PAGE and caspase-6 fragments were visualised by phosphor imaging. In figure

6.1, there are two presentations of the same image. The upper panel has a “lower 

exposure” to allow clear visualisation of the procapsase-6 , “p33”, and the procaspase-6 

minus the prodomain, “p30”. The lower panel has a “longer exposure” to allow 

visualisation of the caspase-6 large subunit with the prodomain, “p20”, and without the 

prodomain, “pi 7” and the caspase-6 small subunit with the linker, “p i3”, and without the 

linker, “pi 1”.

Cleavage between the prodomain and large subunit results in production of p30 and 

pi 7. These species appears to occur predominantly in fractions peaking at 27 and to a 

lesser extent in the void volume at fractions 14 and 15. Cleavage between the large subunit
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14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

lower exposure

- 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

— p33

higher exposure
35s caspase-6

Figure 6.1 Caspase-6 is cleaved by transient interaction with >1000kDa and -1 OOkDa 
protease complexes.
250pi Jurkat cell extract incubated with ImM cytochrome c and 0. ImM dATP at 31^C
for 20 minutes, was loaded on to a Superdex 200 10/30 gel filtration column and 0.5ml
fractions were collected. 50pl aliquots from these fractions were incubated with O.Spl
IVT S caspase-6, at 37^C for 30 minutes . The fractions indicated were loaded onto
15% SDS-PAGE and the bands were visualised by phosphor imaging. A "lower exposuie"
is shown in the upper panel and "higher exposure"is shown in the lower panel.
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and the small subunit results in production of p20 and p i7 (and p i3 and pi 1). These 

species are found in the same fractions as those created by prodomain cleavage.

The simplest interpretation of this result, given the information we have about the 

migration of known caspases on this column (fig 3.5 and 3.6), and assuming that caspase-6 

is being cleaved by caspases, is that the two sites of caspase-6 are cleaved by free caspases 

in fractions peaking at 27 and by apoptosome caspases in the void volume. An alternate 

but valid explanation is that caspase-6 is only being cleaved by free caspases; the activity in 

the void volume may be due to caspases which were part of the apoptosome when 

fractionated but which subsequently dissociated. Regardless of which of these 

interpretations is more valid, all known proapoptotic caspases were still candidates for 

activating caspase-6.

6.2.2. Caspase-6 cleaving factors are inhibited by EKD-Biotin.

To identify the proteases responsible for cleaving caspase-6 they first had to be 

purified from activated Jurkat cell extracts. When purifying caspase-8 cleaving activity, the 

use of the caspase binding peptide EKD-Biotin was invaluable to identify the catalytic 

subunit. Therefore, it was investigated whether this peptide inhibitor could be used in the 

identification of the caspase-6 cleaving activity, too.

A fundamental condition for use of the EKD-Biotin was that it had to inhibit 

caspase-6 cleaving activities. The evidence gathered so far suggested that there may be 

more than one caspase-6 cleaving activity; two peaks of caspase-6 cleaving activity had 

been observed by gel filtration separation of active extracts (fig 6.1). During cytochrome c 

activation of extracts, caspases are activated sequentially and it is not clear for how long 

they remain active. Therefore, it was important to establish whether EKD-Biotin would

bind to and inhibit caspase-6 cleaving activities if produced at different time points.
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In figure 6.2, Jurkat cell extracts were incubated with cytochrome c for a range of 

time points. Samples were then split, one half was incubated with EKD-Biotin and then all 

samples were incubated with IVT caspase-6. IVT caspase-6 fragments were 

visualised by SDS-PAGE followed by phosphor imaging. In figure 6.2, the same samples 

were run in the upper and lower panels. The upper panel is a 10% gel which allows better 

separation of p33 and p30 and the lower panel is a 15% gel which allows better separation 

ofp20, pl7, pl3 and pi 1.

To a large extent, EKD-biotin inhibited caspase-6 cleaving activity over the whole 

range of time points. In the reactions performed in the absence of EKD-Biotin, it appeared 

that incubation with cytochrome c for 30 minutes produced maximal caspase-6 cleaving 

activity. Even 15 minutes of incubation with cytochrome c produced strong caspase-6 

cleaving activity. This suggested that the proteases activated after 15 minutes of 

cytochrome c activation maintained activity over the time course tested and that secondary 

significant caspase-6 cleaving activities were not produced later.

Following this result, EKD-Biotin could be used to aid identification and 

purification of caspase-6 cleaving activities.

(Note: in the following sections, for simplicity, the cleavage site between the 

prodomain and large domain of caspase-6 is denoted pro/p20 and the cleavage site between 

the large domain and small domain is denoted p20/pl0)

6.2.3. Purification of caspase-6 p20/pl 0 cleaving activitv.

Purification of caspase-6 cleaving activity was carried out using column

chromatography. Jurkat cell extracts were activated by incubation with cytochrome c.

Activated extracts were purified by column chromatography; the purification schemes are
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PAGE
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0 15 30 45 60 0 15 30 45 60 mins fragments

= ' i — ^  j g i

— II ■—tp20 
—  I IP17

.— II II 1P33

15% SDS- 
PAGE

Figure 6.2 Caspase-6 activation in cytochrome c activated cell extracts.
Jurkat cell extracts were incubated with ImM cytochrome c and 0. ImM dATP, at 370C
for the times indicated. Samples were split, lOpM EKD-Biotin was added to half, indicated
by +EKD and all samples were incubated for a further 5 mins at 370C. 20pl samples
were desalted and incubated for a further 30 minutes at 370C with 1 pi 35 g caspase-6.

5pl of each sample was loaded onto 10% (upper panel) or 15% (lower panel) SDS-PAGE.
Bands were visualised by phosphor imaging.
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summarised in figure 6.3. Caspase-6 cleaving activity was assessed at each stage by 

incubation with IVT caspase-6; shown in figure 6.4. The purity of fractions was 

assessed by the number of EKD-Biotin binding spots resolved on a 2-D gel. Identification 

of caspase-6 cleaving activities was carried out by Western blot when one EKD-Biotin 

binding species remained; shown in figure 6.5. From figure 5.1, it was known that mature 

caspase-6 which would be present in the extracts would be able to cleave caspase-6 

between the prodomain and large domain.

In the purification of caspase-8 cleaving activity in section 4.2.1, at each stage of 

the purification, cleavage between the large domain and small domain was observed 

initially followed by cleavage between the prodomain and large domain. These two 

activities were purified together with caspase-6 having either higher affinity for the first 

caspase-8 cleavage site than the second or the second being inaccessible until the first was 

cleaved. This was not the case when purifying caspase-6 cleaving activities. Preliminary 

experiments had shown that an activity with preference for the caspase-6 pro/p20 site could 

be separated from that which had a preference for the p20/pl0 site.

The details of the sequential column purification summarised in figure 6.3 are given 

below. At each stage fractions were assayed for their activity to cleave IVT caspase-6. 

All the chromatography steps were carried out using an AKTA Fast Protein Liquid 

Chromatography Station (Amersham Pharmacia Biotech Inc.).

Stepl: Preparation o f post-mitochondrial extracts -  17 litres of Jurkat T 

lyphoblastoid cells were lysed in isotonic buffer using a Dounce homogeniser. Caspase-6 

cleaving activity was made by incubating the extracts with cytochrome c for 60 minutes at 

30°C.

Step 2: Q-Sepharose Chromatography -  The extracts from step 1 (500mg protein)

were loaded on to a Q-Sepharose column (20ml bed vol) equilibrated with Buffer A.
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L
Purification scheme: Caspase-6 p20/p10 cleaving activitv

1. Cytochrome c activated post-mitochondrial cell extracts

2. High Load Q-Sepharose FF 16/10 - elutes 0.25M NaCi

3. High Load SP-Sepharose HP 16/10 - in FT

4. H ilrap  Octyl 1 mi - in FT 

(or HiTrap Heparin 1ml - elutes in NaCi gradient) 

(or HiTrap Blue Im i - elutes in NaCi gradient)

5. Analysis

Purification scheme: Caspase-6 pro/p20 cleaving activitv 

1. Cytochrome c activated post-mitochondrial ceil extracts

1 
I
4. HiTrap Octyl Im i - elutes 0.5M (NH^)2S04

5. Analysis

. High Load Q-Sepharose FF 16/10 - elutes 0.25M NaCi 

. High Load SP-Sepharose HP 16/10 - elutes 0.3M NaCi

Figure 6.3. Purification of caspase-6 cleaving activity.
a) Scheme of sequential column purification of activity which cleaves caspase-6 between 
the large domain and small domain.
b) Scheme of sequential column purification of activity which cleaves caspase-6 between 
the prodomain and large domain.
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extract plus Cyt c/dATP 

0 15 30 45 60 mins

purified caspase-3

0 15 30 45 60 mins

purified caspase-7

0 15 30 45 60 mins

_ p 3 3
- p 3 0 — p33

— p20
— pi 7 
- p 1 3

#  ^  #  t:
■ ■*—*«» . w i n — p20

— pi 3

...

35s caspase-6 35s caspase-6 35s caspase-6

_ p 3 3  
p30

Figure 6.4 Caspase-3 and caspase-7 cleave caspase-6 with preference for alternate 
sites.
l|xl IVT 35s caspase-6 was incubated at 37°C for the time indicated with either (a)lOOpl 
Jurkat cell extract, ImM cytochrome c and O.lmM dATP, (b) 25pi purified caspase-3, 
or (c) 25pl caspase-7. lOpl samples were loaded onto 15% SDS-PAGE and bands were 
visualised by phosphor imaging.
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a-caspase-3 a-caspase-7

Figure 6.5 Caspase-3 and caspase-7 are the purified proteases which cleave caspase-6 
The activated material from figure 6.4 was incubated with lOpM EKD-Biotin. The samples 
were focussed on 7cm, pH 3-10 linear gradient lEF strips, loaded onto 15% SDS-PAGE 
and electroblotted onto PVDF. Material used in fig 6.4b and 6.4c, is shown here in blots 
(a, c) and (b, d), respectively.
a, b) Blots were probed with Streptavidin-HRP to visualise EKD-Biotin bound protein, 
c, d) Western blotting was carried out using in (c) a polyclonal anti-caspase-3 antibody, 
and in (d) a monoclonal anti-caspase-7 antibody.
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Proteins were eluted with a ten column volume linear gradient of Buffer A to Buffer A 

containing IMNaCL

Both Caspase-6 pro/p20 and caspase-6 p20/pl0 cleaving activity eluted at 250mM

NaCL

Step 3: SP-Sepharose Chromatography -  Active fractions were diluted to lOOmM 

NaCl and loaded onto a SP-Sepharose column (20ml bed vol) equilibrated in buffer A (now 

with lOOmM NaCl). Bound proteins were eluted with a ten column volume linear gradient 

of buffer A to buffer A containing IM NaCl.

Flow through had pro/p20 and p20/pl0 cleaving activities. In the gradient elution 

one peak of pro/p20 cleaving activity only eluted at 300mM NaCl.

At this stage the two activities separated were followed separately. The SP-FT was 

analysed first.

Step 4: Ocytl-Sepharose chromatography -  SP-FT was made up to IM (NH4)2S0 4  

before being loaded on to a Octyl-Sepharose column (1ml bed vol). After loading the 

column was washed in Buffer A /IM  (NH4)2S0 4 . Bound protein was step eluted in Buffer 

A/0 .7 5 M(NH4)2S0 4 , Buffer A/0.5M(NH4)2SO4 and Buffer A/0.25M(NH4)2SO4.

Octyl-FT had an activity with preference for p20/pl0 with less but detectable pro/20 

activity (fig. 6.4b). The 0.5M(NH4)2SO4 step elution had pro/p20 activity only. This was 

found to be caspase-6.

To identify the caspase-6 pro/p20 cleaving activity, the Octyl-FT was incubated 

with EKD-Biotin and analysed by 2D-gel and Streptavidin blot in (fig. 6.5a). At least 4 

predominant spots were detected. Initially, the aim had been to get to a purity of one EKD- 

Biotin spot to be sure that the caspase identified in the fraction was the caspase-6 p20/pl0 

cleaving activity. However because the activity is in a flow through at this stage, there was
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not much scope for optimisation of purification. Therefore two further columns were used 

to try to separate the EKD-Biotin spots.

In brief, the SP-FT from step 3 was loaded onto two additional columns, a HiTrap 

Heparin column or a HiTrap Blue column. Protein was eluted from these columns with a 

NaCl gradient and on both these columns the p20/pl0 cleaving activity was eluted in this 

gradient not the flow through. The advantage was that the slope of the NaCl gradient could 

be decreased at the elution of the activity in an attempt to better separate the EKD-Biotin 

binding species. However, analysis by 2-D gel always revealed the same pattern of EKD- 

Biotin binding spots as seen in the Octyl-FT (fig. 6.5a). The physical properties of these 

species must be very similar to co-elute on the five columns tested.

Therefore we performed a Western Blot on these blot and found that the spots were 

caspase-3 (figure 6.5b). This was confirmed by the spots being the correct size and PI for 

two of the three caspase-3 p20 species generated during apoptosis. Caspase-3 differs from 

caspase-6 in that it is cleaved twice in the prodomain, resulting in three p20 species. The 

caspase-3 spots found corresponded to caspase-3 amino acids 9-175; Mw 18.7kDa, PI 6.9 

and caspase-3 amino acids 28-175; Mw 16.6kDa, PI 6.8. The additional spots which are 

seen in figure 6.5a and c may be post-translational modifications of caspase-3. Caspase-3 

purified as caspase-6 p20/pl0 cleaving activity never had the full prodomain present.

6.2.4. Purification of caspase-6 prodomain/p20 cleaving activitv.

In section 6.2.3, step 3, a caspase-6 pro/p20 cleaving activity was found eluted in 

the gradient of the SP-Sepharose column. This was not caspase-6 which had eluted 

elsewhere. At this stage the purified material contained several EKD-Biotin binding 

proteins and therefore the material was purified further. The material was purified on a
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Octyl-Sepharose column exactly as described in section 6.2.3, step 4. The pro/p20 cleaving 

activity eluted at the 0.5M (NH4)2S0 4  step (fig. 6.4c).

The purity of the pro/p20 cleaving activity was measured by incubation with EKD- 

Biotin and analysis by 2D-gel and Streptavidin blot in (fig. 6.5b). Two major spots were 

visualised which were the same size and close enough to be consistent with being the same 

protein with differential post-translational modification. Therefore, a Western blot was 

performed and it was found that these spots were caspase-7. The spots were also the 

correct size and PI for caspase-7 p20; Mw 19.7, PI 8.9.

As with caspase-3 and caspase-6, on repeating this experiment several times the 

caspase-7 that we purified as the caspase-6 pro/p20 cleaving activity never had the 

prodomain present.

In summary, two caspases which cleave caspase-6 differentially can be purified 

from Jurkat cell extracts. Caspase-3 cleaves caspase-6 preferentially at p20/pl0 over 

pro/p20. Caspase-7 cleaves caspase-6 only at pro/p20. In addition, as described in section

5.2.1, mature caspase-6 can cleave caspase-6 at pro/p20.

6.2.5. Immunodepletion of caspase-3 but not caspase-7 inhibits caspase-6 cleavage at both 

sites

Caspases-3 and -7 had been purified as caspase-6 cleaving caspases. Since they had 

some overlapping activity, it was important to assess the relative contribution that caspase- 

3 and caspase-7 made to caspase-6 cleavage. The approach taken was to remove caspase-3 

or -7 from the Jurkat cell extracts, incubate the extracts with cytochrome c and measure the 

caspase-6 cleavage.

Caspase-3 and caspase-7 were immunodepleted from Jurkat cell extracts. Extracts

were incubated overnight with Protein G Sepharose which had been pre-incubated with
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Figure 6.6 Immunodepletion of caspase-3 and caspase-7
50pl protein G Sepharose was preincubated for Ihr at room temperature, with 5pg of 
control antibody (c), polyclonal anti-caspase-3 antibody (c3), or polyclonal anti-caspase- 
7 antibody (c7). Beads were washed three times in TBS/0.1%NP40 and resuspended in 
250pl Jurkat cell extract, shaking overnight at 4°C. Beads were washed and resuspended 
in 50|4l SDS-PAGE loading buffer. lOpl pre-load (Pre), 5 pi of eluted protein (IP), and 
15 pi flow through (FT), were loaded onto 15% SDS-PAGE. Western blotting was carried 
out using in (a) a monoclonal anti-caspase-3 antibody, and in (b) a monoclonal anti- 
caspase-7 antibody.
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either a polyclonal anti-caspase-3 antibody or a monoclonal anti-caspase-7 antibody.

Figure 6.6 shows that this successfully removed a large proportion of the relevant caspase 

from the extract without removing the other.

In figure 6.7, immunodepleted extracts were then incubated with IVT caspase-6. 

Immunodepletion of caspase-3 almost completely inhibits caspase-6 cleavage both at both 

sites. However immunodepletion of caspase-7 had no discernible effect on caspase-6 

activation. Therefore in these extracts, cytochrome c mediated caspase-6 activation is 

mediated in the major part by caspase-3. Caspase-3 does not appear to be required for 

caspase-7 activation and therefore caspase-3 must have a much greater activity than 

caspase-7 for caspase-6 cleavage (Slee et al, 1999)

6.3. Discussion

6.3.1. Caspase-3 efficientlv cleaves both sites of caspase-6

Caspase-3, caspase-7 and caspase-6 were purified from cytochrome c activated 

Jurkat cell extracts as caspase-6 cleaving caspases. Caspase-6 is obviously not relevant for 

initial caspase-6 activation. When the relative contribution of caspase-3 and caspase-7 was 

compared, only caspase-3 appeared to be able to efficiently cleave caspase-6.

As with activation of caspase-8, caspase induced caspase activation was found to be 

rather specific with only one caspase in the cytochrome c activated Jurkat cell extracts 

being able to activate caspase-6. The same limitations of this system in looking for 

caspase-6 activators apply as when looking for caspase-8 activators as discussed in section

3.3.3. Only factors soluble in the cell extraction conditions and only those which are 

activated in vitro will be isolated.
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-,   — p20

 p11
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Figure 6.7 Immunodepletion of caspase-3 but not caspase-7 inhibits cytochrome c induced 
caspase-6 activation.
200|i FT from immunodepletions indicated above the blots, described in figure 6.6, were incubated 
with ImM cytochrome c, 0. ImM dATP and 5|iP^ S caspase-6 at 37°C, for the times indicated 
5pl of each sample was loaded onto 15% SDS-PAGE. Bands were visualised by phosphor 
imaging.
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6.3.2. Limitations of system

Caspase-7 was also purified as a caspase-6 cleaving activity but immunodepletion 

of caspase-7 did not affect the efficiency of caspase-6 activation whereas immunodepletion 

of caspase-3 did. Caspase-7 is not required for caspase-6 activation in this system.

The fact that caspase-7 was purified as a caspase-6 cleaving activity reveals the 

limitations of this approach. When more than one factor is being purified then these should 

be normalised before measuring their activity, to find out the factors relative activity. In 

this purification, factors were normalised by quantity of EKD-Biotin binding. The EKD- 

Biotin becomes cross linked to the caspases it binds and therefore, given a sufficient 

quantity of time, should bind the same amount to an equal quantity of active caspase-3 and 

caspase-7. However caspase-7 is not as abundant as caspase-3 so that even if it can cleave 

caspase-6 when concentrated, its relative concentration in extracts, may not be enough to 

have significant caspase-6 cleaving activity (Faleiro and Lazebnik, 2000).

A similar limitation was seen with respect to analysis of caspase-6 activity. 

Caspase-6 was purified from heat treated cell extracts as a caspase-3 cleaving activity (Liu 

et al., 1996a). However, when caspase-6 is incubated with cell extracts, it is found to have 

higher specificity for caspase-6 and -8 than caspase-3 (fig 5.1).

6.3.3. Preferred peptide substrates

The preferred peptide substrates of caspases has been determined by scanning a 

comprehensive peptide library. The affinity of caspase-3 and caspase-7 for different 

peptides is very similar and their preferred peptide substrate is the same, DEVD/X 

(Thomberry et al., 1997).
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The comparison of the activity of a similar concentration of caspase-3 and caspase-7 

in this chapter reveals the large difference between specificity for a peptide and for an 

intact protein. Although they have the same preferred peptide substrate, the caspase-7 

purified from Jurkat cell extracts has a preference for cleaving caspase-6 between the 

prodomain and large domain at the sequence TETD/A and appears to have no detectable 

activity for cleaving between the large domain and small domain at the sequence DVVD/N; 

whereas caspase-3 has a preference for cleaving caspase-6 at DVVD/N and some activity 

for cleaving caspase-6 at TETD/A.

There may be several reasons for the difference between the preferred peptide 

substrates and caspase substrates found here. The recombinant caspases used in 

determining the preferred peptide substrates may have a different activity to the cellular 

caspases used here. Additionally, the physical properties and structure of the caspase 

substrate may have as an important role as the cleavage site sequence in determining 

activator specificity.
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Chapter 7 General Discussion

7.1. Summary of results

7.1.1. Cytochrome c induced caspase-8 activation

In this thesis the mechanism of cytochrome c induced caspase-8 activation was 

investigated. Previous experimental data had implied several mechanisms, but it was not 

known which predominated or whether caspase-8 is cleaved by a combination of these.

The possibilités were that caspase-8 is cleaved by trans activation or auto activation; forms 

a stable complex with the activating factors or interacts transiently; and is cleaved 

predominately by one factor or by a combination of factors. In this thesis these alternatives 

were examined and the mechanism of cytochrome c induced caspase-8 activation was 

defined.

Chapter 3 describes the initial approach which was to activate caspase-8 in vitro by 

incubating cell extracts with cytochrome c and to investigate how caspase-8 was being 

activated. Caspase-8 was found to be activated by transient interaction with a smaller 

protease or proteases. Interaction with neither F ADD or Apaf-1 was necessary for caspase- 

8 activation.

In chapter 4, the caspase-8 cleaving activity in cytochrome c activated extracts was 

purified. Only caspase-6 could efficiently cleave caspase-8.

In chapter 5, experiments were performed to validate the role of caspase-6 as a 

caspase-8 activator. Active caspase-6 promoted caspase-8 cleavage in cell extracts and 

Bid-dependent cytochrome c release from isolated mitochondria. Inhibition of caspase-6 in
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cells by expression of catalytically inactive caspase-6 inhibited caspase-8 activation and 

apoptosis.

7.1.2. Cvtochrome c induced caspase-6 activation

IS
Procaspase-6 Caspase-6 Caspase-6 Caspase-8

p20/p10 p17/p10

Figure 7.1 Diagram of caspase-6 cleavage of caspase-6 and caspase-8

In chapter 4, caspase-6 was found only to become active only when cleaved both 

between the large domain and small domain and between the prodomain and large domain.

In cytochrome c activated extracts, caspase-6 was initially cleaved between the 

large domain and small domain. This intermediate (p20/pl0) could not auto cleave off the 

prodomain which is contrary to results gained using recombinant caspase-6 (Femandes- 

Alnemri et al., 1995a). This caspase-6 intermediate was also unable to cleave caspase-8.

Subsequently, the prodomain was cleaved off and caspase-6 could now cleave 

caspase-8. The only other caspase that mature caspase-6 could cleave efficiently was 

caspase-6 itself, between the prodomain and large domain. Thus caspase-6 cannot strictly 

auto activate but mature caspase-6 can feedback to contribute to caspase-6 activation. 

Caspase-6 has to be cleaved twice by another caspase or caspases to become active.
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7.1.3. Caspase-3 and caspase-7 cleave caspase-6 differentially

In chapter 6, cytochrome c induced caspase-6 cleavage was investigated. Since it 

had been demonstrated that the order of cleavage of these two sites was not fixed and the 

clevage site had different tetra-peptide motifs, it was a possibility that caspase-6 was being 

cleaved at the two sites by different factors.

Caspase-3 and caspase-7 were purified from cytochrome c activated extracts as 

proteases which could cleave caspase-6. Subsequent analysis demonstrated that only 

depletion of caspase-3 from cell extracts inhibited caspase-6 activation. Therefore caspase- 

7 is not a significant activator of caspase-6 in this system and the limitations of the 

chromatographic purification that isolated caspase-7 as a caspase-6 cleaving extract are 

explored at the end of chapter 6.

Since caspase-3 and -7  have the same preferred peptide substrates, it is interesting 

that caspase-7 and caspase-3 cleave caspase-6 with very different efficiencies (Thomberry 

et al., 1997). In addition, when they are brought to similar efficiencies, caspase-3 has a 

preference for cleaving after the large domain and caspase-7 has a preference for cleaving 

after the prodomain. This data contributes to the growing body of work showing that 

although caspase-3 and caspase-7 are homologous and have an almost identical affinities 

for peptide substrates, they have rather different roles in cells. Caspase-3 and caspase-7 are 

now recognised to have different substrates (Slee et al., 2001), be present in different 

complexes (Cain et al., 1999; Kilic et al., 2002), and have differential subcellular 

localisation in healthy cells and during apoptosis (Chandler et a l, 1998; Zhivotovsky et al., 

1999).
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7.2. Further experiments

7.2.1. Role of caspase-6 in apoptosis

Increasingly, effector caspases are being recognised to have distinct roles during 

apoptosis. However, little is known about the role of caspase-6 during apoptosis. Caspase- 

6 has been reported to cleave a number of substrates but the only substrates known to be 

cleaved exclusively by caspase-6 are lamin A and lamin C (Takahashi et al., 1996). In 

nuclei that contain Lamin A, caspase-6 is essential for chromatin condensation and 

apoptotic body formation (Ruchaud et al., 2002). Although the role of caspase-6 is ill- 

defined, active caspase-6 is a major component of the total caspase activity in apoptotic 

cells (Faleiro et al., 1997; Ruchaud et al., 2002).

The only intact tissue culture cells in which caspase-6 has been deleted are chicken 

B lymphomas (Ruchaud et al., 2002). Caspase-6 knock-out mice have been used in 

publications but an extensive investigation of their phenotype has not yet been published 

(Zheng et al., 2000). An in depth analysis of the phenotype of caspase-6 knock-out mice 

would be informative. In this thesis, caspase-6 was inhibited in cells by expression of a 

catalytically inactive mutant. The effect of this mutant was to inhibit caspase-8 activation 

and apoptosis, but the protective effect was small. In the absence of caspase-6 knock-out 

cells, this was the best approach to use at the time.

Recently, new RNAi technology has been established which reduces protein 

expression without the ant/-viral response which interfeis with apoptosis assays (Paddison 

et ah, 2002). It would be interesting to see the effect of reducing expression of caspase-6 

using RNAi, on caspase-8 activation and apoptosis; and to compare this with the effect of 

the catalytically inactive caspase-6 mutant. Catalytically inactive caspase-6 may have 

inhibited the activity of caspase-3 because it could probably still interact with caspase-3.
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competing with other substrates. Using an RNAi approach would allow reduction in 

caspase-6 activity alone, leaving other caspases untouched.

Depletion of caspase-6 by RNAi may allow its role to be explored in a range of cell 

types. For example, it would be of interest to know the range of cell types, besides chicken 

B lymphomas, in which a deficiency of caspase-6 affects chromatin condensation 

(Ruchaud et al., 2002).

7.2.2. Caspase-6 localisation

The localisation of caspase-6 in healthy cells and during apoptosis has not been 

extensively investigated. The implication is that as the only direct activator of Lamin A, it 

must be present in the nucleus or be translocated there during apoptosis. During apoptosis, 

caspase-9 has been demonstrated to inactivate nuclear transport and increase the diffusion 

limit of the nuclear pores (Faleiro and Lazebnik, 2000). This facilitates caspase-3 entry 

into the nucleus and may have the same effect on caspase-6. Caspase-7 is restricted from 

entering the nucleus by an inhibitory sequence in the prodomain although caspase-6 does 

not appear to have a homologous sequence (Yaoita, 2002).

The localisation and trafficing of caspase-6 in healthy and apoptotic cells could be 

studied using a combination of biochemical subcellular fractionation and microscopy with 

either immunoflouresence or caspase-6 fusion to fluorescent proteins.

7.2.3. Compensatorv activation of caspase-6

In the mouse, deficiency in caspase-9 is compensated for by increased activity of

caspase-6 (Zheng et al., 2000). The mechanism of this compensation is unclear since

caspase-6 does not become part of the apoptosome in wild type cell extracts. Relatively

simple experiments would demonstrate which caspases are present in the apoptosome in
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caspase-9 -/- cells including whether caspase-6 was present. In the absence of caspase-9 

another CARD containing caspase, such as caspase-2, may bind to the CARD of Apaf-1, 

becoming the initiator caspase. Compensatory caspase-9 activation was observed in 

caspase-2 deficient neurons (Troy et a l, 2001). In wild-type neurons, NGF withdrawal 

induces caspase-2 activation and caspase-9 activation is restricted. In caspase-2 deficient 

neurons, caspase-9 and SMAC are upregulated, correlating with compensatory caspase-9 

activation. In corroboration with this hypothesis, Apaf-1 -/- cells are more resistant to 

apoptosis that caspase-9 -/- cells, suggesting that Apaf-1 can utilise other caspases in the 

absence of caspase-9. It is also a possibility that in the absence of caspase-9 a completely 

alternate caspase activation pathway is upregulated. Using RNAi to compare the 

immediate effect of reducing expression of caspase-9 with the effect of long term reduced 

expression would reveal if compensation could occur in tissue culture. If so, this would be 

a useful experimental system in which to study the mechanism of compensation which is 

currently unclear.

7.2.4. Mechanism of action of caspase-6 prodomain

One of the more interesting findings in this thesis is that caspase-6 is inactive with 

the prodomain intact and that this prodomain is not removed by auto activation but by 

cleavage by another caspase. Removal of the prodomain of caspase-3 and -7  had been 

shown to increase their potency in transient transfection assays but the reason for this was 

unclear (Duan et al., 1996a; Meergans et al., 2000). In this thesis, the presence of the 

caspase-6 prodomain was shown to inhibit the intrinsic action of the caspase itself as 

opposed to alter its localisation, promote artifactual aggregations, alter binding properties 

etc. However, it is currently unclear whether caspase-6 retaining the prodomain is inactive
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because the catalytic activity is impared or because it cannot interact fully with 

substrates.

The mechanism of inhibition of caspase-6 by the prodomain could be explored

further.

Obviously, the crystal structure of procaspase-6 may indicate how the prodomain is 

acting to inhibit caspase activity. The crystal structure of procaspase-6 has been solved but 

the prodomain was removed (Kang et al., 2002). The crystal structure of procaspase-7 

retaining the prodomain has been solved but it did not indicate the structure of the 

prodomain because it did not have a significant electron density pattern (Chai et al.,

2001b).

Mutational analysis of the prodomain of caspase-6 may indicate which amino acids 

are critical for the inhibitory effect and indicate whether other effector caspases have these 

equivalent motifs. This type of analysis may also indicate the mechanism of the prodomain 

inhibitory effect.

7.3. Role of effector caspases

Previously, the role of effector caspases-3, -6 and -7  as a group has been difficult to 

investigate. Some substrates have been found which are specific for individual effector 

caspases whereas others can be cleaved by more than one effector caspase. When 

inhibition or depletion of an effector caspase has no effect on cleavage of a substrate, 

redundancy is often presumed to be the reason. However, the extent of the role that 

effector caspases have as a group has not been measured.

Redundancy in cleaving effector caspase substrates may also come from other 

sources. During apoptosis, some non-caspase proteases have been found to have some of
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the same substrates as the effector caspases. Some pro-apoptotic proteins that are active 

independently of caspase activity have roles which overlap with proteins that are activated 

by the effector caspases. In addition the initiator caspases are also capable of cleaving 

some of the same substrates as the effector caspases.

RNAi technology would now enable removal of two or all three effector caspases 

simultaneously. This would reveal just how important the effector caspases are for 

apoptosis. It is plausible that removal of effector caspases may inhibit apoptosis to the 

extent that removal of Bax and Bak does in MEFs or it may inhibit apoptosis less than 

would be expected due to compensation and redundancy. A comparis on between the 

effect of depleting each effector caspase individually and depleting combinations 

simultaneously would demonstrate the role of effector caspases as a group.
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