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SUMMARY

Apoptosis is an important process in a wide variety of different biological systems
such as the immune system, normal cell turnover and embryonic development
(Stennicke et al., 2002). Apoptosis is characterized by a series of distinct
morphological and biochemical alterations such as DNA fragmentation, chromatin
condensation, cell shrinkage and membrane blebbing (Adrain and Martin, 2001). In
mammalian systems, the core component of the death machinery responsible for
these stereotypic changes is a family of proteases known as caspases (Earnshaw et al.,
1999). The mammalian caspases may be divided into two broad subfamilies, the
caspase-1 subfamily and the CED-3 subfamily. The CED-3 subfamily includes
caspases -2, -3, -6, -7, -8, -9 and -10. These caspases are directly involved in
apoptosis (Earnshaw et al., 1999; Lamkanfi et al., 2002). The research outlined in this
thesis addresses these apoptotic caspases and in particular, the mechanisms

governing the activation and regulation of these key proteases.

CHAPTER III

The work presented in this chapter examined the mitochondrial pathway of caspase
activation. Initially we confirmed that the relative levels of each caspase and the
activation kinetics of these enzymes are conserved in three cell types - two
transformed cell lines — Jurkat and HEK293 and primary human neutrophils. We
next revealed that the previously deduced order of caspase activation (Slee et al.,
1999b) was a general feature of apoptotic cells. Initial studies were performed by
preparing cell-free extracts from healthy cells, triggering them to undergo apoptosis
by the addition of cytochrome ¢ and dATP and then examining the activation of the
caspases with specific antibodies. In order to delineate the hierarchy of caspase
activation events cell-free extracts were immunodepleted of specific caspases and
then the effects of these depletions on the activation status of the remaining caspases

were examined.

In the second section of chapter III we highlighted that cytochrome c is crucial for
apoptosome mediated caspase activation in primary human neutrophils. We also
showed however, that neutrophils have a substantially reduced requirement for

cytochrome ¢, in comparison to other cell types, to induce apoptosome formation.



Techniques employed in this area of research included Western Blotting, RT-PCR,

immunodepletions and immunofluorescence .

CHAPTER IV

The first section of chapter IV was dedicated to a second mechanism of caspase
activation — granzyme B. The results highlighted that the granzyme B-mediated
caspase cascade is very distinct from the previously discussed apoptosome-mediated
cascade. This was the first analysis of the sensitivity of caspases to granzyme B
proteolysis in a setting where the enzymes are present at physiological levels. This
scheme demonstrated the caspases that are the direct targets of granzyme B and

those that are not cleaved by this protease under physiological conditions.

The experiments in the second half of this chapter investigated whether interchain
proteolysis was sufficient for the activation of procaspase-8. By using direct
substrate cleavage assays we have revealed that caspase-8 proteolysis, in the absence

of an adaptor platform, was sufficient for the formation of the active enzyme.

CHAPTER V

The research detailed in Chapter V was primarily concerned with caspase regualtion
via the IAPs — inhibitor of apoptosis proteins. The human IAPs, XIAP, c-IAP1 and c-
[AP2 contain RING domains that permit these proteins to participate in in vitro
ubiquitination reactions and therefore the IAPs are proposed to mediate their own
degradation and the degradation of other substrates such as the caspases and
Smac/Diablo in vivo (Yang et al., 2000; Suzuki et al, 2001; MacFarlane et al., 2002). In
vitro ubiquitination assays and overexpression studies in HEK293T cells have shown
that XIAP is capable of autoubiquitination but IAP-mediated caspase ubiquitination
was not detected. In addition, our results revealed that Smac attenuates the

ubiquitin ligase activity of XIAP.

II
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CHAPTER

Introduction



1.1. INTRODUCTION

Apoptosis is characterized by a series of distinct morphological and biochemical
alterations such as DNA fragmentation, chromatin condensation, cell shrinkage and
membrane blebbing (Kerr et al., 1972). Fig 1.1 highlights the morphological
differences between a healthy and an apoptotic cell. Following cellular collapse in
vivo (Fig 1.1B), such cellular fragments (apoptotic bodies) are engulfed by
phagocytes, leaving no trace of the original cell behind (Adrain and Martin, 2001).

Apoptosis is an important process in a wide variety of different biological settings
such as lymphocyte education within the immune system, normal cell turnover and
embryonic development. Given that apoptosis is associated with key biological
systems it is not surprising that deregulated apoptosis is associated with many
diseases including AIDS, cancer, neurodegenerative disorders, autoimmune diseases,

ischemic injury and restenosis (Stennicke et al., 2002).

In mammalian systems, the death machinery responsible for these stereotypical
changes involves an intricate web of molecules. The death machinery in C. elegans is
not as complex however, and may be described in terms of four key players CED-3,
CED-4, CED-9 and EGL-1 (Meier et al., 2000).

As is shown in Fig 1.2 the ability of CED-3 to promote death is dependent on its
activation by CED-4. In a healthy cell CED-4 is prevented from interacting with
CED-3 due to its association with CED-9. However, upon receipt of a death-
promoting stimulus, EGL-1 is thought to displace CED-9 from CED-4. CED-4 is thus
free to recruit and activate CED-3, resulting in cell death (Conradt and Horvitz,
1998). The mammalian counterparts of these worm molecules have now been
discovered. In humans, multiple homologs of such cell death proteins exist. Their
role in apoptotic pathways, their interaction with one another, and their regulation,
although highly complex, are currently being unraveled. The core components of the
mammalian death machinery is a family of proteases known as caspases (Earnshaw
et al., 1999)



Fig 1.1. Phase contrast images of control and apoptotic Hela cells at 40X magnification, kindly

provided by Rebecca Taylor

A Typical Hela Cell Morphology.

B Apoptotic morphological changes that occur after 4 h treatment with 10 uM daunorubicin.

Note the cell shrinkage and membrane blebbing.



CED-4
CED-3

Death

Fig 1.2. Schematic representation of the programmed cell death machinery in C. elegans
The activation of CED-3 is dependent upon interaction with CED-4. In a healthy cell, the CED-
3/CED-4 interaction is inhibited by CED-9. Upon receipt of a death-promoting stimulus EGL-1 is
thought to displace CED-9 from CED-4, thus freeing CED-4 to recruit and activate CED-3.



Caspases were first associated with apoptosis when it was discovered that the CED-3
protein of C. elegans was related to mammalian ICE (Interleukin-1f-converting
enzyme) or caspase-1 (Yuan et al., 1993). It has since been discovered that caspase-1
does not directly contribute to an apoptotic pathway, this caspase is recognised as
the founding member of this family whose members play a role in either apoptosis

or inflammation (Thornberry and Lazebnik, 1998).

The research outlined in this thesis addresses the mammalian homologs of CED3 -

members of the caspase family that participate in apoptosis.

1.2. CASPASES

1.2.1. Introduction

Currently, there are 11 human, 10 murine, 4 avian, 4 fish, 8 amphibian, 7 insect and 3
nematode caspases known (Lamkanfi et al., 2002). Caspases, or cysteinyl aspartate
proteinases, use cysteine as the nucleophilic group for substrate cleavage and cleave
the peptide bonds of their substrates after aspartic acid residues (Stennicke and
Salvesen, 1999). The apoptotic phenotype illustrated in Fig 1.1, is orchestrated
primarily by caspases cleaving key cellular substrates. Cleavage at internal aspartic
acid residues also regulates caspase activation. Caspases may, therefore, be activated
by other family members as part of an amplification cascade (Earnshaw et al., 1999;
Slee et al., 1999a).

1.2.2. Caspase Classification
The mammalian caspases may be sub-divided into two broad subfamilies (Fig 1.3):

e C(Caspase-1 subfamily /Inflammatory caspases
This family includes caspases -1, -4, -5 and -11. These caspases do not play a direct
role in apoptosis and are involved in the control of inflammation and the immune
response. The prototype of this subfamily is caspase-1, which is implicated in the
processing of inflammatory cytokines such as prolL-1B and IL-18 (Earnshaw et al.,
1999; Lamkantfi et al., 2002).

e CED-3 Subfamily
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This sub-family includes caspases -2, -3, -6, -7, -8, -9 and -10. These caspases are
directly involved in apoptosis. The prototype of this group is C. elegans CED-3
(Earnshaw et al., 1999; Lamkantfi et al., 2002).

Caspases-12 and —14 are also recognised members of the mammalian caspase family.
Caspase-12, a murine caspase is believed to play a role in ER-stress induced
apoptosis (Nakagawa et al., 2000). However, the human homolog of caspase-12 does
not appear to be expressed by the majority of individuals and therefore the role
played by this protease in mammalian apoptosis is questionable (Fischer et al., 2002).
Caspase-14 is expressed in differentiating keratinocytes and is believed to participate

in a unique form of programmed cell death in the skin (Chien et al., 2002)

The CED-3 subfamily may be further subdivided on the basis of the length of their
prodomains. Caspases that harbour long prodomains are believed to be involved in
the initiation of apoptosis whereas those containing short prodomains are primarily
involved in the execution or demolition phase (Earshaw et al., 1999; Nicholson, 1999).
Therefore the “initiators” include caspases -2, -8, -9 and -10 and the “executioners”
include -3, -6 and -7. The initiator caspases contain either a DED (death effector
domain) or a CARD (caspase recruitment domain) in their long prodomains
(Earshaw et al., 1999; Nicholson, 1999). Caspases -8 and -10 contain DEDs and
caspases -2 and -9 contain CARDs (Fig 1.3). These domains are important for
promoting interactions of these caspases within multimeric complexes, which
ultimately leads to their activation (Li et al., 1997; Medema et al., 1997a; Srinivasula et
al., 1998). The executioner caspases are activated by the initiator caspases and are
responsible for the majority of cleavage events which results in the eventual demise
of the cell (Earshaw et al., 1999; Nicholson, 1999). Interestingly, recent evidence
suggests that the previous classification of caspases as “initiator” versus
“executioner” somewhat oversimplifies a very diverse group. In certain instances
the “initiator” caspases, such as caspase-8 and caspase-10 may be activated in a
cascade-like manner by the”executioner” caspases (Slee et al., 1999a). Indeed it has
also been demonstrated that caspase-3 is the crucial caspase with respect to the

cleavage of cellular substrates in the demolition phase of apoptosis (Slee et al., 2001).



Evidence from in vitro combinatorial screening experiments suggests that all caspases
recognise short tetrapeptide sequences within their target substrates (Thornberry et
al., 1997). These can be designated P,-P;-P,-P,. As previously stated, caspases cleave
their substrates after aspartic acid residues and hence aspartic acid is required in the
P, position. Caspases tend to prefer glutamic acid in the P, position. The residues
required for substrate hydrolysis in P,and P, tend to vary from caspase to caspase
and P, is believed to be the critical residue in determining the specificity of the
cleavage reaction. As a result caspases may be also be divided on the basis of the
residue they tolerate in this P, position (Nicholson, 1999).

e Group I - caspases-1, -4 and -5.
These prefer bulky hydrophobic residues in P,, such as tyrosine or tryptophan. Few,
if any of the substrates cleaved during apoptosis contain such residues in the P,
position and this is consistent with the role of these caspases in cytokine processing
(Thornberry et al., 1997; Nicholson, 1999).

e Group II - caspases-2, -3 and -7.
These require aspartic acid in P,. Therefore, the preferred cleavage site of Group II
caspases is DEXD (Thornberry et al., 1997; Nicholson, 1999). This motif appears in
many substrates cleaved during apoptosis and hence concurs with the observation
that caspase-3 is responsible for significant substrate cleavage during cell death (Slee
et al., 2001).

e Group III - caspases-6, -8, -9 and -10.
This group prefers branched-chain aliphatic residues in P,, such as valine, leucine
and isoleucine. These residues are found at the processing sites in most group II and
[l caspases. Again this is in agreement with the classification of caspases-8, -9 and

-10 as initiator caspases (Thornberry et al., 1997; Nicholson, 1999).

1.2.3. Caspase structure
Caspases are synthesised as single chain inactive precursors — zymogens. They

possess an N-terminal prodomain followed by a large and small subunit (Fig 1.4).

Generally, the caspase zymogen is activated by cleavage at internal aspartic acid
residues. These cleavage events typically occur between (a) the prodomain and large
subunit and (b) the large subunit and small subunit (Earnshaw et al., 1999). The

crystallographic X-ray structures of active caspase-1 (Walker et al., 1994; Wilson et al.,

>



Prodomain Large subunit Small subunit
(3-24 kDa) (17-21 kDa) (10-13 kDa)

32-53 kDa

Fig 1.4. Procaspase domain stucture

Caspases are synthesized as single chain precursors. The prodomain, large and small subunits
are indicated. The range in sizes in kDa that these respective subunits comprise in different
caspase members is shown. Cleavage at the indicated Asp-X bonds occurs during the proteolytic

maturation of the pro-enzyme.



1994) caspase-3 (Rotonda et al., 1996; Mittl et al., 1997) and caspase-8 (Blanchard et
al., 1999) reveal that the active enzyme is a tetramer containing two large and two
small subunits. The active sites are at opposite ends of the tetramer and are formed

by four protruding loops (Fig 1.5).

The general characteristics of the active site are:
e The large subunit contains the active site cysteine residue.
e Both subunits contribute residues to form the substrate binding cleft —
5,-5;-5,-S,. These sites bind the cleavage site of the target (P,-P;-P,-P,).
e As P, is the major residue in determining substrate specificity, its binding site
S, is also a critical factor. S, is found in the small subunit (Earnshaw et al.,
1999; Donepudi and Grutter, 2002).
S,is a large shallow depression on the protease surface of caspase-1, and
accommodates the bulky hydrophobic residues preferred by caspase-1 in the P,
position (Walker et al., 1994; Wilson et al., 1994). In caspase-3, S, is narrow, well
defined and hence can accommodate the aspartic acid residue preferred by caspase-3
in this position (Rotonda et al., 1996; Mittl et al., 1997). Caspase-8 is slightly different
however, as it appears that both S; and S, are critical in determining the substrate

cleavge site required by this caspase (Blanchared et al., 1999).

1.2.4. Caspase cleavage and activation

The crystal structure of procaspase-7 in comparison to active caspase-7 reveal
important facts regarding the conformational changes required for procaspase
activation (Chai et al., 2001b; Riedl et al., 2001a). Four loops, L,, L,, L; and L, form the
substrate-binding groove on caspases. L, and L, form the sides of the groove. L;is
located at its base. L, contains the catalytic cysteine residue and is located at one end
of the groove with the side chain of cysteine pointing along the base of the groove
(Chai et al., 2001b; Riedl et al., 2001a). At the active site, loops L,and L, from one
subunit are stabilized by the N-terminus of the small subunit of the other
heterodimer (loop L,’), forming the so-called “loop bundle”. The formation of this
structure is critical as the loop bundle stabilizes the position of L, in the active site
and also contributes to the overall shape of the catalytic groove (Chai et al., 2001b;
Riedl et al., 2001a). In the procaspase-7 zymogen the loop bundle is completely
dissolved as L,” is locked in a closed configuration (Chai et al., 2001b; Ried]l et al.,
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Active site

Fig 1.5. Active Caspase Dimer adapted from Donepudi and Grutter, 2001.

The active caspase enzyme is a heterodimer, comprising two large and two small subunits. Each
separate subunit contains an active site that binds the target substrate. These active sites are
diametrically opposed in the dimer. Each respective large and small subunit collectively

contribute residues to form the substrate binding cleft.



2001a). Cleavage at aspartic acid-198 and subsequent substrate binding frees this
loop, allowing it to rotate 180° and form the loop bundle. Cleavage at internal
aspartic acid residues is critical to allow the active site of a caspase achieve the
correct configuration for subsequent substrate hydrolysis. It is believed that this
mechanism of activation holds true for all caspases (Chai et al., 2001b; Riedl et al.,
2001a; Shi, 2002).
More recent studies however, have questioned whether cleavage is actually
necessary to achieve catalytic competency, particularly in the instances of apical
caspase activation. For example, apical caspase-8 activation may be explained by
alternative models

e Induced proximity model and

e Allosteric Regulation Model.
In the induced proximity model the intrinsic catalytic activity of caspase-8 is believed
to facilitate proteolytic processing and release of the active enzyme (Medema et al.,
1997a; Mugzio et al., 1998). However, in the allosteric regulation model dimerization
is the critical event and interchain proteolysis is deemed unnecessary to achieve
caspase-8 activation (Boatright et al., 2003; Donepudi et al., 2003). The debate
regarding caspase cleavage as a means of achieving catalytic activity is discussed

further in chapter V.

1.3. CASPASE ACTIVATION PATHWAYS

Many diverse stimuli promote apoptosis by engaging the core apoptotic machinery
i.e. the caspases, but the exact nature of many of the upstream pathways leading to
caspase activation has yet to be fully elucidated. However, it is known that many

stimuli engage one of the pathways illustrated in Fig 1.6.

1.3.1. Mitochondrial pathway of Caspase Activation

Mitochondria act as important sensors of cellular damage. Various forms of stress
such as DNA damage, heat shock and oxidative stress result in an increase in the
permeability of the outer mitochondrial membrane. This allows cytochrome ¢ to be
released from the mitochondrial intermembrane space into the cytoplasm (Liu et al.,
1996; Adrain and Martin, 2001). In the cytoplasm cytochrome ¢ associates with Apaf-
1 in the presence of dATP or ATP. The resulting conformational change in Apaf-1
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Fig 1.6. Caspase Activation Pathways, adapted from Adrain and Martin, 2001

(A) Engagement of plasma membrane-associated death receptors results in recruitment and
activation of pro-caspase-8 via the adaptor molecule FADD. In type I cells, active caspase-8 can
directly activate procaspase-3. Active caspase-3 can then initiate a caspase activation cascade. In
type II cells, the reduced level of activated caspase-8 cleaves the BH3-only protein Bid. This
15kDa fragment, tBid, activates the mitochondrial pathway by stimulating cytochrome c release
via Bax and/or Bak oligomerization and insertion into the outer mitochondrial membrane. Once

in the cytoplasm cytochrome ¢ promotes apoptosome assembly and thus caspase activation. (B)



Cytotoxic lymphocytes (CLs) can kill via the release of the serine protease, granzyme B into the
cytoplasm of their target cells. Granzyme B can then either directly activate caspases or promote
caspase activation via Bid cleavage. (C) Diverse forms of cellular stress, (DNA damage, cytotoxic
drugs, cytokine withdrawal), may trigger the release of cytochrome ¢ from mitochondria via the
death-promoting Bcl-2 family members, such as Bax and/or Bak, oligomerization and insertion
into the outer mitochondrial membrane. Cytochrome c release from mitochondria is inhibited by
the death inhibitory Bcl-2 family members, such as Bcl-2 and Bcl-x. Cytochrome c is not the only
pro-apoptotic molecule released from the mitochondria. Smac/Diablo and Omi/HtrA2 are also

released.



promotes its oligomerization (Li et al., 1997; Zou et al., 1997; Hu et al., 1999; Zou et al.,
1999). Procaspase-9 molecules can then bind to each of the Apaf-1 monomers via
CARD-CARD interactions. This multi co-factor complex is called the apoptosome
and its formation promotes caspase-9 activation (Li et al., 1997; Zou et al., 1997;
Srinivasula et al., 1998; Hu et al., 1999; Zou et al., 1999). The 3-dimensional structure
of the apoptosme suggests there are approximately 7 Apaf-1 monomers in the
apoptosome, each of which may have a caspase-9 dimer bound to it (Acehan, 2002).
Upon activation, mature caspase-9 remains bound to the apoptosome and
propagates the death signal through activation of a caspase cascade, illustrated in Fig
1.7, (Srinivasula et al., 1998; Rodriguez and Lazebnik, 1999; Slee et al., 1999). Caspase-
3 and caspase-7 are the first caspases that are cleaved and activated by caspase-9
(Srinivasula et al., 1998; Rodriguez and Lazebnik, 1999; Slee et al., 1999b). Caspase-3
in turn cleaves and activates caspases-2 and -6 and the latter then promotes
processing of caspases-8 and —10 (Slee et al., 1999b). Caspase-3 also participates in a
feed-back amplification loop to further process caspase-9 (Srinivasula et al., 1998; Slee
gt al,, 1999b).

Once caspase-9 is activated there is rapid amplification of the death signal through a
cascade of activated caspases. This important cascade has only ever been deduced in
one particular cell line (Slee et al., 1999b) and will be investigated further in chapter
III.  Unlike other caspases, the activation of caspase-9 does not appear to require
inter-chain cleavage (Rodriguez and Lazebnik, 1999). Caspase-9 activation is
believed to be achieved through recruitment to the apoptosome. Caspase-9 is
recruited to the apoptosome via CARD-CARD interactions between the prodomain
of caspase-9 and the NH,-terminus of Apaf-1 (Qin et al., 1999). There are believed to
be seven Apaf-1 monomers in any one apoptosome and hence apoptosome
formation results in a dramatic increase in the local concentration of caspase-9
monomers. This results in dimer formation between bound caspase-9 and free
caspase-9 monomers found in the cytoplasm. It is this formation of dimers that is
thought to be responsible for caspase-9 activation (Renatus et al., 2001; Acehan et al.,
2002). The crystal structure of the active enzyme also revealed that only half of the
active sites of the caspase-9 dimer adopt the correct configuration to achieve catalytic

competency (Renatus et al., 2001). It must be remembered that despite the apparent



Fig 1.7. Apoptosome-mediated caspase cascade (Slee et al., 1999b)

Caspase-3 and caspase-7 are the first caspases that are cleaved and activated by apoptosome-
activated caspase-9. Caspase-3 in turn cleaves and activates caspases-2 and —6 and the latter then
promotes activation of caspases-8 and -10. Caspase-3 also participates in a feed-back

amplification loop to further process caspase-9.



ability of caspase-9 to forgo cleavage as a mechanism of activation, caspase-9 must be

cleaved in order to be inhibited (Srinivasula et al., 2001).

Apaf-1 Structure and Apoptosome assembly

Apaf-1is a human homolog of C. elegans CED-4 (Zou et al., 1997). As is illustrated in
Fig 1.8, Apaf-1 consists of three functional domains an N-terminal CARD,
responsible for binding caspase-9, a central CED-4 homology domain that facilitates
nucleotide binding and oligomerization and a C-terminal region consisting of 12-13
WD-40 repeats (Zou et al., 1997; Adrain et al., 1999).

This C-terminal domain is an important negative regulator of Apaf-1 function. A
truncated Apaf-1, lacking the WD-40 repeats constitutively promotes apoptosis and
fails to bind cytochrome c. Simultaneously, addition of cytochrome ¢ and dATP to
cell-free extracts can overcome the inhibitory properties of the WD-40 region. These
results suggest that cytochrome c triggers apoptosome assembly by interacting with
the WD40 repeats of Apaf-1 (Hu et al., 1998; Srinivasula et al., 1998; Adrain et al.,
1999).

The 3-D structure of the apoptosome has revealed that the apoptosome is a wheel-
like particle comprising of 7 Apaf-1 monomers (Fig 1.9 A). Each Apaf-1 monomer
adopts a Y-conformation in the apoptosome. The WDA40 repeats form the lobes of the
Y. The CARD domain forms the base of the Y and is involved in the formation of a
central hub (Fig 1.9 B) (Acehan et al., 2002). Analysis of this 3-D structure, in
conjunction with molecular modelling, provides us with a plausible explanation of
the role of cytochrome c in apoptosome formation. The region between the two lobes
of the Y is large enough to accommodate either a single cytochrome ¢ or the CARD
domain itself. It is hypothesised that in auto-inhibited Apaf-1, the CARD domain is
buried between these lobes. Once cytochrome ¢ binds to this region however, the
CARD is released. Nucleotide binding within the NBD is proposed to then lock the
Apaf-1 monomer in this extended conformation, allowing the CARD to recruit

procaspase-9 to the central hub of the apoptosome. (Acehan et al., 2002).

Cytochrome ¢ plays an indispensable role in the mitochondrial pathway of caspase

activation. The absolute requirement for cytochrome c in this pathway appears to be
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Fig 1.8. Domain structure of Apaf-1
Apaf-1 consists of three functional domains an N-terminal CARD, responsible for binding
caspase-9, a central CED-4 homology domain that facilitates nucleotide binding and

oligomerization and a C-terminal region consisting of 12-13 WD-40 repeats.



Cytochrome ¢
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Fig 1. 9A. 7 Apaf-1 monomers arranged in the wheel-like apoptosome (Acehan et al., 2002)
Analysis of the 3-D structure of the apoptosome has proposed that the apoptosome is a wheel-
like particle comprising of 7-Apaf-1 monomers. Caspase-9 is believed to interact with the central
hub formed by the CARD domains of Apaf-1.

Fig 1.9B. Single Apaf-1 monomer of apoptosome in complex with cytochrome c

Each Apaf-1 monomer adopts a Y-conformation in the apoptosome. The WDA40 repeats form the
lobes of the Y. The CARD domain forms the base of the Y and is involved in the formation of the
central caspase-9-binding hub. The region between the two lobes of the Y is large enough to
accommodate either a single cytochrome ¢ or the CARD domain itself. It is speculated therefore
that in auto-inhibited Apaf-1, the CARD domain is buried between these lobes. Once cytochrome
¢ binds to this region however, the CARD is released. Nucleotide binding is proposed to then
lock the Apaf-1 monomer in this extended conformation, allowing the CARD to recruit

procaspase-9 to the central hub of the apoptosome.



unique to mammalian systems. C. elegans does not require cytochrome c for
apoptosome formation, nor does Drosophila (Dorstyn et al., 2002; Martin, 2002;
Zimmermann et al., 2002). Recent studies in the fly have proposed that cytochrome ¢
may be required for caspase activation during sperm differentiation (Arama et al.,
2003). The release of cytochrome ¢ from mitochondria is generally recognised as the
“point of no return” in the life of a cell (Fig 1.6). Studies using GFP- cytochrome ¢
have highlighted, that once release is initiated cytochrome c is released from all
mitochondria in a cell within approximately five minutes (Waterhouse et al., 2002).
With few exceptions, this rapid release seals the fate of the cell. The tightly regulated
process of cytochrome c release is primarily achieved by members of the Bcl-2 family
(Adams and Cory, 1998).

Regulation of cytochrome c release by Bcl-2 family proteins

Bcl-2 is the functional and structural homolog of the C. elegans protein, CED-9
(Hengarter and Horvitz, 1994). Cell death in C. elegans is inhibited by CED-9 (Fig 1.2;
Hengarter and Horvitz, 1994). However, individual members of the mammalian Bcl-
2 family, can be classified as either pro or anti-apoptotic (Fig 1.10). All members of
the family contain at least one of four Bcl-2 homology (BH) domains, designated
BH1, BH2, BH3 and BH4 (Fig 1.10). Some members also contain a transmembrane
domain that tethers these proteins to the mitochondrial membrane (Adams and
Cory, 1998; Kaufmann and Hengartner, 2001). Most anti-apoptotic members contain
at least BH1 and BH2 and those most similar to Bcl-2, such as Bcl-x; contain all 4 BH

domains.

There are two distinct pro-apoptotic sub-families: Bax sub-family and the “BH3-
only” proteins. Bax, Bak and Bok, which are very similar to Bcl-2 except they lack a
BH4 domain. The “BH3-only” proteins such as Bik, Bim, Bad, Blk and Bid. These
proteins just contain a central BH3 domain that is essential for their killing activity.
The “BH3-only” proteins are a very diverse family. Even within this sub-family only
Blk and Bik resemble each other (Adams and Cory, 1998; Kaufmann and Hengartner,
2001).

Bcl-2 and Bcl-x; are potent inhibitors of apoptosis. These proteins act at the level of

the mitochondria to prevent cytochrome c release (Heiden et al., 1997; Kluck et al.,

10



Group I

Bid

Group III

BH4 BH1 BH3 BH2 Transmembrane

Fig 1.10. Schematic representation of some Bcl-2 family members

Bcl-2 family members are the key regulators of cytochrome ¢ release from the mitochondria. As
is illustrated, all members of the family contain at least one of four Bcl-2 homology (BH) domains,
designated BH1, BH2, BH3 and BH4. Some members also contain a transmembrane domain that
tethers these proteins to the mitochondrial membrane. Group I members are anti-apoptotic and
contain at least BH1 and BH2 and those most similar to Bcl-2, such as Bcl-x; contain all 4 BH
domains. There are two very distinct pro-apoptotic sub-families, group II and group III. Group
II include Bax, Bak and Bok, which are very similar to Bcl-2 except they lack a BH4 domain.
Group III are referred to as the “BH3-only” proteins such as Bik, Bim, Bad, Blk and Bid. These

proteins just contain a central BH3 domain that is essential for their killing activity. The “BH3-

only” proteins are a very diverse family.



1997; Yang et al., 1997). They are believed to achieve this by antagonizing the
formation of pores in the outer mitochondrial membrane. These pores may be
formed by the pro-apoptotic members of the Bcl-2 family Bak and Bax (Ferri and
Kroemer, 2001; Korsmeyer et al., 2000). In healthy cells, monomeric Bax is found in
the cytosol or loosely attached to membranes. Upon receiving a death stimulus
however, Bax translocates to the mitochondria and oligomerizes within the
mitochondrial membrane, forming pores to facilitate cytochrome c release. Bak,
which is constitutively found in the outer mitochondrial membrane, can also be
triggered to oligomerize within the membrane and form pores (Fig 1.6; Ferri and
Kroemer, 2001; Korsmeyer et al., 2000). Bax and Bak oligomerization appears to be
triggered by the post-translational modification of the BH3-only proteins (Korsmeyer
et al., 2000). The BH3-only-family is the mammalian homolog of EGL-1 in C. elegans
(Conradt and Horvitz, 1998). Individual members of the mammalian BH3-only
family act in cell type-specific manner (Huang and Strasser, 2000). These proteins
promote apoptosis not only by directly inducing the oligomerization of the Bax-like
proteins but also by facilitating oligomerization through inactivation of the Bcl-2-like
proteins (Luo et al., 1998; Yin et al., 1999; Verma et al., 2001; Wei et al., 2001; Bouillet et
al., 2002; Kuwana et al., 2002; Gillissen et al., 2003).

1.3.2. Death receptor-mediated caspase activation

Death receptors play a critical role in apoptosis within the immune system. Death
receptors belong to the tumor necrosis factor receptor (TNFR) superfamily. This
family is characterised by the presence of cysteine rich domains (CRDs) in the
extracellular domain of all members of this family (Ashkenazi and Dixit, 1998).
Death receptors are expressed as pre-associated homotrimers on the cell surface.
Trimerization is dependent upon the first CRD, within a region termed the PLAD or
preligand binding assembly domain (Papoff et al., 1999; Chan et al., 2000; Siegel et al.,
2000). Trimerization of death receptors is critical for their function and mutations
within the PLAD can inhibit the normal operation of the receptors (Chan et al., 2000;
Siegel et al., 2000). Death receptors also contain a second domain within their
cytoplasmic tails termed the death domain (DD). This protein interaction domain of
approximately 80 amino acids is critical for allowing these receptors to transmit the
death signal. Members of this death receptor family include CD95 (Apo-1/Fas), TNF
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receptor I (TNFR-I), TRAIL receptor I (DR4) and TRAIL receptor 2 (DR5) (Ashkenazi
and Dixit, 1998).

CD95/Fas

One of the best characterized members of the death receptor family is Fas/CD95
(Peter and Krammer, 2003). Fas/CD95 is a 317 amino acid transmembrane
glycoprotein. Fas/CD95 and its ligand FasL/CD95L play an important role in three
types of apoptosis, (a) killing of virus-infected cells or transformed cells by cytotoxic
lymphocytes, (b) killing of inflammatory cells at “immune-privileged” sites such as

the eye and (c) elimination of activated T-cells (Ashkenazi and Dixit, 1998).

The Ipr (Ilymphoproliferation) and gld (generalized lymphoproliferative disease)
defects in mice correspond to mutations in the genes encoding Fas/CD95 and
FasL/CD95L respectively and unsurprisingly, are characterized by similar
phenotypes, resulting in autoimmune-related disease (Watanabe-Fukunaga et al.,
1992; Takahashi et al., 1994). In humans, mutations within the PLAD of Fas/CD95
are found in individuals with the autoimmune disorder ALPS - autoimmune
lymphoproliferative syndrome - type 1a, and lymphocytes from these patients are
resistant to Fas/CD95-induced apoptosis (Martin et al., 1999; Siegel et al., 2000).
Mutations within FasL /CD95L are found in ALPS type Ib (Jackson and Puck, 1999).
ALPS is a fatal autoimmune syndrome and therefore understanding how apoptois is
mediated by death receptors is critical for the treatment of such diseases. Upon
ligand binding, Fas/CD95 transmits the death signal through its DD (Itoh et al., 1993;
Fig 1.6). In a yeast-two-hybrid screen the death domain of Fas was shown to bind to
a second death domain containing protein, FADD, or Fas-associated protein with a
death domain (Boldin et al., 1995). Overexpression of full-length FADD induced
apoptosis. It was discovered that the induction of death was not dependent on the
death domain but on an N-terminal domain of about 80 amino acids termed the
death effector domain (Boldin et al., 1995). In 1995, Kischkel et al. reported the
formation of a complex termed the DISC - death-inducing signaling complex -
within seconds of CD95/Fas engagement. At the DISC the death domain of the
activated receptor binds the death domain of FADD. FADD in turn recruits
molecules to the DISC via death effector domain-death effector domain interactions.

Caspase-8 was the first caspase to be identified as a member of the DISC (Boldin et
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al., 1996; Muzio et al., 1996). Caspase-8 contains two tandem death effector domains
in its prodomain and these allow the enzyme to interact with FADD at the DISC
(Medema et al., 1997a). Two isoforms of the caspase-8 protein exist caspase-8/a and
caspase-8/b. Both are recruited to the DISC (Scaffidi et al., 1997). Caspase-8
recruitment to the DISC results in the activation of this protease (Fig 1.6; Medema et
al., 1997a). Caspase-8 processing and activation at the DISC had been proposed to be
due to the increase in local concentration of the enzyme which faciliated
autoproteolytic cleavage (Medema et al., 1997a; Muzio et al., 1998; Salvesen and Dixit
1999). There has recently been much debate over the exact mechanism of caspase-8
activation at the DISC (Boatright et al., 2003; Donepudi et al., 2003). Efforts to resolve
this issue are included in the results section of this thesis and therefore caspase-8

activation pathways will be discussed in greater detail in Chapter V.

Once caspase-8 is activated the death of the cell is imminent. The exact mechanisms
exerted by caspase-8 to achieve this result is cell-type dependent and hinges on the
quantity of caspase-8 activation achieved at the DISC (Fig 1.6). In type I cells
caspase-8 can activate sufficient procaspase-3 without any mitochondrial
involvement (Scaffidi et al., 1998). Active caspase-3 can then either cleave
procaspase-9 or directly process procaspase-2 and procaspase-6 to initiate the
caspase cascade. In type II cells, caspase-8 activation is insufficient to directly
activate procaspase-3. Instead this reduced level of active caspase-8 cleaves Bid, to
generate active tBid (Li et al., 1998; Luo et al., 1998). This 15kDa fragment activates
the mitochondrial pathway by stimulating cytochrome ¢ release via Bax and/or Bak
oligomerization and insertion into the outer mitochondrial membrane (Wei et al.,
2001). Once in the cytosol cytochrome ¢ promotes caspase activation as previously
described (Fig 1.6). Studies have identified thymocytes and T-cells as type I cells and
hepatocytes as type II (Peter and Krammer, 2003).

Undoubtedly, the roles played by caspase-8 and FADD in mammalian systems are
critical as both knockout phenotypes are lethal in utero. Both phenotypes are similar
displaying defective heart muscle development and lymphocyte abnormalities
(Varfolomeev et al., 1998; Yeh et al., 1998; Zhang et al., 1998). Caspase-8 and FADD
are essential for mediating death signals induced by Fas/CD95 as embryonic

fibroblasts derived from both knockout phenotypes and thymocytes isolated from
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FADD” chimaeras are completely resistant to Fas-induced cell death (Varfolomeev et
al., 1998; Yeh at al. 1998; Zhang et al., 1998). In addition caspase-8-deficient and
FADD-deficient Jurkat cell lines display similar resistance to Fas/CD95-induced
apoptosis (Juo et al., 1998; Juo et al., 1999).

It has also been reported that caspase-10 can be recruited to the CD95/Fas DISC in a
FADD dependent manner (Kischkel et al., 2001; Sprick et al. 2002). Caspase-10 is the
only other caspase known to contain death effector domains in its prodomain and
therefore closely resembles caspase-8 (Fernandes-Alnemri et al., 1996). Caspase-10
can cleave caspases-3 and -7 in vitro (Fernandes-Alnemri et al., 1996) however, the
functional importance of caspase-10 at the DISC is still open to some debate. In one
report caspase-10 was unable to functionally replace caspase-8 in Fas-induced cell
death in a caspase-8 deficient Jurkat cell line (Juo et al., 1998). However, a
subsequent study suggested that the antibody used was unreliable as it cross-reacted
with Hsp-60 and gave evidence for death receptor recruitment and activation of
caspase-10 at the DISC (Kischkel et al.,, 2001). Another more recent report
highlighted that cells devoid of caspase-8 cells were still susceptible to CD95/Fas-
mediated death but required far higher concentrations of CD95L/FasL than caspase-
10 deficient cells. Therefore, although caspase-10 is recruited and activated at the
CD95/Fas DISC it cannot functionally replace caspase-8 (Sprick et al., 2002).
Obviously further research is needed to properly resolve the exact role played by
caspase-10 at the DISC. This is complicated by the fact that a murine counterpart for
caspase-10 has yet to be identified (Peter and Krammer, 2003).

Another member of the DISC is FLIP (FLICE-inhibitory protein). Viral FLIPs or v-
FLIPS can inhibit FADD and caspase-8 and therefore inhibit apoptosis induced by
death receptors. v-FLIPS have been identified in several herpesviruses and the
tumorigenic human molluscipoxvirus (Bertin et al., 1997; Thome et al., 1997). The
human homolog of the v-FLIPS is ¢-FLIP or cellular-FLIP. The c-FLIP protein is
expressed as two different forms c-FLIP, and c¢-FLIPg - the long and short from
respectively. Both have N-terminal death effector domains. ¢-FLIP, also contains a
C-terminal caspase-like domain which is missing critical residues, such as the active
site cysteine, and therefore is not catalytically active. c-FLIP, closely resembles

caspase-8. ¢-FLIPg is more structurally related to the v-FLIPs. Both forms are
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recruited to the CD95/Fas DISC (Irmler et al., 1997). In the cell lines examined to
date the most abundant isoform is ¢-FLIP, (Scaffidi et al., 1999). c¢-FLIPg is an
inhibitor of CD95/Fas-mediated apoptosis. It has been shown to inhibit procaspase-
8 activation at the DISC and hence block CD95/Fas mediated apoptosis in BJAB cells
(Kreuger et al., 2001). In addition, c-FLIPs upregulation correlates with resistance to
CD9Y95/Fas-mediated apoptosis in reactivated T cells (Kirchoff et al., 2000). The role
played by c-FLIP, at the DISC is open to debate. Studies have revealed that
overexpression of c-FLIP; can both protect cells against and sensitize cells to
CD95/Fas-induced death (Irmler et al., 1997; Scaffidi et al., 1999; Krueger et al., 2001;
Chang et al., 2002). In an effort to resolve this debate Chang et al., demonstrated that
at low levels of expression, close to endogenous expression levels, c-FLIP, is capable
of facilitating caspase-8 activation at the DISC (Chang et al., 2002). However, at
higher levels of expression more c-FLIP, is recruited to the DISC than pro-caspase-8
(Scaffidi et al., 1999; Chang et al., 2002). The presence of c-FLIP, at the DISC prevents
pro-caspase-8 recruitment and complete activation and hence inhibits death receptor-
mediated cell death (Krueger et al., 2001; Scaffidi et al., 1999; Chang et al., 2002). It
would appear therefore, that the level of expression of c-FLIP, in a cell is critical to
the resulting sensitivity of the cell to CD95/Fas-induced death. Further investigation
is warranted to explore the specific role played by c-FLIP in regulating death and

survival signals in different cell and tissue types.

Alternative death receptor pathways: TNFR-I

Caspase-8 activation induced by TNFo engagement of TNFR-I was proposed to
proceed in a similar manner to that previously described for Fas/CD95. The only
difference was that the DD of the receptor initially recruited the adaptor protein —
TRADD (TNF receptor-associated death domain protein) and TRADD in turn
recruited FADD and caspase-8 (Ashkenzai and Dixit, 1998). However recent reports
have highlights that neither caspase-8 or FADD is recruited to the native TNFR-1
signaling complex upon TNFo binding. However, there is rapid recruitment of other
known members of the complex such as, TRADD, RIP and TRAF2 (Harper et al.,
2003; Micheau and Tschopp, 2003). TNF signaling via TRAF2 and RIP leads to the
activation of NF-KB and JNK/AP1, which in turn induce the production of

proinflammatory and immunomodulatory genes (Ashkenzai and Dixit, 1998).
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However, it is known that fibroblasts derived from mice in which the CASPASE-8
gene or the FADD gene has been disrupted are resistant to TNFo-induced apoptosis
(Varfolomeev et al., 1998; Yeh at al. 1998). Such resistance is also mirrored in FADD-
deficient and caspase-8-deficient Jurkats (Harper et al., 2003). Therefore, although
caspase-8 and FADD are critical for the induction of apoptosis via TNFa, the
hypothesis that these molecules are recruited to the same signaling complex as
TRADD, RIP and TRAF2 needs to be re-evaluated.

1.3.3. Granzyme B-mediated caspase activation

Natural killer (NK) cells of the innate immune system and cytotoxic T lymphocytes
(CTLs) of the adaptive immune system are collectively known as cytotoxic
lymphocytes (CL). CLs can engage one of two distinct pathways to kill their target
cells — virally infected and transformed cells (Lieberman, 2003).

e Engagement of the Fas/CD95 receptor pathway, as previously discussed.

e Release of cytotoxic granules onto the plasma membrane of target cells. These
cytotoxic granules contain deadly arsenal including the membrane-perturbing
protein — perforin and granule serine proteases or granzymes. Granzymes A
and B are the most abundant granzymes in mice and humans. Of particular
interest is granzyme B as it can directly and indirectly activate caspases
(Lieberman, 2003). Granzymes A and B are critical in the fight against virally
infected cells. Deficiency of either granzyme results in increased susceptibilty
to the mouse poxvirus, ectromelia and deficiency of both renders the mice
incapable of controlling ectromelia infection (Mulbacher et al., 1999).
Cytotoxic granule-mediated cell death is also employed in eliminating tumour
cells (Smyth et al., 2000).

Perforin is a pore-forming protein and was initially identified from the cytolytic
granules of T-lymphocytes (Masson and Tschopp, 1985). Perforin-deficient mice are
viable, however the cytotoxicity exhibited by their T-cells and natural killer cells is
greatly impaired as perforin is required for the delivery of granzymes into the
cytoplasm of target cells (Kagi et al., 1994; Lowin et al., 1994). It was initially
hypothesized that perforin facilitated the entry of granzyme B by forming pores on
the target cell surface. However, it is now believed that perforin is required for the

release of Granzyme B from endosomes once inside the target cell (Froelich et al.,
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1996; Lieberman, 2003). This hypothesis was proposed as granzyme B, in the
absence of perforin, may still gain entry to target cells. An endosomolytic agent such
as adenovirus is required to compensate for the loss of perforin (Froelich et al., 1996;
Lieberman, 2003). The mannose 6 —phosphate receptor (MPR) has been proposed as
the cell-surface receptor for granzyme B (Motyka et al., 2000).

Once inside the cell how does granzyme B wreak its havoc? Granzyme B, is a serine
protease, which like caspases, cleaves its substrates after aspartic acid residues.
Unsurprisingly therefore, granzyme B has been shown to cleave many caspases in
vitro including caspase-3, -6, -7, -8, -9 and -10 (Chinnaiyan et al., 1996; Duan et al.,
1996; Fernandes-Alnemri et al., 1996; Gu et al., 1996; Martin et al., 1996; Muzio et al.,
1996; Orth et al., 1996; Quan et al., 1996). Exactly how granzyme B achieves caspase
activation in vivo is currently an area of intense research and the relative importance

of these caspase targets under physiological conditions is still unclear.

Granzyme B engages the mitochondrial pathway of caspase activation by cleaving
the BH3-only protein Bid (Barry et al., 2000; Heiben et al., 2000; Sutton et al., 2000;).
Granzyme B specifically cuts Bid at Asp75 (Sutton et al., 2000), which is distinct from
its caspase cleavage site (Li et al., 1998). This 14kDa truncated molecule, produced by
granzyme B cleavage (gtBid), proceeds to translocate to the mitochondrial outer
membrane and trigger release of cytochrome c. GtBid-mediated release of
cytochrome ¢ has been shown to be dependent on the presence of Bax and Bak in the
outer mitochondrial membrane (Heiben et al., 2000; Thomas et al., 2001; Wei et al.,
2001). A separate study has indicated that during gtBid-induced apoptosome-
mediated caspase activation, Bak is primarily responsible for triggering the release of

cytochrome ¢ from mitochondria (Wang et al., 2001).

Cytochrome c is not the only pro-apoptotic molecule released from the mitochondria
however. Smac and Omi/HtrA?2 are also released (Fig 1.6) and these molecules have
recently been proposed as critical regulators of granzyme B-mediated caspase
activation (Goping et al., 2003; Sutton et al., 2003). Granzyme B has been shown to be
capable of cleaving between the large and small subunit of caspase-3 but the
caspase’s own autocatalytic activity is required to remove its prodomain to produce

the active enzyme (Martin et al., 1996). The studies performed by Trapani and
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Bleakley and their colleagues have proposed that in vivo the IAPs block this
autoactivation of caspase-3 and hence Smac and Omi/HtrA2 release from
mitochondria is required to displace the IAPs and allow complete caspase-3

activation (Goping et al., 2003; Sutton et al., 2003).

Embryonal fibroblasts of Bid-deficient mice remain susceptible to granzyme B-
mediated cell death, despite the fact these cells do not release any cytochrome ¢
(Thomas et al., 2001). Granzyme B may be capable of initiating a cell death pathway,
independently of Bid. In this regard, granzyme B has been shown to directly activate
caspases-3 and -8 in intact cells (Chinnaiyan et al., 1996; Froelich et al., 1996; Medema
et al., 1997b; Atkinson et al., 1998; Yang et al., 1998). A more recent study from
Metkar et al., has proposed that in fact caspase-3 is the primary target of granzyme B.
These authors claim that Bid cleavage is not even detected if attempts are taken to
inhibit the protease during the solubilization of granzyme B-treated cells. This report
reinstates caspase-3 as the essential mediator of granzyme B-initiated cell death
(Metkar et al., 2001). While the debate concerning the activation of caspases by
granzyme B continues, it is certain that be it directly or indirectly, caspase activation

via granzyme B results in the demise of the cell.

1.4. CASPASE REGULATION

Inadvertent caspase activation in a cell would wreak uncontrolled havoc as a result
of spontaneous substrate cleavage. Therefore, cellular caspases are subjected to tight
regulation. Both initiator and executioner caspases are synthesized as inactive
precursors — zymogens. The initiator caspases essentially control the activation of
the executioners and the activation of the initiators is determined by the formation of
“activating scaffolds,” such as the DISC and the apoptosome. This strategy may be
regarded as the first line of defence in a cell in order to prevent undesirable caspase
activity (Earnshaw et al., 1999; Martin, 2002).

1.4.1. IAPS

The second line of defense is in the guise of a family of proteins termed the IAPs or
inhibitors of apoptosis proteins. IAPs were first discovered in baculoviruses as a
result of a screen to identify genes that were functionally equivalent to the pan-
caspase inhibitor p35 (Crook et al., 1993; Birnbaum et al., 1994). The defining
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characteristic of the IAP family is the presence of a 70 amino acid zinc-binding fold
termed the BIR (baculovirus IAP repeat) domain. BIR-containing proteins have since
been discovered in C. elegans, yeast, mammals and insects. While a BIR domain is
critical for an IAP to mediate its anti-apoptotic effects not all BIR-containing proteins
(BIRPs) are IAPs (Miller, 1999). Fig 1.11 highlights the currently known members of
the human AP family. As is evident, all members contain 1-3 BIR domains, while

others also share a C-terminal RING domain.

Survivin and Bruce only possess a single BIR. Survivin is expressed during mitosis
and its primary role is in the regulation of cell division (Verhagen et al., 2001). The
importance of the role of survivin role is highlighted by the fact that SURVIVIN
knockout mice die in utero (Uren et al., 2000). The ability of survivin to regulate cell
division is a property shared with the BIRPs found in yeast and and C. elegans. The
BIR of survivin and Bruce is slightly larger than the BIR domain found in other
mammalian IAPs and more closely resembles the BIR domains found in yeast and C.
elegans. The function of Bruce is unknown but the presence of this larger BIR
suggests that the role of Bruce is also in the regulation of cell division rather than the
inhibition of cell death (Miller, 1999; Verhagen et al., 2001). It is hypothesised that the
original function of BIRPs was in the regulation of cell division and that their role as

inhibitors of cell death arose later in evolution (Clem, 2001).

Of the remaining IAPs, XIAP, c-IAP1 and c-IAP2 are the most extensively studied.
XIAP is the most potent inhibitor of cell death, which is attributed to its direct
inhibition of caspases -3, -7 and -9 (Deveraux et al., 1997; Deveraux et al., 1998). c-
IAP1 and c-IAP2 were originally identified as components of the TNF receptor 2
complex (Rothe et al., 1995). These IAPs have also been reported to inhibit caspases
-3, -7 and -9 (Roy et al., 1997; Deveraux et al., 1998). The inhibitory effects of XIAP
are 100-1000-fold more potent than c-IAP1 or c-IAP2 however (Roy et al., 1997;
Deveraux et al., 1998), (Fig 1.12). Structural data has provided important insights
into the exact mechanisms of XIAP-mediated inhibition. The inhibition of the
executioner caspases by XIAP differs fundamentally from the inhibition this IAP
mediates on caspase-9. The BIR2 domain of XIAP was initially identified as the
critical domain for caspase-3 and -7 inhibition (Takahashi et al., 1998). It was later

revealed that a linker region between BIR1 and BIR2 was also critical for this
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Fig 1.11. Schematic representation of the mammalian BIR-containing proteins (BIRPs),
adapted from Salvesen and Duckett, 2002

All BIRPs contain between 1-3 BIR domains, while others also share a C-terminal RING domain.
Survivin and Bruce are not believed to play a direct role in apoptosis but are believed to be
involved in the regulation of cell division. Of the remaining proteins, XIAP c-IAP1 and c-IAP2

are the best characterised inhibitors of apoptosis proteins (IAPs).



inhibition (Sun et al., 1999). More recent crystal structures of the BIR2-linker region
of XIAP in complex with either caspase-3 or caspase-7 highlight that this linker
segment provides the direct contact points - critical hydrogen bonds and
hydrophobic interactions - with each caspase. The linker occupies the active sites of
the caspases but in reverse orientation to that of peptidyl inhibitors such as DEVD-
fmk, and other substrates (Chai et al., 2001a; Huang et al., 2001; Riedl et al., 2001b).
The linker segment is unable to inhibit the caspases on its own, suggesting that the
BIR domain is important to help stabilize the interaction between the linker region
and the caspase active site. To further support this theory, an experiment replacing
the BIR2 region of XIAP with a GST moiety also results in inhibition of caspases-3
and -7 (Chai et al., 2001a; Huang et al., 2001; Riedl et al., 2001b). Close examination of
the contact residues in these complexes allows a greater understanding of the
specificity of XIAP-mediated caspase inhibition. All of the contact residues in
caspase-7 for the linker segment of XIAP are highly conserved in caspase-3, while
they are far less conserved in caspase-1 and -8. This explains therefore, why
caspases-3 and -7 are capable of being inhibited by XIAP, while caspases-1 and -8
are not (Huang et al., 2001).

In the inhibition of caspase-9 by XIAP the BIR3 domain of XIAP binds to the NH,-
terminus of the small subunit of caspase-9 (Srinivasula et al., 2001). Therefore, there
is no direct contact between the BIR3 and the active site of the enzyme. This initial
interaction facilitates the creation of a larger protein-protein interface between
caspase-9 and the BIR3 of XIAP. Pro 336 and its adjacent residues in caspase-9 play a
critical role in stabilizing the active site loops in the structure of caspase-9
homodimers (Renatus et al., 2001). The inhibitory complex region is now involved in
stabilizing the interactions between caspase-9 and XIAP. Hence the BIR3 of XIAP
traps the active site loops of caspase-9 in a conformation that inhibits caspase-9 from

achieving catalytic competency (Shiozaki et al., 2003).

The loss of the fly IAP molecule, DIAP1 in Drosophila results in early embryonic
death (Wang et al., 1999). In contrast, XIAP-deficient mice are viable. Moreover, cells
from the knockout animals respond as wild-type cells to various apoptotic stimuli.
However, the levels of c-IAP1 and c-IAP2 are slightly increased in XIAP-deficient

mice, which might suggest that the IAPs can compensate for one another in vivo
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(Harlin et al., 2001). Experiments to date however would not indicate that the IAPs
can functionally substitute for one another (Deveraux et al., 1998). Therefore, rather
than playing a gross decision-making role in developmental cell death, the IAPs in
mammals may be more critical in establishing sensitivity thresholds that regulate the

concentration of active caspases present in a cell.

1.5. IAP REGULATION
The IAPs themselves are also subject to regulation. This is primarily achieved by (a)
IAP regulatory proteins, (b) self-regulated stability and (c) caspase-mediated

cleavage.

1.5.1. TAP Regulatory Proteins

DIAP1 is a Drosophila IAP and similar to mammalian IAPs, suppresses apoptosis by
binding caspases. The inhibitory effects of DIAP1 are overcome by the Drosophila
proteins, Reaper, Hid, Grim and Sickle (Wang et al., 1999; Goyal et al., 2000; Christich
et al., 2002; Srinivasula et al., 2002; Wing et al., 2002). Reaper, Hid, Grim and Sickle
share a region of homology at their NH,-termini termed the RHG motif - Rpr-Hid-
Grim motif. This motif allows these proteins to induce apoptosis by binding to
DIAP1, hence eliminating the inhibitory effect of this IAP on the caspases (Wang et
al., 1999; Goyal et al., 2000; Christich et al., 2002; Srinivasula et al., 2002; Wing et al.,
2002). The mammalian functional homolog of Reaper, Hid, Grim and Sickle is Smac
(second mitochondria-derived activator of caspase), or DIABLO (direct IAP binding
protein with low pl) (Du et al., 2000; Verhagen et al., 2000).

Smac is a 239 amino acid nuclear-encoded protein. The first 55 amino acids of Smac
contain a mitochondrial-targeting sequence that is cleaved during import. Upon
apoptotic stimuli, mature Smac is released from mitochondria into the cytoplasm
where it directly antagonises IAP inhibition of caspases (Fig 1.12), (Chai et al., 2000;
Du et al., 2000; Verhagen et al., 2000). Smac release from mitochondria has been
shown to be a partially caspase-dependent phenomenon (Adrain et al., 2001). The
relief of IAP inhibition by Smac is also dependent on four residues at the NH,-
terminus of the mature protein — Ala-Val-Pro-Ile. This AVPI motif or IAP-binding
motif (IBM) resembles the RHG motif found in Drosophila (Fig 1.13). As is evident in

Fig 1.13, a similar motif is also found at the NH,-terminus of the small subunit of
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Fig 1.12. Schematic diagram of IAP-mediated caspase regulation and IAP regulation, adapted
from Adrain and Martin, 2001.

IAPs may inhibit caspase activation downstream of apoptosome assembly. IAPs target the
initiator caspase, caspase-9 and the executioners, caspase-3 and caspase-7. The proapoptotic
molecules, Smac/Diablo and Omi/HtrA2 are also released from mitochondria during apoptosis

and neuralize IAP function, thus promoting caspase activation.




caspase-9. Processing at Asp315 uncovers the motif of caspase-9 and XIAP binds
caspase-9 at this site (Srinivasula et al., 2001). Smac however competes for binding
and thereby antagonises the inhibitory effects of XIAP (Srinivasula et al., 2001). The
initial processing of caspase-9 therefore, can result in both its inhibition and
activation. Its not surprising that such a critical mediator of cell death is regulated by
such a complex pathway. Caspase-9 is further processed by caspase-3 at Asp330.
This processing enhances caspase-9 activity by (a) facilitating relief of inhibition by
XIAP and (b) releasing the linker peptide into the cytoplasm where it can further
antagonise AP activity (Shi, 2002).

Surprisingly, Smac-deficient mice develop normally and their cells respond normally
to a broad range of apoptotic stimuli (Okada et al., 2002). This finding however
should not allow the importance of Smac to be overlooked. The over-expression of
Smac can sensitize cells to a broad range of apoptotic stimuli, such as TRAIL
(Srinivasula et al., 2000), vinblastine, cisplatin, etoposide and daunorubicin (Creagh et
al., submitted) and UV (Suzuki et al., 2001a). In addition Smac peptides consisting of
the first seven residues of the protein can mimic the effects of the full-length protein
(Chai et al., 2000; Srinivasula et al., 2001). These findings make Smac an attractive
therapeutic target as synthetic Smac peptides could be used in the treatment of
cancers to increase a cell’s susceptibility to death-inducing stimuli. Finally, Cohen
and his colleagues have shown that a second Smac variant, also missing the IBM
(Smacf}), which does not interact with XIAP, can still potentiate apoptosis induced by
a variety of apoptotic stimuli (Roberts et al., 2001). These studies highlight that the
ability of Smac to potentiate apoptosis may not solely rely on its role as an IAP-

binding protein.

Omi/HtrA2

Omi/HtrA2 is a serine protease that together with Smac is released from the
mitochondrial intermembrane space into the cytoplasm during apoptosis (Fig 1.12).
This 36kDa protein has been shown to bind XIAP, ¢-IAP1 and c-IAP2. Its NH,-
terminus contains an IBM — AVPS - and this motif is critical for binding to the BIR2
and BIR3 domains of XIAP. Binding of Omi/HtrA2 to the BIRs diminishes the
inhibitory effects of XIAP and mature Omi can promote procaspase-3 activation.

Over-expression of Omi/HtrA2 sensitizes cells to UV-, TRAIL- and staurosporine-
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Smac¢/DIABLO AVPIAQKS
Reaper AVAFEYIPD
Grim AIAYFIPD
Hid AVPFYLPE
Sickle AIPFFEEE
Casp-9-p12 ATPFOQEGL

Fig 1.13. An evolutionarily conserved family of IAP-binding motifs adapted from Srinivasula
et al., 2002

The Drosophila proteins, Reaper, Hid, Grim and Sickle share a region of homology at their NH,-
termini termed the RHG motif - Rpr-Hid-Grim motif. This motif allows these proteins to induce
apoptosis by binding to DIAP1, hence eliminating the inhibitory effect of this IAP on the
caspases. The relief of IAP inhibition by Smac is also dependent on four residues at the N-
terminus of the mature protein — AVPI. This AVPI motif or IAP-binding motif (IBM) resembles
the RHG motif found in the Drosophila proteins. A similar motif is also found at the NH,-
terminus of the small subunit of caspase-9. This site is revealed following processing at Asp315.
XIAP binds caspase-9 at this site. Smac however competes with XIAP for binding to this site and

thereby antagonises the inhibitory effects of XIAP




induced apoptosis. In addition to acting as an IAP antagonist, Omi/HtrA2 has also
been shown to induce a caspase- and Apaf-1-independent cell death that relies on its
serine protease activity (Suzuki et al., 2001a; Hedge et al., 2002; Martins et al., 2002;
van Loo et al., 2002; Verhagen et al., 2002).

Despite the similarities between the mechanisms of action of Omi and Smac, there
are also striking differences. For instance active Smac is a homodimer (Chai et al.,
2000), while active Omi is a homotrimer. (Li et al., 2002 ). More strikingly however,
the serine protease activity of Omi has been shown to be capable of cleaving the
IAPs, in particular XIAP and c-IAP1. This cleavage event is dependent on Omi
binding the IAPs via its IBM. IAP cleavage by Omi/HtrA2 results in the inactivation
of these proteins (Srinivasula et al., 2003; Yang et al., 2003).

1.5.2. Self-Regulated Stability

XIAP, C-IAP1 and C-IAP2 also possess C-terminal RING domains. This domain
confers E3 ligase activity on the IAPs. Therefore, IAPs can participate in the
ubiquitination of proteins within a cell and hence target them for degradation by the
26S proteasome (Weismann, 1997; Jesenberger and Jentsch, 2002). XIAP, c-IAP1 and
c-IAP2 can mediate their own autoubiquitination and hence degradation in vitro
(Huang et al., 2000; Yang et al., 2000). The in vivo relevance of this property is
highlighted by the fact that over-expressed RING-less XIAP is not as potent an
inhibitor as full length XIAP (Creagh et al., submitted). The ability of IAPs to
mediate the ubiquitination of other proteins, namely the caspases, and the role

played by Smac in this pathway is further explored in Chapter V.

1.5.3. Caspase-mediated cleavage

Finally XIAP has been demonstrated to be a caspase substrate and is cleaved into
two distinct fragments during apoptosis (Deveraux et al., 1999). The first fragment
corresponds to the BIR1-BIR2 domain of XIAP and the second corresponds to the
BIR3-RING domain (Deveraux et al., 1999). The significance of caspase-mediated

cleavage for the function of this IAP remains unclear.
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1.6. CASPASE SUBSTRATES

1.6.1. Introduction

The death of a cell by apoptosis is regulated by the activity of caspases. These
proteases promote the coordinated demolition of a cell by cleaving key structural
and regulatory proteins, that not only leads to the destruction and inactivation of
these substrates, but in certain instances it actually induces the activation of these
proteins. Many of these substrates (around 250) were serendipitously identified on a
molecule per molecule basis (Fischer et al., 2003). Analysis of the 2D-gel
electrophoresis profiles of healthy cells in comparison with apoptotic cells suggests
there are in fact over 500 caspases substrates (Adrain et al., unpublished data). The
exact role of each of these substrates is unknown. In fact it is believed that many are
cleaved indiscriminately as they happen to contain a recognized caspase cleavage
motif and hence are classified as “innocent bystanders” of the apoptotic machinery
(Fischer et al., 2003; Adrain et al., unpublished data).

There is considerable conservation of the apoptotic phenotype from worm to
mammals. It is likely that cleavage of a critical subset of substrates results in the
stereotypical changes associated with apoptosis. Some of the caspase substrates

currently established to be important are discussed below.

1.6.2. Key caspase-dependent cleavage events

e Cleavage of ICAD (Inhibitor of caspase-activated DNase) results in the
activation of CAD (caspase-activated DNase). Once activated, CAD is partly
responsible for DNA fragmentation, a hallmark of apoptosis (Enari et al.,
1998).

e Chromatin condensation and nuclear remodelling is dependent upon
targeting of such proteins as acinus and helicard (Kovacsovics et al., 2002;
Sahara et al., 1999).

e Proteolysis of core structural components of the cytoskeleton such as actin,
fodrin, cytokeratin-18, vimentin, Gas2 and plectin contribute to the dramatic
changes in cell shape witnessed during apoptosis (Fischer et al., 2003).

e C(leavage of gelsolin and the kinases ROCK-1 and PAK2 may be factors

involved in regulating membrane blebbing (Fischer et al., 2003).
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e Disruption of focal adhesion kinase (FAK) and paxillin is believed to permit
cell shrinkage and detachment (Fischer et al., 2003).
Morphological alterations aside, other key targets include:
e The caspases themselves, resulting in amplification of the death signal.
e The BH3 -only protein Bid, permitting the integration of the mitochondrial
pathway of caspase activation with other death-inducing stimuli such as,
death receptors and granzyme B (Earnshaw et al., 1999).
e RasGAP, whose initial partially cleaved fragment is believed to protect cells
from apoptosis but upon complete cleavage serves as a potent inducer of the
death signal (Yang and Widmann, 2001).
[t is evident from the above discussion that many diverse caspase substrates exist.

This bewildering array of proteins however, also share some similarities.

As already stated, caspases prefer aspartic acid (D) in the P, position of the bond they
are targeting. Indeed DXXD is one of the most common motifs found in cleaved
substrates. A list of caspase substrates with DXXD cleavage sites is shown in Table
1.1. Substrates with non-DXXD motifs are presented in Table 1.2 (Nicholson, 1999;
Fischer et al., 2003).

1.6.3. Which caspases constitute the most important executioner enzymes

Studies using cell-free extracts depleted of specific caspases highlight caspase-3 as
the primary executioner of substrate cleavage (Slee et al., 2001). The sheer numbers
of caspase-3 targets does not discount the possibility that caspase-6 and caspase-7

may also cleave critical substrates.

1.7. CONCLUDING REMARKS

The activity of the caspases is central for the execution of apoptosis. While it is
evident from the preceding introduction that much is already understood concerning
some critical proteases, debate still continues over many important issues, in

particular the mechanisms leading to their activation and regulation.
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Table 1.1. Caspase substrates possessing DXXD cleavage site

Substrate Cleavage site
Acinus DELD
Bcl-2 DAGD
Cytokeratin-18 DALD
FAK DQTD
oll-Fodrin DETD
BII-Fodrin DEVD
Gelsolin DQTD
Helicard DNTD

ICAD DETD, DAVD
RasGAP site | DEGD
RasGAP site II DTVD
ROCK-I DETD
Vimentin DSVD

(Nicholson, 1999; Fischer et al., 2003)




Table 1.2. Caspase substrates possessing non-DXXD cleavage sites

Substrate Cleavage site
Actin ELPD
Bel-x, HLAD, SSLD

Bid LOTD
Cytokeratin-18 VEVD
Gas2 SRVD

Helicard SCTD

PAK2 SHVD
Paxillin NPQD, SQLD
Plectin ILRD

Vimentin IDVD, TNLD

(Nicholson, 1999; Fischer et al., 2003)




1.8. AIMS OF THIS THESIS

The primary aim of this thesis was to compare caspase activation cascades in diverse
cell types. In addition, we wished to further elucidate the regulation of caspases by
the IAPs and Smac/Diablo.

Chapter III

Studies in the Jurkat T lymphocytic cell line have demonstrated that caspases may be
activated in a co-ordinated manner within the apoptosome pathway of caspase
activation (Slee et al., 1999b). Our aim was to investigate if this hierarchy of caspase
activation was conserved in two different cell types, a secondary transformed cell
line, HEK293, and primary human neutrophils. During the course of this research
we discovered that primary human neutrophils displayed an unusual requirement
for cytochrome c in apoptosome formation. In the second section of this chapter this
property was examined and the mitochondrial pathway of caspase activation in

primary human neutrophils further explored.

Chapter IV

In this chapter a second mechanism of caspase activation, proteolysis via the serine
protease, granzyme B, was examined in detail. Granzyme B has been shown to
cleave many caspases in vitro including caspase-3, -6, -7, -8, -9 and —-10 (Chinnaiyan et
al., 1996; Duan et al., 1996; Fernandes-Alnemri et al., 1996; Gu et al., 1996; Martin et al.,
1996; Muzio et al., 1996; Orth et al., 1996; Quan et al., 1996) but only caspase-3 and
caspase-8 have been shown to be targets of this protease in intact cells (Chinnaiyan et
al., 1996; Froelich et al., 1996; Atkinson et al., 1998; Yang et al., 1998; Medema et al.,
1997b; Sutton et al., 2000). We wished to explore the direct and indirect caspase
targets of granzyme B in Jurkat cell-free extract as these proteases are present at
physiological levels in this system and therefore, we could examine the hierarchy of

caspase activation in an alternative caspase cascade.

Granzyme B-mediated proteolysis of caspase-8 occurs in the absence of an adaptor
platform. Recent literature has proposed that caspase-8 activation is in fact
prompted by dimerization rather than proteolysis (Boatright et al., 2003; Donepudi et

al., 2003) and argues that caspase-8 proteolysis via granzyme B or caspase-6 in the
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apoptosome pathway yields inactive enzyme. Our aim was to examine the caspase-8

activity in both these instances and evaluate if the dimerization model is correct.

Chapter V

XIAP, c-IAP1 and c-IAP2 contain a C-terminal RING domain that has been reported
to confer E3 ubiquitin ligase activity on these proteins, thereby enabling them to
promote their own autoubiquitination and the ubiquitination of the caspases and
Smac/Diablo (Huang et al., 2000; Yang et al., 2000; Suzuki et al, 2001; MacFarlane et
al., 2002; Yang et al., 2003). However, the majority of these studies have been
performed in vitro and hence the in vivo relevance of IAP ubiquitin ligase activity<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>