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Abstract

Apoptosis, or Programmed Cell Death (PCD) is characterised by a number of
morphological features including chromatin condensation, nuclear envelope breakdown,
cytoplasmic shrinkage and plasma membrane blebbing. Cells are specified to die in order to
remove excess, unwanted, or harmful cells, and to delete cells once their function has been
fulfilled. Dysfunction of the apoptotic pathway can have disastrous effects on the viability of
the organism as a whole. Too little cell death can result in cancer, whereas too much
apoptosis is the cause of some neurodegenerative diseases. In addition to maintaining optimal
cell numbers in the adult organism, apoptosis is critical during development where it plays a
role in organ sculpting and immunity.

Apoptosis is mediated by a family of caspases (cysteinyl aspartate-specific
proteinases) that cleave their substrates following an aspartate residue. Once caspases are
activated, the cell is committed to die, cellular substrates are cleaved and the morphological
features characterising apoptosis are observed. Caspases are present in healthy cells as
inactive zymogens containing a large and small active subunit, and an N-terminal prodomain.
Caspases often require proteolytic cleavage at precise residues for activation. Mature
caspases are dimers comprised of two large and two small subunits. Caspases are commonly
categorised into two main groups. Class I, upstream or initiator caspases have long
prodomains containing protein-protein interaction domains including caspase-recruitment
domains (CARDs) or death effector domains (DEDs). Recruitment of adaptor molecules
brings several procaspase molecules together to facilitate proximity-induced activation. Class
11, downstream or effector caspases have very short prodomains or lack a prodomain entirely,
and are activated by initiator caspases. Activated effector caspases target many cellular
proteins for degradation by recognising and cleaving specific aspartate residues.

Mechanisms are in place to regulate the activity of caspases to prevent aberrant cell
death. Inhibitor of apoptosis molecules physically interact with procaspases to prevent

activation by adaptor-mediated oligomerisation. Additionally, the Bcl-2 family of proteins,



containing both prosurvival and proapoptotic members, control initiation of the intrinsic,
mitochondrial pathway of caspase activation. The core apoptotic machinery is conserved
between the worm, fly and mammals. The fruitfly, Drosophila melanogaster is a useful
model organism in the study of complex genetic pathways such as apoptosis and has
homologues for most of the components of the apoptotic machinery.

At the commencement of the studies described in this thesis, six caspases were
described in Drosophila. Two of these, DRONC and DREDD are classified as initiator
caspases based on the presence of a long prodomain, while DCP-1, DRICE, DECAY and
DAMM, lack long prodomains and are therefore considered to be downstream caspases.
Results presented in this thesis report the cloning of a novel Drosophila caspase, STRICA,
and demonstrate the ability of this molecule to function as a caspase. The strica gene consists
of 1581 coding nucleotides and encodes a protein product of 527 amino acids. STRICA is a
long-prodomain-containing caspase that has all the conserved features that characterise the
caspase family but lacks a CARD or DEDs. Indeed, the prodomain of STRICA is unique and
bears no significant homology to other caspase prodomains. STRICA is a cytoplasmic
protein expressed throughout Drosophila development and is expressed in larval tissues that
histolyse during fly metamorphosis. Additionally, as with most caspases identified to date,
STRICA is able to induce apoptosis when overexpressed in mammalian and insect cell lines.
STRICA-induced apoptosis is suppressed by DIAP1 and p35 and to a lesser extent by DIAP2.
The prodomain of STRICA is processed when overexpressed in cells and this processing
requires the catalytic cysteine residue in the active site of STRICA. Active STRICA is also
shown to cleave the key Drosophila survival molecule, DIAPI.

Overexpression of STRICA in the fly eye results in ectopic cell death of pigment cells
with a more severe small, rough eye phenotype observed in homozygous GMR-strica flies.
This apoptotic phenotype is suppressed by DIAP1 and p35, and partially suppressed by
DIAP2. Physical interaction between STRICA and DIAP1 and DIAP2 is demonstrated.

Unlike DRONC, STRICA-induced apoptosis in the fly eye is not affected by halving the



dosage of reaper, hid and grim. A potential AKT phosphorylation site was identified in the
prodomain of STRICA. The Drosophila AKT homologue, DAKT, inhibits STRICA-induced
cell death in cultured cells and in the fly eye, to some extent.

Characterisation of the Drosophila Bcl-2 homologues, BUFFY and DEBCL, with
particular emphasis on the differential localisation of these two proteins, is presented in this
thesis. DEBCL is a proapoptotic Bcl-2 homologue that localises to mitochondria in
transfected cells. BUFFY has been reported to be the prosurvival Bcl-2 homologue in
Drosophila, and resides on the ER membrane and nuclear envelope in transfected cells.
Results demonstrate the residues that are important for intracellular targeting of BUFFY and
DEBCL, and indicate that residues in the transmembrane domain (TMB) itself, in addition to
TMB flanking residues, are required for appropriate localisation. The importance of the
membrane anchor is demonstrated and a functional nuclear localisation signal (NLS) in the N-
terminus of BUFFY identified.

This thesis contributes to the understanding of programmed cell death in Drosophila
by characterising a novel, Drosophila caspase, STRICA, and analysing the differential
localisation of the Drosophila Bcl-2 homologues, BUFFY and DEBCL. A framework for

further investigation is established. Some of the results presented have been published.
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Chapter 1

Introduction



1.1 Apoptosis

Early observations of developmental cell death were first described by Vogt in 1842
but it was not until 1951 that cell death was described as a normal facet of development
(Glucksmann, 1951). Later, Lockshin and Williams (1965) coined the term Programmed
Cell Death (PCD) to describe the fate of some cells during insect and tadpole
metamorphosis. The term ‘apoptosis’ was introduced by Kerr, Currie and Wyllie (1972) to
describe cell death events accompanied by a number of common morphological features.

The signalling pathways leading to apoptosis and the molecular basis of such events
are now better understood. At the molecular level, apoptosis is characterised by the
cleavage of cellular proteins such as nuclear lamins, and cytoskeletal proteins fodrin and

gelsolin | (Utz and Anderson, 2000). Such changes underlie the observable morphological
features associated with apoptosis such as chromatin condensation, nuclear envelope
breakdown, cytoplasmic shrinkage and plasma membrane blebbing (Wyllie et al., 1980).
Apoptotic cells expose phosphatidylserine on the plasma membrane surface which acts as an
‘eat me’ signal for phagocytes, allowing the rapid removal of the dying cell without
triggering an inflammatory response, otherwise associated with necrotic cell death (Fadok et
al., 1992; Martin et al., 1995).

Cells of vastly different types undergo apoptosis in response to a variety of stimuli
including UV irradiation, growth factor withdrawal, DNA damage, steroid hormone releasc
and other factors. Cells are specified to die in order to remove excess, unwanted or harmful
cells, and to delete cells that have fulfilled their function. Dysfunction of the apoptotic
pathway can have disastrous effects on the viability of the organism as a whole. Too little
cell death can result in autoimmune disease and cancer, whereas too much apoptosis is the
cause of some neurodegenerative diseases (Green and Evan, 2002; Kaufmann and Gores,
2000, Chun et al., 2002; Martin et al., 1999). In addition to maintaining optimal cell
numbers in the adult organism, apoptosis is critical during development where it plays a role

in organ sculpting and immunity.



1.2 Apoptotic machinery

Pioneering studies in apoptosis using the nematode Caenorhabditis elegans provided
valuable insights into the basic machinery required for cell death, and recently awarded a
Nobel Prize to the researchers who carried out these early studies (Ellis and Horvitz, 1986).
In C.elegans, 131 cells generated during development are programmed to die in a precise
manner (Sulston and Horvitz, 1977). The products of four genes, ced-3, ced-4, ced-9 and egl-
1, are responsible for these death events (Ellis and Horvitz, 1986; Hengartner et al., 1992;
Conradt and Horvitz, 1998). EGL-1, CED-3 and CED-4 act to promote cell death, while
CED-9 functions to protect cells destined for survival. Mutations in either ced-3 or ced-4
prevent all cell deaths in the worm (Ellis et al., 1986).

ced-3 was first cloned by Yuan and colleagues (1993) and subsequently characterised.
CED-3 is a serine-rich protein and its C-terminal region was found to be homologous to
human Interleukin 1B—Converting Enzyme (ICE) and mouse Nedd?2, indicating that CED-3
induces cell death through protease activity (Hugunin et al., 1996). CED-3 was later shown
to exhibit autocatalytic processing in vitro, following an aspartate residue (Hugunin et al.,
1996). The CED-3-like proteases, now known as caspases, are highly conserved proteins,
which act as principal instigators of the cell death programme. Comparison of the substrate
specificity of CED-3 with mammalian caspases revealed that CED-3 is more similar to
mammalian Caspase-3/CPP32, than Caspase-1/ICE or Caspase-2/Nedd2 (Xue et al., 1996).

The product of the ced-4 gene was found to be a novel protein primarily expressed
during embryogenesis (Yuan and Horvitz, 1992). CED-4 functions as an adapter molecule,
inducing cell death by interacting with, and activating, the caspase CED-3 (Chinnaiyan ef al.,
1997a, 1997b; Seshagiri and Miller, 1997; Wu et al., 1997).

The survival molecule CED-9 is a homologue of mammalian Bcl-2 (B cell lymphoma-
2) and contains a C-terminal hydrophobic membrane anchor. Like Bcl-2, CED-9 localises to
membranes of the mitochondria, endoplasmic reticulum and the nuclear envelope (Hengartner

and Horvitz, 1994a, 1994b; Wu et al., 1997). CED-9 prevents cell death by sequestering



CED-4 away from CED-3, thereby preventing its activation (Chinnaiyan et al., 1997a, 1997b;
James et al., 1997; Spector et al., 1997; Wu et al., 1997). EGL-1 is a death-inducing
molecule containing a single Bcl-2 homology domain 3 (BH3). EGL-1 induces apoptosis in
C.elegans by interacting with CED-9, preventing CED-9 from binding to CED-4, allowing for
CED-4-dependent CED-3 activation (Shaham and Horvitz, 1996; Chinnaiyan et al., 1997a,
1997b; Conradt and Horvitz, 1998). The cell death pathway in C. elegans is demonstrated

schematically in figure 1.1.

1.3 Mammalian Apoptotic Machinery

Caspases are cysteinyl aspartate-specific proteinases that cleave their substrates
following an aspartate residue (Margolin et al., 1997). Once caspases are activated, the cell is
committed to die, cellular substrates are cleaved and the morphological features characterising
apoptosis, such as DNA fragmentation, cytoplasmic shrinkage and membrane blebbing, are
observed. Caspases are present in healthy cells as inactive zymogens that usually require
proteolytic cleavage at precise residues to activate the enzyme. Procaspase molecules are
made up of two catalytic subunits and an N-terminal prodomain. A highly conserved active
site is present in the large subunit with a cysteine residue essential for enzymatic activity
(Stennicke and Salvesen, 1999). Active caspases are dimers comprised of two large and two
small subunits. Caspases are commonly categorised into two main groups based on the length
of the prodomain at the N-terminus of the protein (Degterev et al., 2003). Class I, upstream
or initiator caspases have long prodomains which function as protein interaction domains.
Such protein-protein interaction motifs include caspase-recruitment domains (CARDs) or
death effector domains (DEDs) (figure 1.2), which function to recruit adaptor molecules,
bringing several precursors together to facilitate proximity-induced caspase activation (Weber
and Vincenz, 2001; Tibbetts et al., 2003).

Class II, downstream or effector caspases have very short prodomains or lack a

prodomain entirely (figure 1.2), and are activated by Classl/initiator caspases. Activated



Figure 1.1 Cell Death machinery in C. elegans

The protein products of four genes, egl-1, ced-3, ced-4 and ced-9, are essential for cell
death and survival in the nematode, C. elegans. ced-3 encodes a CARD domain-
containing caspase that remains dormant in the cell until activated by the adaptor molecule
CED-4, through proximity-induced activation. CED-4 also contains a CARD and is held
inactive by the Bcl-2 homologue, CED-9. Activation of EGL-1, a BH3-only molecule,
results in the binding of CED-9, thereby sequestering CED-9 away from CED-4. CED-4 is
then released to bind and activate CED-3, cellular substrates are cleaved and cell death
occurs. The p53 pathway responds to DNA damage, resulting in the upregulation of egl-1

by the C.elegans p53 homologue, CEP-1.
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Figure 1.2 The mammalian Caspase family

There are 13 caspases encoded by the mammalian genome. Caspases are divided into two
main groups, based on the length of the N-terminal prodomain. Class I caspases contain
long prodomains and possess either death effector domains (DEDs) or a caspase
recruitment domain (CARD). DEDs and CARDs function as protein-protein interaction
motifs and mediate the recruitment and activation of Class I caspases. Such caspases
function upstream in the cell death pathway and are referred to as initiator caspases. Class
II caspases lack protein interaction motif-containing prodomains and require the
Classl/initiator caspases for their processing and activation. Class II caspases cleave
cellular substrates that are critical for cell viability and infrastructure and therefore execute
cell death. All caspases share a homologous active site with an essential catalytic cysteine
residue, demonstrated in column two. Caspases cleave their target substrates following an
aspartate residue. The substrate specificity of most mammalian caspases has been
determined (column 3). (Adapted from Degterev et al., 2003 with data based on

Thornberry et al., 1997).
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effector caspases target many cellular proteins for degradation by recognising and cleaving

specific aspartate residues (Degterev et al., 2003).

1.3.1 The Caspase family

Caspase-1 or ICE (interleukin-1[3 converting enzyme) was the first caspase identified,
based on its ability to process interleukin 10, involved in the inflammatory response (Howard
et al., 1991; Thornberry et al., 1992; Li et al., 1995). Since the discovery that C.elegans
CED-3 bears sequence homology to mammalian ICE (Yuan et al., 1993), the caspase family
has grown to include 13 members in mammals, 11 of which belong to the human species
(Degterev et al., 2003). Mammalian caspases have been numbered in order of their
identification.  Although several mammalian caspases have been implicated in the
inflammatory response (Degterev et al., 2003), only those involved in programmed cell death
are discussed here.

Nedd2 (Neural precursor cell-expressed, developmentally down-regulated), one of a
number of genes developmentally down-regulated in the mouse brain, was identified as an
ICE/CED-3 homologue able to induce apoptosis in cultured cells, that could be suppressed by
Bcl-2 (Kumar et al., 1992; Kumar et al., 1994). Nedd2, now referred to as Caspase-2,
contains a CARD domain in its prodomain, which is required for procaspase oligomerisation
and autoactivation (Butt et al., 1998). There are two splice variants of Caspase-2, however
the short form (Nedd2g) was not found to play a significant role in cell death (Kumar et al.,
1997). Somewhat surprisingly, caspase-2"" knockout mice develop normally but possess
excess oocytes that are resistant to the chemotherapy agent doxorubicin (Bergeron et al.,
1998).

Caspase-3/CPP32 was cloned from human Jurkat T-lymphocytes as a 32 kDa molecule
homologous to C. elegans CED-3 and mouse Nedd2 (Caspase-2) (Fernandes-Alnemri et al.,
1994). Mice deficient for caspase-3 die at 1-3 weeks (Kuida et al., 1996) and have enlarged

brains due to increased numbers of neurons (Kuida et al., 1996; Kuida ef al., 1998; Hakem et



al., 1998), indicating the importance of Caspase-3 for normal brain development. Caspases
similar to Caspase-3 include Caspase-6 and -7 and act as downstream effectors that cleave
many cellular proteins involved in cell viability, infrastructure and repair (Degterev et al.,
2003).

The prodomain of Caspase-8 contains two DEDs, which mediate binding to the adaptor
molecule FADD. FADD is the intermediate between the death receptor in the cell’s outer
membrane, and Caspase-8. Signalling by extracellular factors like tumour necrosis factor
(TNF) and Fas, triggers the recruitment of FADD and Caspase-8 into a receptor-mediated
DISC (death inducing signalling complex). DISC formation results in Procaspase-8
processing and activation and initiates a cell death signalling cascade. Deficiency of caspase-
8 in Jurkat cells renders these cells resistant to death induced by Fas and TRAIL, indicating
the requirement for Caspase-8 in death-receptor signalling ( Juo et al., 1998; Bodmer et al.,
2000; Sprick et al., 2000). Moreover, mouse embryonic fibroblasts (MEFs) from caspase-§-
deficient embryos are completely resistant to Fas, TNF and DR3 receptor-mediated apoptosis
but remain sensitive to stimuli such as UV irradiation which signals through the intrinsic
apoptotic pathway within the cell (Varfolomeev et al., 1998). caspase-8’ mice are embryonic
lethal with decreased myeloid progenitor cells, impaired cardiac muscle formation and
abdominal haemorrhage (Varfolomeev et al., 1998). fadd” knockout mice display similar
phenotypes, consistent with the requirement for this molecule in the activation of Caspase-8
(Yeh et al., 1998).

Caspase-8 activation is regulated by FLICE-like inhibitory proteins (FLIPs). Cellular
FLIP (c-FLIP), also known as Casper, is a catalytically inactive molecule similar to Caspase-8
(Yeh et al., 2000). Two c-FLIP isoforms have been described (Irmler et al., 1997). The short
isoform encodes the prodomain of Caspase-8 and prevents Procaspase-8 recruitment to the
DISC by competing for FADD binding (Kirchhoff ez al., 2000). The long isoform contains a

pseudocatalytic domain, lacking the cysteine residue, in addition to the prodomain and



although this isoform can cause initial Procaspase-8 processing, further activation is inhibited
by c-FLIP. (Krueger et al., 2001).

Caspase-9 is a CARD-containing caspase with a long prodomain. In contrast to
Caspase-2, Caspase-9 does not oligomerise and autoactivate, instead relying on the release of
cytochrome ¢ from mitochondria and interaction with the CED-4 homologue, Apaf-1, as part
of the apoptosome (Srinivasula et al., 1998). caspase-9”" knockout mice are embryonic
lethal, displaying enlarged brains due to a lack of Caspase-3 activation and apoptosis (Hakem
et al., 1998; Kuida et al., 1998). The similarities in the phenotypes of caspase-3” and
caspase-9”" mice demonstrate the relationship between these two caspases. Compensatory
activation of other caspases has been reported in cells deficient for apaf-1 or caspase-9,
suggesting that apoptosome-independent cell death occurs in these cells (Marsden et al.,

2002).

1.3.2 Caspase Substrate Specificity

The substrate specificities for individual caspases have shed light on their various
functions in the apoptotic pathway (Degterev et al., 2003). The preferred substrates for
caspases 1-11 have been determined (Thornberry et al., 1997; Talanian er al., 1997; Kang et
al., 2000) (figure 1.2). The optimal substrate cleavage site is referred to as the P4,P3,P2,P1
tetrapeptide sequence, where P1 represents the aspartate residue where cleavage takes place.
Based on their cleavage specificity and the preferred P4 residue in the substrate, caspases can
be divided into 3 groups. Group I caspases, Caspase-1, -4 and -5, recognise cleavage sites
with a bulky residue such as tryptophan (W) in the P4 position preferring a WEHD
tetrapeptide, whereas group II caspases, Caspase-6, -8, -9 and -11, prefer leucine or valine in
this position and cleave (L/V)EXD sites. Caspase-2, -3 and -7 form group III caspases and
cleave DEXD sites, where X can be valine, threonine or histidine. Thus, with some
exceptions, downstream, effector caspases have distinct substrate specificities from their

upstream relatives. This is consistent with the observation that effector caspases require



processing by activated initiator caspases and their preferred sites of cleavage should be
distinct from their own substrate specificities to prevent inappropriate autoactivation.
Interestingly, the cleavage site between the active subunits of upstream caspases conforms to
their own substrate specificity allowing for autoprocessing at this site. Caspase-2 is unusual
as it can both autoprocess by means of CARD-mediated oligomerisation, but also recognises
Caspase-3-like tetrapeptide substrates and therefore may be able function downstream in the
apoptotic pathway in some contexts (Butt et al., 1998; Lassus et al., 2002; Paroni et al., 2002;
Robertson et al., 2002). Although Caspase-2, like Caspase-3, has a preference for aspartate in
the P4 position, the optimal substrate for Caspase-2 is a pentapeptide, VDVAD (Talanian et
al., 1997). It should be noted, however, that synthetic short peptides were used to determine
caspase substrate specificity while the in vivo cleavage sites may not always confer to these

published classifications.

1.4 Caspase activation

Upon activation, caspases cause massive and rapid destruction in the cell resulting in
death and phagocytosis of the cell corpse without triggering an inflammatory response.
Because of the rapid and efficient execution of cell death caused by active caspases, their
activation must be tightly controlled. In healthy cells, measures are in place to inhibit caspase
activation and also prevent active caspase molecules from functioning inappropriately. In the
worm, caspase inhibition and activation are seen in their simplest form. In healthy cells, the
Bcl-2 homologue, CED-9, is bound to CED-4 (Chinnaiyan et al., 1997; James et al., 1997;
Spector et al., 1997). When the death signal is received, the BH3-only molecule, EGL-I,
binds to CED-9, releasing CED-4 and allowing it to bind to CED-3 (Conradt and Horvitz,
1998). CED-4, acting as an adaptor, physically interacts with CED-3, causing the recruitment
and subsequent activation of CED-3 zymogens (Yang et al., 1998; Chinnaiyan ef al., 1997;
Irmler et al., 1997). Thus, adaptor-mediated oligomerisation of procaspase molecules leads to

caspase activation in the worm.



Oligomerisation is also one of the main mechanisms of caspase activation in higher
eukaryotes. The initiator caspase, Caspase-8, interacts with the Fas receptor through an
adaptor intermediary, FADD. These associations occur through death domains (DDs) and
death effector domains (DEDs) present in Fas, FADD and Caspase-8. Formation of the DISC
brings multiple Procaspase-8 molecules into close proximity with each other, leading to the
autoactivation of Caspase-8. Active Caspase-8 can activate downstream Caspases-3 -4 and -7
and also cleaves the BH3-only molecule, Bid. Truncated Bid (tBid) exerts its proapoptotic
function by acting on mitochondria, causing the release of cytochrome ¢ (Li et al., 1998; Luo
et al., 1998).

The mammalian apoptosome is a high molecular weight complex that forms in
apoptotic cells, where the intrinsic cell death pathway is activated causing cytochrome c
release from mitochondria. Apoptosome formation requires the adapter molecule Apaf-1,
cytochrome ¢ and dATP (Liu et al., 1996; Goldstein et al., 2000). Apaf-1 contains an N-
terminal CARD domain that is able to interact with the CARD of Procaspase-9. In addition to
its N-terminal CARD domain and the CED-4 homology motif that binds dATP, Apaf-1
contains a series of WDA40 repeats in its C-terminal region (Zou et al., 1997, 1999; Li et al.,
1997; Hu et al., 1998). This WD40 repeat domain binds to cytochrome c released from
mitochondria when apoptosis is triggered. Although the C.elegans homologue of Apaf-1,
CED-4, lacks any WD40 repeats, this region is critical in the regulation of Apaf-1 activity, as
demonstrated by the constitutive nature of Apaf-1 lacking this region (Srinivasula et al., 1998;
Hu et al., 1999). This suggests that the WD40 repeats not bound to cytochrome ¢ perform an
inhibitory role upon Apaf-1. Binding of cytochrome ¢ induces a conformational change in
Apaf-1 that allows recruitment of Procaspase-9, which is subsequently activated to cleave
downstream caspases (Qin et al., 1999). Mice lacking cytochrome ¢ are embryonic lethal,
demonstrating the necessity for this small molecule in programmed cell death (Li et al.,
2000). The crystal structure of the apoptosome was determined and revealed a wheel-like

structure with seven spokes that suggests that active Caspase-9 molecules are continuously



generated which in turn activate Caspase-3 leading to the rapid demise of the cell (Acehan et
al., 2002).

In the case of Caspase-2, oligomerisation occurs between procaspase molecules via the
N-terminal CARD domain. Upon oligomerisation, Caspase-2 autoprocesses, liberating the
active enzyme (Butt et al., 1998). Additionally, the prodomain of Caspase-2, when
chimerically fused to Caspase-3, results in the constitutive autoactivation of Caspase-3
(Colussi et al., 1998b), further demonstrating the potency of prodomain-mediated
oligomerisation. This feature makes Caspase-2 unique and may be exploited to induce cell
death in normally resistant cancer cell lines (Shearwin-Wyatt et al., 2001).

Downstream, or executioner caspases, including Caspase-3, Caspase-6 and Caspase-7 in
mammals, cleave cellular substrates vital for the maintenance of cell viability. The
requirement for cleavage and activation of the downstream caspases by their upstream
counterparts prevents apoptosis until cell death is appropriately initiated and the upstream
caspases activated. Processing between the large and small subunits is necessary for enzyme
activation. Downstream caspases harbour processing sites that conform to the substrate
specificities of the upstream caspases and are, therefore, substrates for these activated class 1

caspases (Degterev et al., 2003).

1.5 Caspase Regulation

Given the potency of active caspases and the resulting death of the cell, inhibition of
caspase activity in healthy cells is clearly critical to the life of the cell and the function of the
organism as a whole. Prevention of caspase activation as well as inhibiting prematurely

activated caspases, is required to prevent inappropriate cell death.

1.5.1 Viral caspase inhibitors
Initiation of apoptosis is widely used by an organism to prevent the persistence of

harmful cells that cause organ dysfunction and disease, including virus-infected cells. Many



viruses have developed apoptosis-inhibitory mechanisms to prevent host cell death upon
infection, allowing for viral replication and survival. The baculoviral protein p35 was
initially identified as a molecule able to suppress apoptosis in cells infected with viruses
(Clem et al., 1991) and has since been shown to inhibit a wide range of caspases (Bump ef al.,
1995; Xue and Horvitz, 1995). p35 possesses a DQMD caspase cleavage site (Bump et al.,
1995) and structural analysis of Caspase-8/p35 complexes show that a conformational change
is induced in p35 by caspase cleavage (Xu ef al., 2001) exposing a cysteine residue that forms
a stable complex with the active site of Caspase-8, thereby preventing its activity (Fisher et
al., 1999; Riedl et al., 2001; Xu et al., 2001).

Following the identification of p35, two proteins similar to each other but different to
p35 were identified in a screen to isolate baculoviral proteins able to suppress cell death in
insect cells following infection by a p35-deficient virus (Crook ef al., 1993; Birnbaum et al.,
1994; Clem and Miller, 1994). Cp-IAP and Op-IAP were characterised by the presence of
one or more baculoviral IAP repeats (BIRs). Since the identification of viral inhibitors of
apoptosis, the IAP family of BIR domain-containing proteins has expanded and includes
cellular counterparts in organisms as distant as yeast and humans.

CrmA, a cytokine response modifier gene, is a cowpox viral protein that inhibits
caspases (Ray er al.,, 1992). CrmA preferentially suppresses Caspase-1 and -8, therefore
inhibiting IL-1B processing and TNF-o- and Fas- triggered apoptosis (Enari ef al., 1995; Los
et al., 1995; Miura et al, 1995). Like p35, CrmA inhibits caspases by acting as a
pseudosubstrate that undergoes a conformational change upon caspase cleavage, preventing
the cleavage of bona fide substrates (Ekert et al., 1999; Renatus ef al., 2000).

Prior to the identification of the Caspase-8 inhibitor, cellular FLIP/Casper, FLIPs,
structurally similar to Caspase-8 containing two tandem DEDs, were isolated from y-herpes
virus (Muzio et al., 1996; Tschopp et al., 1998). Viral FLIPs inhibit apoptosis induced by
CD95 by interacting with, and inhibiting, the DISC, allowing for viral replication and survival

(Bertin et al., 1997; Hu et al., 1997; Thome et al., 1997).
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1.5.2 Endogenous caspase inhibitors — The IAP family

Mammalian cells express caspase inhibitors similar to baculovirus OpIAP. Inhibitor
of Apoptosis Proteins (IAPs) belong to a large family of proteins that contain one or more
BIR domains (figure 1.3). Not all BIR-containing proteins (BIRps) function as inhibitors of
apoptosis (Silke and Vaux, 2001; Verhagen et al., 2001), as discussed below. IAPs form one
of two BIRp subfamilies and function to inhibit apoptosis. The second subfamily has been
implicated in cell cycle regulation. For example, survivin gene expression is cell cycle
regulated (Kobayashi et al., 1999; Li and Altieri, 1999) and Survivin-related molecules in
yeast and C.elegans are involved in cytokinesis and chromosome segregation (Uren et al.,
1999; Gerring et al., 1990; Yoon and Carbon, 1999; Fraser e al., 1999).

In mammals, the first IAP discovered was NAIP (neuronal apoptosis inhibitory
protein) isolated through positional cloning in the search for the gene involved in spinal
muscular atrophy (SMA), a degenerative muscular disease caused by motor neuron loss (Roy
et al., 1995). Although NAIP was later discounted as the causative gene in SMA, loss of
NAIP reportedly increases disease severity (Lefebvre et al., 1995; Liu et al., 1997; Orrell et
al., 1997). NAIP contains three BIR domains and although deletion of naip in the mouse has
no effect on development, reduced survival of some neuronal subsets is observed following
seizure induction (Holcik et al., 2000).

Further members were added to the IAP family following NAIP identification,
including cellular IAP1 (cIAP1), cIAP2 and X-linked IAP (XIAP), all containing three BIR
domains and a C-terminal RING finger domain (Rothe et al., 1995; Duckett et al., 1996;
Liston et al., 1996; Uren et al., 1996). Survivin (Ambrosini et al., 1997), Livin (Lin et al.,
2000; Vucic et al., 2000; Kasof and Gomes, 2001) and testis-specific IAP (Ts-IAP; Lagace et
al., 2001; Richter et al., 2001) were identified as IAP-family members, but contain only one
BIR domain while Survivin lacks a C-terminal RING domain.

IAPs suppress cell death by binding to caspases and preventing their activity. XIAP,

cIAP1 and cIAP2 bind Procaspase-9 molecules directly to prevent its processing and
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Figure 1.3 The Inhibitor of Apoptosis Proteins (IAPs)

IAPs were first isolated from viruses, with cellular homologues subsequently identified in
most species ranging from yeast to mammals. IAPs are characterised by the presence of
one or more baculoviral inhibitory repeats (BIRs) that are required for interaction with
caspases. IAPs interact with activated caspases to prevent inappropriate cell death. Many
IAPs contain a C-terminal RING domain that can function as an E3 ubiquitin ligase.

(Adapted from Hay, 2000 and Liston et al., 2003).
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activation (Deveraux et al., 1998; Takahashi et al., 1998). Furthermore, XIAP has an
inhibitory effect on active Caspase-9, and processing of Procaspase-3 by Caspase-9 is
inhibited by all three IAPs (Deveraux et al., 1998).

Structural studies have shed much light on the role of individual BIR domains in
caspase inhibition. BIR domains fold into functionally independent structures that chelate a
zinc ion by means of BIR cysteine and histidine residues (Hinds et al., 1999). The zinc ion is
held in the C-terminal portion of the domain. Overall, it appears that IAPs utilise their third
BIR domain, BIR3 to inhibit Caspase-9, while BIR2 is critical for suppression of Caspase-3
and -7 (Roy et al., 1997; Takahashi ef al., 1998; Sun et al., 2000). In the case of Caspase-7,
the crystal structure of the linker-BIR2 of XIAP bound to Caspase-7 reveals that the BIR2
domain itself is hidden within the crystal, whereas the linker region interacts with Caspase-7
by occupying the caspase substrate groove in a reverse orientation to that of substrate (Huang
et al., 2001). Similarly, the XIAP BIR2 was found to make limited contacts with Caspase-3,
with the linker occluding the substrate-binding pocket (Riedl et al., 2001). Thus, the linker
region plays a prominent role in the interaction and inhibition of Caspase-3 and -7 (Chai et
al., 2001).

IAPs are themselves regulated by the mitochondrial apoptosis-inducing molecule
Smac/Diablo, which sequesters IAPs away from interacting with caspases (Du et al., 2000;
Verhagen et al., 2000) and, in the case of XIAP, occupies a pocket on the BIR3 domain of
XIAP (Liu et al., 2000; Wu et al., 2000). Modelling suggests that although Smac/Diablo
occupies a different site on XIAP to Caspase-3, steric hindrance caused by the binding of
BIR3 by Smac/Diablo would prevent the binding of Caspase-3 to BIR2 (Riedl et al., 2001).
In the case of Caspase-9, BIR3 of XIAP interacts with monomeric Caspase-9, keeping it in an
inactive conformation (Shiozaki er al., 2003). Direct competition between Smac and
Caspase-9 for the same BIR3 binding site in XIAP has been suggested due to the similarity
between the N-terminal IAP-binding motif of Smac and the cleavage site in the linker region

between the large and small subunits of Caspase-9 (Sun et al., 2000; Liu et al., 2000; Wu e¢

12



al., 2000). Indeed, Caspase-9 processing mutants, although active, cannot be inhibited by
XIAP (Ekert et al., 2001; Srinivasula et al., 2001). Thus, XIAP exerts differential inhibitory
activity on Caspase-3 and -9.

Besides binding to caspases and antagonists such as Smac/Diablo, IAPs have been
reported to bind other molecules, although the significance of such interactions remains
unclear. cIAP1 and cIAP2 interact with the signalling molecules TRAF1 and TRAF2 (Rothe
et al., 1995), XIAP binds a TGF-B-associated protein, TAB1 (Yamaguchi et al., 1999), and
Drosophila 1APs, DIAP1 and DIAP2 reportedly interact with Thick Veins, a protein that
interacts with the Decapentaplegic (DPP) type I receptor (Oeda et al., 1998). Thus, IAPs may
function in cellular pathways other than apoptotic signalling pathways.

Interestingly, IAPs are potential caspase substrates. Consistent with this notion,
zV AD-inhibitable cIAP1 cleavage products are detected in apoptotic cells and similarly sized
fragments are generated by Caspase-3 (Clem et al., 2001). One of the fragments consists of
the spacer-RING carboxyl terminal fragment that reportedly induces apoptosis in transfected
cells. XIAP has been shown to be cleaved during Fas-induced apoptosis to produce two
fragments, BIR1-BIR2 and BIR3-RING (Deveraux et al., 1999). BIR1-2 overexpression
suppresses Fas-induced cell death inefficiently when compared with the full-length molecule
suggesting caspase cleavage as a possible mechanism for cells to overcome the inhibition
exerted by IAPs. Recently, the Drosophila IAP, DIAP1 has been shown to be cleaved by the
Drosophila caspase, DRONC (discussed in section 1.11.1 below).

The role of the IAP RING domain has received much attention in recent times. The
RING domains of cIAP1 and Drosophila DIAP1 have been suggested to have an inhibitory
effect on the anti-apoptotic function of these molecules (Clem et al., 2001; Hay et al., 1995).
Furthermore, ubiquitin ligase activity of RING domains has also been reported (Huang et al.,

2000), implicating IAPs in the degradation or modification of cellular proteins.
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1.6 Apoptotic pathways in Mammals

In mammals, activation of the core apoptotic machinery occurs via two pathways, a
receptor mediated extrinsic pathway, and an intrinsic pathway that is sensitive to the
permeability of the outer mitochondrial membrane. Both pathways activate distinct initiator

caspases and converge at the point of executioner caspase activation (figure 1.4).

1.6.1 Extrinsic pathway

The TNF receptor superfamily in mammals, including Fas, TNFR1, and death
receptors (DR)-3, -4 and -5, contain death domains (DDs) in their intracellular region
allowing for interaction with downstream apoptotic molecules (Barnhart et al., 2003).
Extracellular ligands, such as Fas, bind their receptors and a cascade of signalling events,
leading to caspase activation and apoptosis, is initiated. The receptor-mediated pathway
converges on the mitochondrial pathway with the cleavage and translocation of the BH3-only
protein, Bid, by activated Caspase-8. Truncated Bid (tBid) causes the release of cytochrome ¢

from mitochondria, which leads to formation of the apoptosome (Wei et al., 2000).

1.6.2 Intrinsic pathway

The intrinsic cell death pathway in mammals revolves around the integrity of the
mitochondrial membranes. Upon receipt of a death trigger such as UV-irradiation, cytotoxic
drug treatment or serum-deprivation, a loss in the inner mitochondrial transmembrane
potential (Aym) results in permeabilisation of the outer mitochondrial membrane, allowing
the release of small death-inducing molecules such as cytochrome ¢, Smac/Diablo and HtrA2
(van Gurp et al., 2003). The release of cytochrome ¢ from mitochondria allows apoptosome
formation for the continuous activation of Caspase-9 and Caspase-3.

Besides cytochrome ¢, mitochondria harbour other small death-inducing molecules.
Smac/Diablo often referred to as the little devil of death, contains a mitochondrial targeting

sequence that is cleaved off once it reaches its destination to reveal an N-terminal AVPIA
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Figure 1.4 The two main apoptotic pathways in mammals

Apoptosis occurs in mammals via two main pathways. An extrinsic or receptor-mediated
pathway is triggered by the binding of extracellular factors to membrane-bound receptors.
Binding of ligand to its receptor initiates the recruitment of Procaspase-8 into the death
inducing signalling complex (DISC). Caspase recruitment is mediated through the adaptor
molecule FADD, that contains both death domains (DD) for interaction with the receptor,
and death effector domains (DEDs) for interaction with Procaspase-8. Formation of the
DISC results in Caspase-8 activation and the subsequent activation of Caspase-3. An
intrinsic pathway also exists in the cell that responds to death triggers such as UV
irradiation, growth factor deprivation and cytotoxic drug treatment. In this pathway,
proapoptotic Bcl-2 homologues, recruited to the outer mitochondrial membrane,
oligomerise to form channels through which small death-inducing molecules, such as
cytochrome ¢ and Smac/Diablo, are released. Cytochrome c¢ binds to Apaf-1 and initiates
the formation of a high molecular weight complex known as the apoptosome. Procaspase-
9 becomes activated by recruitment to the apoptosome, mediated by a CARD-dependent
interaction with Apaf-1. XIAP, normally bound to active Caspase-3, is sequestered away
by Smac/Diablo, releasing Caspase-3 to cleave cellular substrates and execute cell death.
The two pathways are largely independent of each other but converge at the point of
Caspase-3 activation. Additionally, active Caspase-8 cleaves the cytosolic BH3-only
molecule, Bid. Truncated Bid (tBid) translocates to mitochondria and binds Bcl-2,
allowing Bax oligomers to form resulting in cytochrome c release. (Adapted from Bratton

and Cohen, 2003 and Degterev et al., 2003)
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motif (Du et al., 2000; Verhagen et al., 2000). This motif is similar to the N-terminus of the
Drosophila apoptosis activators, REAPER, HID and GRIM, and is required for interaction
with the inhibitor of apoptosis protein XIAP (Deveraux et al., 1999). Mutation of these N-
terminal residues results in loss of IAP-binding thereby rendering Smac/Diablo inactive (Chai
et al., 2000). Structurally, the four N-terminal residues of Smac/Diablo occupy a
hydrophobic pocket in both the BIR2 and BIR3 domains of XIAP, with greater affinity,
however, for BIR3 (Srinivasula et al., 2001; Chai et al., 2000; Wu et al., 2000; Liu et al.,
2000). Addition of Smac/Diablo to extracts releases XIAP-inhibited caspase activity (Du et
al., 2000). Thus, Smac/Diablo relieves the inhibition exerted by IAPs by releasing already
activated, as well as dormant, caspase molecules such as Caspase-3 and Caspase-9 (Ekert et
al., 2001; Chai et al., 2000).

Deletion of smac/diablo in mice does not result in severe phenotypic abnormalities
besides slightly delayed Caspase-3 activation (Okada er al., 2002) suggesting possible
redundancy. Indeed, another Smac-like molecule, HtrA2/Omi, a serine protease, is released
from mitochondria during apoptosis and reportedly inhibits XIAP through direct binding
(Suzuki et al., 2001a; Martins et al., 2002a, 2002b; van Loo et al., 2002; Verhagen et al.,
2002). As with Smac/Diablo, HtrA2 is mitochondrially-targeted when the targeting sequence
is removed to reveal a Smac- and REAPER/HID/GRIM-like IAP-binding motif. Mutation of
the N-terminal alanine renders HtrA2 incapable of binding XIAP (Verhagen et al., 2002).
The bacterial homologue of HtrA2 aids in the refolding of misfolded proteins (Spiess et al.,
1999) and, given the broad conservation of this molecule, a similar function has been
suggested in mammals (Spiess et al., 1999). Whether mechanisms exist to selectively release
specific, individual IAP antagonists, and the apoptosome cofactor cytochrome c, remains to
be determined. Regardless of the mechanism of release, mitochondria conceal potent

weapons that rapidly cause cell death upon release.
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Regulation of the intrinsic pathway is two-fold. While active caspases as well as
procaspase molecules are bound by IAPs to prevent apoptosis and maintain cell viability, the

Bcl-2 family of proteins regulate cytochrome c release at the point of mitochondria.

1.7 Bcl-2 family proteins

Bcl-2 was the first protein identified at the molecular level as an apoptosis regulator
for its involvement in a chromosome translocation resulting in human B-cell lymphoma
(Tsujimoto et al., 1984). Vaux et al. (1988) demonstrated that the upregulation of Bcl-2 in
cancer is not due to increased proliferation, but rather the promotion of cell survival.
Moreover, the fundamental importance of this molecule is shown by its ability to promote cell
survival in C.elegans (Vaux et al., 1992). Bcl-2 was characterised shortly after as a structural
and functional homologue of the C.elegans survival molecule CED-9 (Hengartner and
Horvitz, 1994a).

To date, there are at least 20 Bcl-2 family members in mammals, and most species
have at least one Bcl-2 homologue (figure 1.5). Family members all possess a Bcl-2
Homology (BH)3 domain and are classified into distinct groups based upon the presence or
absence of BH1, BH2 and BH4 domains. The prosurvival molecules, including Bcl-2 itself,
Bcel-X;, Bel-w, Al and Mcl-1, act to protect cells from death-inducing signals such as
deprivation of cytokines, irradiation and cytotoxic drugs (Cory et al., 2003). These molecules
possess BH1-BH3 domains as well as a BH4 domain only present in prosurvival family
members. Knockout studies have shown that bel-2-deficient mice are viable but die within a
few months of birth due to polycystic kidney-induced renal failure (Veis e al., 1993).
Lymphocytes from these mice are susceptible to apoptotic stimuli due to loss of Bcl-2
activity. Mice deficient in bcl-X; are embryonic lethal with extensive ectopic apoptosis
observed in differentiating neurons, spinal cord and dorsal root ganglia (Motoyama et al.,
1995). The differences in knockout phenotypes of bcl-2 and bcl-X; demonstrate the

importance of these molecules in distinct pathways of survival. Knockout mice lacking bci-
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Figure 1.5 The mammalian Bcl-2 family

A schematic representation of the Bcl-2 family in mammals, with their C. elegans
homologues shown in italics. Members of the Bcl-2 family all contain a Bel-2 homology 3
(BH3) domain. Members of the prosurvival faction also contain BH1, BH2 and BH4
domains, while proapoptotic Bcl-2 homologues lack the N-terminal BH4 domain. The
proapoptotic molecules are further subdivided into two main groups. The Bax-like
proteins have BH1-BH3 domains while the BH3-only subgroup only contain a BH3
domain, as their name suggests. Additionally, most Bcl-2 homologues contain a C-
terminal, hydrophobic membrane anchor that targets Bcl-2 proteins to intracellular

membranes of the mitochondria, endoplasmic reticulum and nuclear envelope.
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w, Al or mcl-1 reveal specific roles for these prosurvival molecules. Bcl-w and Mcl-1 affect
fertility in distinct ways. Bcl-w is implicated in spermatogenesis (Print et al., 1998; Ross et
al., 1998) whereas mcl-1-deficient mice are embryonic lethal due to implantation defects
(Rinkenberger et al., 2000). Al-deficient mice are defective in neutrophil apoptosis
(Hamasaki et al., 1998).

Bax-like molecules are proapoptotic in nature and are structurally similar to their
prosurvival counterparts, except for the absence of a BH4 domain. They include Bax, Bak
and Bok. The role of Bak and Bax clearly overlap since knocking out one or the other has
little effect on the viability of the mouse. bax-deficient mice have abnormalities in
haematopoietic and neuronal development (Knudson et al., 1995; Knudson and Korsmeyer,
1997). Bax has been implicated in neuronal cell death since apoptosis in the central nervous
system is decreased in mice lacking Bax (White et al., 1998; Deckwerth et al., 1996; Miller et
al., 1997). In addition, bax-deficient males are sterile (Knudson and Korsmeyer, 1997) while
females exhibit prolonged ovarian function due to a lack of apoptosis in primordial follicles
(Perez et al., 1999). bak-deficient mice are viable without developing age-related disorders
(Lindsten et al., 2000).

Strikingly, crossing the progeny of each knockout line to produce offspring lacking
both bax and bak has a dramatic effect on animal viability with 90% of the progeny dying at
birth (Lindsten et al., 2000). Surviving mice display apoptosis-related abnormalities
including the persistence of interdigital webbing, accumulated cells of the central nervous and
haematopoietic systems and an imperforate vaginal canal (Lindsten et al., 2000). These
knockout studies reveal the redundant function of each individual molecule, with a
requirement for at least Bax or Bak in the mammalian cell death pathway.

The third group of Bcl-2 family members contain only a BH3 domain and otherwise
share minimal sequence homology with other family members. Hence, this group is referred

to as the BH3-only group of proapoptotic proteins that includes Bid, Bim, Bad, Noxa, Bmf
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and Puma (Puthalakath and Strasser, 2002). BH3-only proteins are homologues to the
C.elegans death-inducer, EGL-1. BH3-only molecules are discussed in more detail below.

Structural studies have shown that BH1, BH2 and BH3 domains form a hydrophobic
groove in both the prosurvival and proapoptotic molecules (Suzuki et al., 2000; Petros ef al.,
2001; Hinds ef al., 2003). In Bcl-Xy, this hydrophobic groove provides a docking site for the
BH3 domain o-helix of the BH3-only molecule Bad (Petros et al., 2001). The hydrophobic
groove of Bcl-w houses its own C-terminal membrane anchor (Hinds et al., 2003), which
suggests a possible regulatory role for the transmembrane domain.

The mechanism by which the Bcl-2 family of proteins regulate the
intrinsic/mitochondrial pathway of apoptosis is still a controversial issue (Cory et al., 2003).
One hypothesis is that the ratio of proapoptotic versus prosurvival Bcl-2 homologues is
critical. Bcl-2 family members are able to form homo- and heterodimers. A high ratio of the
prosurvival molecule, Bcl-2, sequesters propapoptotic molecules, such as Bax, preventing
Bax homodimerisation on the mitochondrial outer membrane. Bax oligomers are proposed to
form channels in the lipid membrane that allow the efflux of cytochrome c¢ from the inner
mitochondrial matrix (Antonsson et al., 2000; Saito et al., 2000; Roucou et al., 2002b).
Indeed, Bax has been shown to be present in high molecular weight complexes associated
with the mitochondrial outer membrane in Hela cells induced to undergo apoptosis
(Antonsson et al., 2001). Such oligomers are prevented from forming by Bcl-2 (Antonsson et
al., 2001; Mikhailov et al., 2001).

Another hypothesis is that Bcl-2 family members interact with the voltage-dependent
anion channel (VDAC) and either promote or prevent its opening and release of death
inducing factors residing within the mitochondrial membranes (Shimizu et al., 1999; 2001).
VDAC and adenine nucleotide translocator (ANT), located on the outer and inner
mitochondrial membranes respectively, function together to form the permeability transition
(PT) pore, which acts as a non-selective channel for small molecules. However, this proposal

has not been widely accepted, with reports demonstrating that high molecular weight
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complexes comprised of Bax homodimers do not contain either VDAC or ANT (Antonsson e?
al., 2001; Mikhailov et al., 2001). What is clear is that activated Bax-like molecules cause
membrane damage and the release of apoptosis inducers like cytochrome ¢, Smac/Diablo and

Omi/HtrA2 (Liu et al., 1996; Du et al., 2000; Verhagen et al., 2002; Suzuki et al., 2001a).

1.7.1 BH3-only proteins

It is currently thought that the BH3-only proteins confer tissue-specificity by
triggering apoptosis in response to specific cellular stresses in different cell types. BH3-only
molecules are differentially expressed, and respond to different death-inducing stimuli
(Puthalakath and Strasser, 2002). While bim-deficient lymphocytes are resistant to certain
Bcl-2-antagonised death stimuli such as cytokine deprivation and calcium flux, sensitivity to
other stimuli, like DNA damage and glucocorticoid treatment, remains (Bouillet et al., 1999).
Bim is required for the cell death of lymphocytes (Bouillet et al., 2002) and T cell apoptosis
(Hildeman et al., 2002) in response to growth factor withdrawal, calcium flux or treatment
with the cytoxic drug paclitaxel, but not by y-irradiation (Bouillet et al., 1999) demonstrating
the signal-specific response of Bim.

Other BH3-only proteins are upregulated at the level of transcription to exert their
proapoptotic function in specific ways. Expression of noxa and puma increases in response to
the tumour suppressor p53 (Oda et al., 2000; Han et al., 2001; Nakano and Vousden, 2001),
similar to their C.elegans counterpart egl-1 that is upregulated by CEP-1, a p53-homologue,
in response to DNA damage in germline cells (Hofmann ef al., 2002). bid is also reportedly
upregulated by p53 and is involved in the p53 pathway of tumour suppression (Sax et al.,
2002). bim is upregulated transcriptionally by the Forkhead transcription factor (Dijkers et
al., 2000; Shinjyo et al., 2001), which lies downstream of AKT/PKB in the
phosphatidylinositol 3-kinase (PI3-K) survival pathway. Phosphorylated Forkhead, present in

healthy cells, is excluded from the nucleus, preventing its function as a transcription factor.
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Other BH3-only proteins undergo post-translational modifications that alter the localisation
and function of these molecules (discussed below).

Activated BH3-only proteins rely upon Bax and Bak, which mediate the downstream
assault on mitochondria. The requirement for Bax and Bak in apoptosis triggered by the
BH3-only molecules is demonstrated in bax”bak” cells that are resistant to tBid-induced
cytochrome c release and apoptosis (Wei et al., 2001). Moreover, cells deficient for bax and
bak are resistant to apoptosis induced by all BH3-only members including Bad, Bim and
Noxa (Cheng et al., 2001). Hence, it is clear that the proapoptotic Bcl-2 homologues Bax and
Bak are required for induction of cytochrome c release and apoptosis triggered by the BH3-

only proteins.

1.7.2 Localisation of Bcl-2 family proteins

With some exceptions, most Bcl-2 family members contain a hydrophobic C-terminal
domain required for targeting the molecule to intracellular membranes of the mitochondria,
endoplasmic reticulum and nuclear envelope. Appropriate subcellular localisation is critical
for the function of both prosurvival and proapoptotic Bcl-2-like molecules (Schinzel et al.,
2004). The anti-apoptotic Bcl-2 homologue Mcl-1 is normally localised to mitochondria in
transfected cells but becomes diffuse in the cytosol when the C-terminal membrane anchor is
removed (Akgul et al., 2000). The transmembrane anchor of Bcl-rambo, a proapoptotic
molecule, is required for its localisation to mitochondria and for its death-inducing activity
(Kataoka et al., 2001). Bax is predominantly present in the cytosol in healthy mouse
thymocytes, but becomes membrane-bound upon induction of apoptosis by dexamethasone or
Y-irradiation (Hsu et al., 1997), with a requirement for the membrane anchor in mediating its
mitochondrial targeting (Nechushtan et al., 1999). A similar shift in Bax localisation in
tumour cell lines treated with etoposide or staursporine was reported by Murphy et al. (2000).
Overexpression of Bcl-2 prevents Bax translocation to mitochondrial membranes, thereby

preventing cytochrome c release, caspase activation and apoptosis (Murphy et al., 2000),
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highlighting the importance of intracellular localisation in the control of apoptosis by Bcl-2
family proteins. Some researchers have also postulated that the C-terminal membrane anchor
acts as a negative regulatory domain. Indeed, an intramolecular interaction between the C-
terminal membrane anchor of Bax with an N-terminal epitope maintains Bax as a cytosolic
molecule. Induction of apoptosis induces a conformational change that exposes the
membrane anchor allowing it to insert into the mitochondrial outer membrane (Nechushtan et
al., 1999). Structural analysis of Bax later showed that, similar to Bcl-w, the hydrophobic
membrane anchor occupies the receptor groove formed by the BH1-3 domains, considered to
mediate heterodimerisation with prosurvival family members (Suzuki et al., 2000; Hinds et
al., 2003).

Bcl-2 and Bcl-Xy reside on membranes in healthy cells. Recently, mutagenesis was
employed to analyse the differential localisation of Bcl-2 and Bcel-Xy, (Kaufmann et al., 2003).
Bcl-2 targets to the endoplasmic reticulum (ER), mitochondria and nuclear envelopes
(Lithgow et al., 1994; Kaufmann et al., 2003), whereas Bcl-X; is almost exclusively
mitochondrial (Kaufmann et al., 2003). Multiple positively charged amino acids flanking the
transmembrane domain (TMB) of Bcl-X, are responsible for mitochondrial targeting,
whereas the absence of such a strong basic charge in Bcl-2 allows its distribution to other
membranous organelles like the ER and nuclear envelope (Kaufmann et al., 2003).
Membrane localisation mediated by the TMB is critical for the function of Bcl-2 as deletion
of this domain renders the molecule incapable of protecting Jurkat cells from apoptotic insults
such as radiation (Rudner et al., 2001). Moreover, a chimeric, ER-targeted Bcl-2 protects
cells against radiation-induced apoptosis similarly to mitochondrially-targeted Bcl-2 (Rudner
et al., 2001).

The importance of intracellular localisation is also demonstrated in members of the
BH3-only protein group. In healthy cells, where survival factors such as AKT and PKA are
active, Bad is phosphorylated and detained in the cytosol via interaction with 14-3-3 (Zha et

al., 1996, 1997; Datta et al., 1997; Harada et al., 1999). Phosphorylation prevents the binding
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of Bad to Bcl-Xy allowing it to exert its prosurvival function in the cell (Datta et al., 2000).
Dephosphorylation releases Bad from its cytosolic detention, allowing it to translocate to
mitochondria, bind prosurvival Bel-2 proteins, and initiate the intrinsic pathway of cell death
(Wang, H.G. et al., 1999).

Bim and Bmf are associated with the dynein motor complex and the myosin V motor
complex respectively and are released in response to different signals (Puthalakath er al.,
1999; Puthalakath et al., 2001). Bid normally resides in the cytoplasm but once cleaved by
Caspase-8 to become tBid, becomes a potent death-inducer, translocating to mitochondria,
causing cytochrome c release and apoptosis (Li et al., 1998; Luo et al., 1998). Thus, it is
clear that post-translational modifications and transcriptional upregulation control the

expression and activity of BH3-only proteins.

1.8 Drosophila melanogaster as a model organism for studying apoptosis

The fruitfly, Drosophila melanogaster, has always been utilised to study complex
pathways, including apoptosis. The fly has many advantages in the delineation of genetic
pathways including the availability of the sequence of the entire genome, its amenability to
genetic manipulation and the ease with which sophisticated genetic approaches can be
implemented. While redundancy in mammals can confuse knockout mouse phenotypes, the
simpler Drosophila system can be used to elucidate the role of functional homologues in
specific biological pathways.

Drosophila has been used in the study of human disease, especially human
neurodegenerative diseases. There is a high level of genetic conservation between flies and
humans (Rubin et al., 2000) and Drosophila have a complex central nervous system that is
amenable to the study of neurodegenerative behaviours. Models for Alzheimer’s disease,
Parkinson’s disease, and polyglutamine repeat diseases such as Huntington’s disease, have
been established in Drosophila and are used to study the pathogenesis of these disorders

(Chan and Bonini, 2000).

22



1.9 Apoptotic machinery in Drosophila

The cell death pathway in Drosophila is highly conserved. The Drosophila genome
encodes homologues for most of the key molecules characterised from C.elegans and
mammals (Table 1.1). Additionally, three genes encoding IAP-binding proteins, REAPER,
HID and GRIM, functionally similar to Smac/Diablo, were first isolated in Drosophila and

found to be essential for developmental cell death in the fly.

C. elegans Mammals Drosophila

Smac/Diablo REAPER, HID, GRIM
EGL-1 BH3-only proteins ?
CED-3 Caspase family DRONC, DREDD, STRICA,

DRICE, DCP-1, DECAY,

DAMM
CED+4 Apaf-1 DARK
CED-9 Bcl-2 family DEBCL, BUFFY
XIAP, cIAPI, cIAP2 DIAP1, DIAP2
FADD dFADD
TNF Eiger
TNFR Wengen

Table 1.1 Conservation of the apoptotic machinery
The main components of the apoptotic pathway in worms, flies and mammals are shown. The

Drosophila genome encodes homologues for almost all the key apoptotic molecules.

1.9.1 The H99 locus —-reaper, grim and hid
The H99 deficiency, identified in genetic screens, spans a region responsible for all
developmental cell death events in the fly (White et al., 1994). Although apoptosis can be

induced by x-irradiation, suggesting that the execution of apoptosis is preserved, the initiation
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of apoptosis is severely abrogated in developing H99 deletion embryos, implicating the H99
gene products in the activation of apoptosis.

reaper was the first gene identified within this region (White et al., 1994). reaper
encodes a protein of 65 amino acids, and is expressed in cells prior to apoptotic cell death.
Furthermore, overexpression of REAPER in the eye induces massive cell death resulting in a
small eye phenotype (White et al., 1996). REAPER-induced cell death in Drosophila
schneider (S2) cells is accompanied by the classic morphological features of apoptosis and is
caspase-dependent (Pronk et al., 1996). reaper null flies display enlarged central nervous
systems and male sterility, implicating REAPER in normal central nervous system apoptosis
and gametogenesis in the fly (Peterson et al., 2002). reaper is upregulated by the E93
transcription factor in response to the steroid hormone ecdysone, which mediates normal
metamorphic changes in the fly (Lee et al., 2002a, 2002b). The promoter region of reaper
contains consensus binding sites for the Drosophila p53 homologue, Dmp53, demonstrating
the involvement of REAPER in the p53 pathway in the fly (Brodsky et al., 2000).

Two other activators of cell death were subsequently identified in the H99 region. The
410 amino acid protein product of the head involution defective (hid) gene behaves similarly
to REAPER with the ability to induce apoptosis when expressed in both wildtype and H99
mutant embryos (Grether et al., 1995). Ectopic expression of HID in the Drosophila eye
shows a severe small eye phenotype as a result of ectopic programmed cell death. The
caspase inhibitor, p35, can suppress this phenotype when coexpressed with HID in the eye.
Homozygous hid mutants are embryonic lethal with extensive defects in apoptosis (Haining et
al., 1999). HID induces apoptosis in mammalian cells and localises to mitochondria via a C-
terminal hydrophobic region (Haining et al., 1999). HID is downregulated by the Ras/MAPK
survival pathway (Bergmann et al., 1998; Kurada and White, 1998). MAPK phosphorylation
sites in HID are critical for downregulation, linking a phosphorylation signalling pathway to

the regulation of apoptosis.
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The third gene in the H99 region, grim, encodes a polypeptide of 138 amino acids. Like
REAPER and HID, GRIM is able to induce apoptosis in H99 embryos and cultured cells, and
localises to both the cytoplasm and mitochondria in mouse fibroblasts (Chen et al., 1996;
Claveria et al., 1998). REAPER, HID and GRIM share a similar 14 amino acid N-terminus
known as the RHG (REAPER/HID/GRIM) motif (Wing ef al., 1998). The peptide sequences
outside of this motif share little similarity.

REAPER, HID and GRIM are functionally similar to Smac/Diablo in mammals, and
exert their proapoptotic function by acting on Drosophila 1APs, such as DIAP1, to relieve
their inhibition over caspases. IAPs can suppress REAPER-induced cell death by physical
association between REAPER and the BIR domains of the IAP (Vucic et al., 1997a). DIAPI
gain-of-function mutants suppress REAPER-, HID- and GRIM-induced cell death in vivo,
however suppression is abolished when the BIR domains of DIAP1 are mutated (Goyal et al.,
2000). The crystal structure of DIAP1-BIR2 complexed to the N-terminal peptides of GRIM
and HID reveal that the peptides bind to a groove on DIAP1 (Wu et al., 2001). REAPER,
HID and GRIM cause the downregulation of DIAP1 protein levels and, in the case of HID,
downregulation requires the ubiquitin ligase activity of the DIAP1 RING domain (Yoo et al.,
2002). Conflicting results exist however, with Hays et al. (2002) reporting that REAPER and
GRIM, but not HID, promote DIAP1 degradation in vivo. The identification of enhancers of
GRIM- and REAPER-induced apoptosis that are involved in the ubiquitin pathway
strengthens the evidence that the binding of DIAP1 by GRIM and REAPER leads to
proteasomal degradation of DIAP1 (Wing et al., 2002b).

Mapping just outside the H99 region, sickle encodes another TAP antagonist in
Drosophila, capable of inducing cell death when overexpressed in cell lines and Drosophila
embryos (Christich et al., 2002; Srinivasula et al., 2002; Wing ef al., 2002a). SICKLE
possesses the N-terminal amino acids shared by other IAP-binding molecules including
REAPER, HID and GRIM, and Smac/Diablo in mammals, and binds the BIR2 domain of

DIAP1. Another molecule possessing the N-terminal IAP-binding motif, Jafrac2, localises to
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the endoplasmic reticulum until its release into the cytosol when apoptosis is induced (Tenev
et al., 2002). Jafrac2, a thioredoxin peroxidase induces apoptosis in the fly eye and cultured
cells and interacts with DIAP1. IAP antagonists share little sequence homology, with the
exception of several N-terminal amino acids, making the identification of further IAP

antagonists dependent on functional assays.

1.9.2 Drosophila Caspases

There are seven caspases in Drosophila melanogaster. Two of these, DRONC and
DREDD are classified as upstream/initiator caspases based on the presence of long
prodomains. Four of these caspases, DCP-1, DRICE, DECAY and DAMM, lack long
prodomains and are therefore considered to be downstream/executioner caspases, requiring
activation by initiator caspases before executing cell death. The characterisation of the

seventh caspase, STRICA, is presented in this thesis.

a) DCP-1

The first caspase identified in Drosophila, DCP-1, contains a short prodomain with a
strong caspase cleavage site marking the end of the prodomain. This caspase shares substrate
specificity with mammalian Caspase-3 and therefore functions as a downstream caspase
(Song et al., 1997).

A null mutant of dcp-1 initially suggested a critical role for DCP-1 in the apoptosis of
nurse cells during normal oogenesis (McCall and Steller, 1998). However, it came to light
that an adjacent gene was also deleted in these flies and contributed to the mutant phenotypes
reported (Laundrie et al., 2003). The adjacent gene, pita, deleted by P-clement insertions in
the dcp-1 gene has recently been shown to encode a C2H2 zinc-finger protein. Loss of both
of these genes was found to contribute to the lethality and defective nurse cell death

previously attributed to DCP-1 (Laundrie ef al., 2003). While DCP-1 is essential for
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apoptosis during mid-oogenesis, homozygous pita mutants are lethal and display dumpless

egg chambers and premature apoptosis of nurse cells.

b) DRICE

The Drosophila caspase DRICE is an effector caspase similar to DCP-1 and is
expressed at all developmental stages where programmed cell death occurs (Fraser and Evan
1997).  Overexpression of DRICE sensitises Drosophila S2 cells to apoptotic triggers and
DRICE is processed when apoptosis is induced by REAPER or cycloheximide (Fraser et al.,
1997). Activation of DRICE in lysates induced to die by overexpression of REAPER is due
to the activity of DRONC, since processing of DRICE is dependent on DRONC activation
(Dorstyn et al., 2002). Like reaper and dronc, drice has been reported to be upregulated by
the steroid hormone ecdysone during Drosophila development (Lee et al., 2002a, 2002b).
Overexpression of DRICE in the Drosophila retina shows no significant abnormalities,
perhaps due the inability of DRICE to autoprocess (Song et al., 1997). DRICE has recently
been implicated in germline development. DRICE is activated in mid and late stage
oogenesis with higher expression of DRICE observed during mid oogenesis and limited
expression in late oogenesis (Peterson et al., 2003). The process of spermatid

individualisation also appears to require the activity of DRICE (Huh ef al., 2004).

¢) DECAY

The fifth Drosophila caspase to be identified was called DECAY (Drosophila
Executioner Caspase related to Apopain/Yama) (Dorstyn et al., 1999b). Lacking a long
prodomain, and with high homology to Caspase-3 and Caspase-7, DECAY is classified as a
downstream, effector caspase. Overexpression of DECAY in cultured Drosophila S2 cells
induces apoptosis. Recombinant DECAY was also shown to be active on fluorogenic
substrates DEVD and VDVAD and can cleave in vitro translated PARP (Poly ADP-ribose

polymerase). decay transcript is expressed at low levels throughout Drosophila development
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and no upregulation is observed during metamorphosis in response to ecdysone. decay is
expressed in tissues such as midgut, salivary gland and ovaries, where apoptosis occurs at
various developmental stages (Dorstyn et al., 1999b). The significance of DECAY in

programmed cell death in Drosophila has not been fully elucidated.

e) DAMM

Harvey et al. (2001) identified the short prodomain caspase DAMM as a Death
Associated Molecule related to Mch2 (Caspase-6). DAMM is able to induce apoptosis when
overexpressed in mammalian and insect cells albeit at low levels. DAMM-induced cell death
is inhibited by DIAP1, DIAP2 and p35. The functional significance of this caspase remains
to be elucidated but it may be involved in a HID-mediated cell death pathway (Harvey et al.,

2001).

e) DRONC

The apical caspase, DRONC, is the only CARD-containing caspase in Drosophila
(Dorstyn et al., 1999a). dronc is differentially expressed throughout development, with
upregulation of the dronc transcript observed at the late third instar larval and early pupal
stages. Expression of dronc at these stages corresponds to two pulses of the steroid hormone
ecdysone and mediates the changes associated with metamorphosis (Dorstyn et al., 1999a).
The ecdysone receptor binds the dronc promoter directly (Cakouros et al., 2004). The dronc
promoter also contains binding sites for several transcription factors that govern the
transcriptional expression of dronc in different larval tissues undergoing cell death such as
midgut and salivary gland (Cakouros et al., 2002). In flies that are mutant for the
transcription factor, Broad complex (BR-C), expression of DRONC is reduced or ablated.
Additionally, apoptosis induced by ecdysone in a responsive Drosophila cell line, I(2)mbn, is

absolutely dependent on the presence of DRONC (Cakouros et al., 2002).

28



dronc null mutants are pupal lethal and have midgut and salivary glands that persist
beyond the normal temporal histolysis of these tissues (Daish et al., unpublished data). RNAi
ablation of the dronc transcript in early embryos results in a decrease in embryonic cell death,
further demonstrating an essential role for DRONC in developmental apoptosis (Quinn et al.,
2000).

Overexpression of DRONC in the fly eye results in a small, rough eye phenotype due
to ectopic cell death. Inappropriate apoptosis induced by DRONC is inhibited by DIAP1 and
P35 (Quinn er al., 2000). Interestingly, DIAP1 fails to rescue the apoptotic phenotype
induced by ectopic expression of DRONC lacking the prodomain, consistent with the
observation that the DRONC prodomain is required for the interaction with DIAP1 (Meier et
al., 2000).

Halving the dosage of the H99 genes enhances apoptosis induced by DRONC in the
eye, placing DRONC downstream of REAPER, HID and GRIM, in the major apoptotic
pathway in flies (Quinn ez al., 2000). . DRONC has been shown to genetically interact with
many apoptotic molecules, including DIAP1 and the Apaf-1 homologue DARK (Quinn et al.,
2000). The C-terminal RING domain of DIAPI functions as an E3 ubiquitin ligase and
reportedly targets DRONC for degradation via the proteasome (Muro et al., 2002). This
inhibition is relieved by REAPER, which binds directly to DIAP1 (Chai et al., 2003).

DRONC is unique amongst other caspases in some regards, The active sites of most
caspases conform to the QAC R/Q/K G consensus whereas DRONC has an active site
PFCRG (Dorstyn et al., 1999a). Unlike other caspases, DRONC has been shown to cleave
substrates following a glutamate residue and has been reported to cleave DIAP1 following a
glutamate residue (Yan et al., 2004). DRONC has also been shown to autoprocess itself
following a glutamate residue but processes the downstream caspase DRICE at the classic
aspartate residue (Hawkins et al., 2000). In a positive feedback mechanism, DRICE is able to

cleave DRONC, preventing the inhibition of DRONC by DIAPI1 (Kaiser et al., 1998).
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DRONC is structurally and functionally similar to mammalian Caspase-9. The
interaction between DRONC and DARK suggests that a high molecular weight complex
resembling an apoptosome may form to activate DRONC and subsequently activate the
effector caspase DRICE. Although DRONC is recruited to a high molecular weight complex
in vitro (Dorstyn et al., 2002), this complex is active in the absence of a release of cytochrome
¢ from the mitochondria (Dorstyn et al., unpublished data). A significant proportion of
DRONC and DRICE localises near mitochondria suggesting the possibility that an
apoptosome-like complex may form at mitochondria without the need for cytochrome c

release (Dorstyn et al., 2002).

f) DREDD

The Drosophila caspase, DREDD (Death-Related ced-3/NEDD2-like gene) was
isolated from an embryonic cDNA library (Chen ez al., 1998). DREDD is a long prodomain-
containing caspase that contains two death effector domains (DEDs), making DREDD the
likely homologue of mammalian Caspase-8. Consistent with this, DREDD interacts with the
Drosophila homologue of the adapter molecule FADD, dFADD via a unique death-inducing
domain (DID) present in both molecules (Hu and Yang 2000). This interaction enhances the
death-inducing activity of DREDD and induces DREDD processing.

The dredd transcript is present in early embryos prior to the onset of zygotic
expression, and accumulates in Drosophila tissues that undergo extensive developmental cell
death, including the brain and ventral nerve cord (Chen et al., 1998). dredd also accumulates
to high levels during oogenesis, at a time when extensive apoptosis of nurse cells occurs.
However, dredd fails to accumulate in embryos homozygous for the H99 deficiency in which
the cell death activators, REAPER, HID and GRIM are absent (Chen et al., 1998).
Furthermore, targeted ectopic expression of reaper, hid and grim individually using the

UAS/Gal4 system results in the accumulation of dredd transcripts in tissues where dredd is
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not normally widely expressed, emphasising the direct relationship between REAPER-, HID-
and GRIM-induced apoptosis and dredd accumulation (Chen et al., 1998).

Unlike most caspases, overexpression of full-length DREDD or prodomain-deleted
DREDD in Drosophila S2 cells does not induce apoptosis and processing is not observed
(Chen et al., 1998). However processing of DREDD is observed when coexpressed with
REAPER, HID or GRIM. In addition, cell killing induced by REAPER and GRIM is
suppressed by heterozygosity at the dredd locus (Chen et al., 1998), placing DREDD
downstream of REAPER and GRIM in the apoptotic pathway.

The involvement of DREDD in the innate immune response in Drosophila
demonstrates a unique, non-apoptotic, role for this caspase. Specific anti-microbial peptide-
encoding genes are induced in response to microbial infection (Imler and Hoffmann, 2000;
Khush and Lemaitre, 2000). Flies carrying loss-of-function mutations in dredd were found to
be susceptible to infection by gram-negative bacteria, with expression of antibacterial
peptides suppressed in these flies, demonstrating that DREDD regulates the immune response
in the fly (Leulier et al., 2000). Mutations in dredd prevent induction of antibacterial genes
and also prevents signalling through the NFxB homologue, Relish (Elrod-Erickson et al.,
2000). The importance of DREDD in the antibacterial immune response in the fly

demonstrates the role of a caspase in a physiological pathway distinct from apoptosis.

1.10 Apoptotic pathways in the fly
Although most key players in programmed cell death are conserved, some differences
exist between Drosophila and mammals that suggest these organisms utilise molecules

differently. The main apopotic pathways in the fly are represented in figure 1.6.

1.10.1 A Drosophila Apoptosome?
In mammals, Apaf-1 is essential for the activation of Caspase-9 via the mitochondrial

pathway (Zou et al., 1999). Release of cytochrome c from mitochondria, triggers the
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Figure 1.6 Pathways of apoptosis in Drosophila

Three activators of apoptosis, REAPER, HID and GRIM, respond to apoptotic stimuli and
initiate apoptosis by binding to IAPs, thereby relieving the inhibition of DIAP1 over both
upstream and downstream caspases. DRONC activation is essential for cell death and
requires the adaptor molecule, DARK. Activated DRONC processes and activates the
downstream caspase DRICE, and cell death is executed. The steroid hormone ecdysone is
required for organ sculpting during Drosophila metamorphosis and transcriptionally
upregulates dark, dronc and drice temporally and spatially during fly development. The
p53, DNA damage-response pathway functions in the fly with upregulation of reaper by
the Drosophila p53 homologue, Dmp53. A TNF-like, receptor mediated pathway exists in
the fly with the binding of Wengen by its extracellular TNF-homologous ligand, Eiger, to
initiate apoptosis through JNK in a DARK/DRONC-dependent manner. Adapted from

Nordstrom and Abrams, 2000.
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formation of the apoptosome, a large complex comprised of Apaf-1 molecules associated with
Procaspase-9, cytochrome ¢ and dATP (Degterev et al., 2003).

Drosophila melanogaster possess a CED-4/Apaf-1 homologue molecule named
DARK/Dapaf-1/HAC-1 (Kanuka et al., 1999; Rodriguez et al., 1999; Zhou et al., 1999).
dark encodes a 1440 amino acid polypeptide containing an N-terminal CARD domain, a
CED-4 homology domain and, in similarity with Apaf-1, WD40 repeats that can bind
cytochrome c in vitro.

dark is expressed in regions that normally undergo apoptosis during embryonic
development (Zhou et al., 1999) and is transcriptionally upregulated in pregastrulation
embryos in response to UVB and UVC (Zhou et al., 2003). DARK induces apoptosis in
cultured Drosophila SL2 cells with increased activity observed when the WD repeat region is
removed, suggesting a possible inhibitory role for this region (Rodriguez et al., 1999; Kanuka
et al., 1999). dark loss-of-function mutations cause reduced cell death in the central nervous
system (CNS) in embryos, enlarged nervous systems in larvae, and pleiotrophic effects
including melanotic tumours, wing defects and impaired viability in adults (Rodriguez et al.,
1999; Kanuka ef al., 1999; Zhou et al., 1999). Mutations in dark were reported by Rodriguez
et al. (1999) to suppress apoptosis induced by REAPER, HID and GRIM in vivo.
Furthermore, dark ablation by RNAi in insect cells inhibits stress-induced apoptosis
(Zimmermann et al., 2002). DRONC, which functions downstream of REAPER, GRIM and
HID, requires DARK for its activation (Quinn et al., 2000; Dorstyn et al., 2002).

Given the requirement for DARK in the activation of the apical caspase DRONC, and
the presence of CARD domains in both of these molecules, it seems logical to assume that a
similar mechanism of apoptosome formation and caspase activation exists in the fly.
However, Dorstyn et al. (2002) have shown that apoptotic cells in which active DRICE is
present, display mitochondrially localised cytochrome c, demonstrating that caspase

activation and apoptosis proceed without the release of cytochrome c. This finding indicates
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functional differences in the mechanism of caspase activation in the fly compared with the

intrinsic mammalian pathway (Dorstyn et al., 2002).

1.10.2 An extrinsicTNF pathway in the fly

Recently, a receptor-mediated pathway in the fly has been characterised. A gain-of-
function screen was employed to identify a tumour necrosis factor (TNF) superfamily ligand
named Eiger, which can induce apoptosis, causing a small eye phenotype in the Drosophila
compound eye (Igaki et al., 2002a). Eiger-induced cell death occurrs through activation of
the JNK pathway and is suppressed by DIAP1 (Igaki et al., 2002a; Moreno et al., 2002).
Eiger has been reported to act independently of the Caspase-8 homologue, DREDD, while
requiring the activity of DRONC and DARK (Moreno et al., 2002).

The receptor to which Eiger binds and signals through, Wengen, belongs to the TNF
receptor superfamily and is characterised by the presence of a conserved TNFR homology
domain in the extracellular region. wengen is expressed throughout development and
downregulation of wengen by RNAI suppresses cell death caused by overexpression of Eiger
(Kanda et al., 2002; Kauppila et al., 2003). In addition to interacting genetically, Eiger and
Wengen have been shown to physically interact (Kanda et al., 2002). Thus, while a TNF

receptor pathway exists in the fly, the significance of this remains to be fully elucidated.

1.11 Regulation of Apoptosis in Drosophila

Regulation of caspases is critical for the maintenance of cell integrity and the health of
the organism. While the viral protein p35 is an effective inhibitor of caspase-induced cell
death in Drosophila, endogenous IAPs exist in the fly and play a critical role in cell survival.

Drosophila also possesses two Bcl-2 homologues, the roles of which are not fully understood.
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1.11.1 Drosophila 1APs

Hay et al., (1995) screened for genetic mutations that could enhance or suppress
REAPER-induced apoptosis in the Drosophila eye and identified a lethal mutation in
thread that enhanced the small eye phenotype resulting from REAPER overexpression.
thread was found to encode an IAP, named DIAP1 (Drosophila 1AP1). A second IAP,
DIAP2 was also identified (Hay et al., 1995). DIAP1 contains two BIR domains while
DIAP?2 has three. Both molecules have a C-terminal RING domain (Hay et al., 1995) (figure
1.3) later found to possess ubiquitin ligase activity (Yoo et al., 2002; Hays et al., 2002; Ryoo
et al., 2002).

DIAPs exert their function by physically interacting with the N-terminal domains of
the Drosophila death activators REAPER, HID and GRIM (Vucic et al., 1997, 1998; Kaiser
et al., 1998). DIAPI1 inhibits the activation of the Drosophila effector caspase, DRICE and
suppresses the activity of active DRICE (Kaiser et al., 1998). In Drosophila, DIAP1 appears
to be essential for cell survival. Depletion of diap! by RNAi causes massive caspase-
dependent cell death in Drosophila cell lines that is suppressed by cosilencing dronc or dark
(Muro et al., 2002). In vivo, DIAP1 mutants exhibit severe defects associated with
unrestrained caspase activity, in a DARK-dependent fashion (Rodriguez et al., 2002).

For apoptosis to proceed in Drosophila, the degradation of DIAPI is critical and
results in the rapid activation of caspases in a DARK-dependent manner (Igaki ez al., 2002b;
Rodriguez et al., 2002). REAPER has been reported to cause the degradation of DIAPI,
dependent on the RING domain of DIAP1 (Ryoo ef al., 2002). Degradation of DIAP1 via the
ubiquitin-mediated proteasomal pathway was confirmed by the interaction of DIAPI with
Morgue, a Drosophila protein related to a ubiquitin conjugase (Hays et al., 2002). DIAP1
protein is also stabilised by the proteasome inhibitor, MG132 (Dorstyn et al., unpublished
results). The degradation of DIAP1 is mediated by the N-end rule pathway, whereby caspase
cleavage at the N-terminus renders DIAP1 highly unstable (Ditzel et al., 2003; Varshavsky,

2003). Somewhat controversial is the report that the RING finger of DIAP1 mediates the
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ubiquitination and subsequent degradation of DRONC (Wilson et al., 2002). It appears that
although DRONC may be ubiquitinated by DIAPI1, this does not result in DRONC
degradation.

Structural analyses of DIAP1-BIR2 complexed with N-terminal peptides from GRIM
and HID show that the first four amino acids bind a surface groove on DIAP1, similar to the
binding of the mammalian death activator Smac/Diablo to XIAP (Wu et al., 2001). This
surface groove can also be bound by DRONC, indicating that GRIM, REAPER and HID
compete for DIAP1 binding to allow for DRONC activation (Chai et al., 2003). Recently, it
was demonstrated that different BIR domains of DIAP1 interact with specific caspases. The
effector caspases DRICE and DCP-1 bind the BIR1 domain of DIAP1, while the BIR2
domain is required for the binding and inhibition of DRONC (Zachariou et al., 2003; Meier et
al., 2000). In the former case, proteolytic cleavage of DRICE and DCP-1 is a necessary
prerequisite to DIAP1 binding (Zachariou et al., 2003). Thus, BIR domains can perform
distinct roles in caspase inhibition to prevent cell death.

Structural studies have recently revealed that DRICE is inhibited by DIAP1 through
an interaction involving a conserved surface groove on BIR1 of DIAP1 (Yan et al., 2004).
The amino terminal 20 amino acids play an autoinhibitory role by occupying the surface
groove, thereby preventing BIR1 from binding and inhibiting DRICE. Removal of these
amino acids is required to allow inhibition (Yan et al., 2004). Furthermore, REAPER, HID
and GRIM competitively bind the BIR1 domain of DIAPI, relieving DIAPI1-mediated
inhibition of DRICE (Yan et al., 2004). Interestingly, DRONC has been shown to cleave
DIAPI1 between the BIR1 and BIR2 domains, following a glutamate residue, in vitro (Yan et
al., 2004). Such cleavage reportedly occurs constitutively in Drosophila cells (personal
communication cited by Yan et al., 2004), although published data is awaited.

The role of DIAP2 in apoptosis is more enigmatic. Despite the ability of DIAP2 to
inhibit DRONC-induced death in vivo, it does not physically interact with DRONC (Quinn et

al., 2000). DIAPI and DIAP2 interact with the Drosophila Decapentaplegic (DPP) type 1
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receptor, Thick Veins, possibly implicating these IAPs in TGF-B superfamily kinase
signalling pathways (Oeda et al., 1998).

Two other inhibitors of apoptosis in Drosophila have been published. Deterin
contains a single BIR repeat and a C-terminal RING domain and inhibits apoptosis in cultured
insect cells (Jones et al., 2000). The Drosophila homologue of BRUCE, dBRUCE inhibits

REAPER and GRIM but not HID-induced apoptosis (Vernooy et al., 2002).

1.11.2 Drosophila Bcl-2 homologues

Two Bcl-2 homologues exist in the fly, DEBCL/dBORG-1/DROB-1 and
BUFFY/dBORG-2 (Colussi et al., 2000; Brachmann et al., 2000; Igaki et al., 2000). Given
that cytochrome c is not required for DRONC activation, the role of the Bcl-2 homologues in
Drosophila remains to be fully understood (Igaki and Miura, 2004). To date, no EGL-1

homologue has been identified in the fly.

a) DEBCL

debcl encodes a 300 amino acid protein containing BHI1, BH2, BH3 and a
hydrophobic C-terminal membrane anchor for targeting to membranous organelles within the
cell. DEBCL is most similar to the proapoptotic Bcl-2 family member Bok and, consistent
with this, induces apoptosis in cultured Drosophila cells and in transgenic flies (Colussi et al.,
2000; Igaki et al., 2000). debcl expression correlates with developmental cell death in various
Drosophila tissues consistent with a proapoptotic role for this molecule. Additionally, debcl
RNAi implicates DEBCL in normal cell death events during embryogenesis (Colussi et al.,
2000). While DEBCL genetically interacts with DIAP1 and DARK, halving the dose of
reaper, hid and grim does not affect DEBCL-induced apoptosis (Colussi et al., 2000). Like
many Bcl-2 family members, upon overexpression, DEBCL localises to the mitochondrial
outer membrane, dependent on the transmembrane anchor at the C-terminus of the protein

(Igaki et al., 2000). Interestingly, Drosophila S2 cells expressing DEBCL have been reported
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to be protected against apoptosis induced by CED-3 expression or serum deprivation,
suggesting that DEBCL may play a prosurvival role in some contexts (Brachmann et al.,
2000). Overexpression of DEBCL in Drosophila cells does not trigger the release of
cytochrome c¢ from mitochondria (Dorstyn et al., 2002) suggesting that Bcl-2 family members

in Drosophila may induce apoptosis in a cytochrome c-independent manner.

b) BUFFY

BUFFY is highly homologous to DEBCL, and is more similar in primary structure to
the proapoptotic mammalian Bcl-2 homologues Bax and Bok than to Bcl-2. BUFFY lacks
the conserved BH4 domain that characterises prosurvival Bcl-2 homologues. However,
ablation of buffy by RNAI in embryos results in increased apoptotic cell deaths (Quinn et al.,
2003). Additionally, BUFFY overexpression protects Drosophila tissues against apoptosis
induced by ¥- irradiation. Genetically, BUFFY functions downstream of REAPER, HID and
GRIM and upstream of DRONC (Quinn et al., 2003). BUFFY interacts with DEBCL both
genetically in the fly eye and physically in cultured cells and has also been implicated in cell
cycle regulation (Quinn et al., 2003). Despite the characterisation of BUFFY as a prosurvival
Bcl-2 homologue, the roles of BUFFY and DEBCL in Drosophila apoptosis remain to be
fully understood. Part of this thesis further investigates the mechanisms by which these

molecules function in programmed cell death.
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1.12 Aims

At the time of commencement of this study into cell death molecules in Drosophila,
the field of apoptosis was becoming more and more dynamic with multitudes of publications
released, demonstrating the complexity of this essential signalling pathway. It became
apparent that maintaining homeostasis relies on the tight regulation of the pathways of
apoptosis and that many different factors play a role in the temporal and spatial cell death
events that occur both in development and adulthood. Using Drosophila as a model system
simplifies, to some extent, the study of cell death. At the commencement of this study, five
Drosophila caspases had been cloned and characterised, and a sixth caspase was being
characterised in our laboratory. With the sequence of the Drosophila genome completed, one
Drosophila caspase remained to be cloned and characterised. The two Bcl-2 homologues in
Drosophila were also in the infant stage of characterisation. This project encompassed the

following aims:

1) To clone a predicted Drosophila caspase and establish its ability to function as a

caspase.

2) To assess the role of this caspase in vivo, and establish its position in the apoptotic

pathway by assessing its relationship with other apoptotic molecules.

3) To analyse the role of amino acid residues flanking the transmembrane domain in the

differential intracellular localisation of the Drosophila Bcl-2 homologues, BUFFY and

DEBCL.
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Chapter 2

Materials and Methods



2.1 DNA Manipulation
2.1.1 Quantification of DNA

The concentration of a DNA sample was determined using a spectrophotometer to
measure the absorption at 260nm, assuming that an O.Dagonm reading of 1.0 is equivalent to
S0pg/ml of DNA. Alternatively, DNA was separated on agarose minigels and the
concentration estimated by comparison of the intensities of ethidium bromide-stained bands

with markers of known concentration.

2.1.2 Separation of DNA fragments by electrophoresis

0.8%-2% agarose was dissolved in TAE buffer (Tris-acetate-EDTA — 40mM Tris-
acetate, ImM EDTA) to resolve DNA fragments of varying molecular weights. DNA
samples were prepared for loading into TAE-immersed gels by the addition of 10x DNA
loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol) to a final
concentration of 1x. Routinely, gels were electrophoresed at 80 — 110 volts, monitoring the
migration of the dye front as a guide. Gels were stained in ethidium bromide (2ug/ml) for 10-
30 min and visualised by viewing under a short-wavelength UV transilluminator (254nm) and
photographed.  Alternatively, gels were scanned using a Fluorimager 595 (Molecular
Dynamics) with a 610nm filter. Standard molecular weight markers used were EcoRI-
digested fragments of bacteriophage SPP1 and HindIII-digested bacteriophage lamba DNA

(Geneworks).

2.1.3 Restriction endonuclease digestion

DNA was digested with the required restriction enzyme (Amersham Biosciences or
New England Biolabs) in a 20-50pl total volume. Each reaction contained the target DNA, 1
unit enzyme/ug DNA, 1x digestion buffer (varying compositions depending on the enzyme)
and sterile H,O. To prevent non-specific digestion, bovine serum albumin (BSA) was added

to 0.lmg/ml where required. Digests were incubated at 37°C for 1-3 h. Reactions were
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terminated either by heat inactivation at 65°C for 10 min, or by the addition of loading dye

and subsequent electrophoresis.

2.1.4 Purification of DNA fragments
a) ULTRA-CLEAN™

Digested DNA fragments were routinely purified for further procedures using the
ULTACLEAN™ kit from Geneworks, as per the manufacturer’s instructions. Following
agarose gel electrophoresis, DNA fragments were excised from the gel using an actual size
fluorimager printout. The gel slice was weighed and dissolved in 3 volumes of ULTRA-
MELT™ solution at 55°C. ULTRA-BIND™ beads were added to the DNA/melt mix (Spl
plus 1pl/ug DNA) and incubated at room temperature for 5 min with frequent gentle
inversion. The DNA-bound ULTRA-BIND™ beads were pelleted by centrifugation at 13000
rpm for 10 sec and washed twice in ULTRA-WASH™ solution in the same volume used for
the addition of ULTRA-MELT™. The beads were dried in a 55°C heating block after the
final wash. DNA was eluted from the beads by resuspending in 10- 20 ul sterile H,O or TE
buffer. Following centrifugation for 1 min at 13000rpm, the supernatant containing the DNA

was carefully removed and transferred to a clean microfuge tube.

b) Phenol/Chloroform extraction

To purify a dirty DNA sample or as part of a routine purification, the DNA solution
was made up to 200ul in sterile H,O. An equal volume of 1:1 phenol/chloroform was added
and the tube vortexed thoroughly for 30 sec. The aqueous and solvent layers were separated
by centrifugation at 13000 rpm for 3 min. The upper aqueous phase was carefully removed
and traces of phenol were extracted with an equal volume of chloroform followed by
centrifugation as above. DNA was precipitated, from the aqueous phase, with 2 volumes of
absolute ethanol and 0.1 volumes 3M sodium acetate (NaAc) pH 4.6 and incubated on ice for

30 min—1 h. DNA was pelleted by centrifugation at 13000 rpm for 10 min and the resulting
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pellet washed in 70% ethanol. The air-dried pellet was resuspended in 10 — 30l sterile H,O.
With low concentration of DNA, 1pl glycogen (Roche) was added prior to ethanol

precipitation, to aid visualisation of the pellet and minimise loss of DNA.

2.1.5 End-filling DNA fragments

Restriction-digested DNA with 3’ overhangs was end-filled using Klenow (Amersham
Biosciences). A reaction mixture containing 1 unit of Klenow and 0.2mM dNTP mix in 1x
One-Phor-All Buffer Plus (Amersham Biosciences) diluted in sterile H,O was incubated at
37°C for 30 min. DNA was then purified by ULTRA-CLEAN™ or phenol/chloroform

extraction as described above.

2.1.6 Dephosphorylation of DNA
5° phosphate groups were removed from DNA fragments by treatment with 1 unit of
calf intestinal phosphatase (CIP) (New England Biolabs (NEB)) in buffer 3 (NEB) at 37°C for

30 min and purified as above.

2.1.7 Ligation of DNA fragments

20ul ligation reactions containing 1 Weiss unit of T4 DNA ligase (USB), 1x ligation
buffer (50mM Tris-HCl pH 7.6, 10mM MgCl,, 10mM DTT, 50ug/ml BSA, 1mM ATP),
vector and insert DNA (in a 1:5 ratio), were prepared and incubated at 4°C for 24 h, or 1-3 h
at room temperature. An aliquot was transformed into competent DH5o as described in the

following section.

2.2 Transformation of Chemically Competent Bacterial Cells
2.2.1 Preparation of competent E.coli cells
5ml y broth (yb (20g/L Bacto-tryptone [Difco], 5g/L Bacto-yeast extract [Difco],

5g/L MgSOq, and pH7.6 with KOH)) was inoculated with a single bacterial colony or a
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glycerol stab and grown overnight overnight at 37°C with shaking. This culture was
subcultured 1:20 into 100ml of yb and grown at 37°C with shaking until O.Dggonm reached
0.4-0.5. Cells were chilled on ice for 15 min and then pelleted at 6000rpm for 5 min at 4°C.
Medium was aspirated and the cell pellet was resuspended in 40ml ice-cold Tfb I buffer
(30mM KOAc, 100mM KCl, 10mM CaCl;.2H,0, 50mM MnCL.4H,0, 15% glycerol
adjusted to pH 5.8 with 0.2M acetic acid and filter sterilised). Cells were incubated for 5 min
on ice before being pelleted by centrifugation as above and resuspended in 4ml Tfb II buffer
(10mM MOPS, 75mM CaCl,.2H,0, 10mM KCl, 15% glycerol adjusted to pH 6.5 with 0.5M
KOH and filter sterilised). Cells were incubated on ice for 15 min. 50ul aliquots of
competent cells were transferred into 1.5ml microfuge tubes snap-frozen on dry ice. Aliquots

were stored at -70°C.

2.2.2 Transformation of chemically competent cells

Aliquots of chemically competent bacterial cells were thawed on ice. 5-10ul of
ligation reaction or 5-10ng uncut plasmid was added to cells, mixed gently, and incubated on
ice for 20 min. Cells were heat shocked at 42°C for 2 min and cooled on ice for 5 min. The
transformed cells were cultured in 1ml SOC medium(2% (w/v) bacto-tryptone [Difco], 0.5%
(w/v) bacto-yeast extract [Difco], 0.05% (w/v) NaCl 0.25 mM KCI pH7, 10mM MgCl,,
200mM glucose, pH 7.0) at 37°C for 1 h. Cells were pelleted by centrifugation and
resuspended in 100p] SOC medium before being plated onto agar plates (Luria broth + 15g/L
Bacto-agar [Difco]) containing the appropriate antibiotics for plasmid-encoded resistance
(ampicillin 100pg/ml, kanamycin 25ug/ml or chloramphenicol 34ug/ml). For blue/white
colour selection, cells transformed with plasmids encoding the LacZ reporter gene were plated
onto agar plates spread with 4ul of 1M IPTG (isopropylthio-B-D-galactoside (Progen)) and
40ul of 20mg/ml X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside (Progen)). Plates were

incubated at 37°C overnight.
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2.2.3 Colony cracking for screening transformants

Screening for colonies containing the cloned gene of interest, where blue/white colour
selection could not be employed, was carried out using the colony cracking method. Single
colonies growing on selection plates were picked using a pipette tip, spotted onto a gridded
agar plate and then transferred to a microfuge tube containing 15ul cracking solution (50uM
NaOH, 0.5% SDS, 5uM EDTA, 0.1% bromophenol blue). Bacterial cells were lysed by
heating to 65°C for 15 min. Samples were loaded dry into wells of 1% agarose gels and
electrophoresed at 40 volts. Once the samples had migrated into the gel, the gel was fully
submerged in TAE buffer and electrophoresis continued at 100 volts. Colonies containing

positive clones were identified as plasmid species migrating slower than empty vector alone.

2.3 Purification of plasmid DNA from bacterial cultures
2.3.1 Small scale plasmid purification
2ml LB containing the appropriate antibiotic (see section 2.2.2 for antibiotic

concentrations) were inoculated with single transformed bacterial colonies and grown
overnight at 37°C with shaking. 1.5ml of each overnight culture was transferred to a
microfuge tube and pelleted for 1 min at 13000 rpm. Cell pellets were resuspended in 150ul
ice cold Qiagen buffer P1 (50mM Tris-HCI pH 8.0, 10mM EDTA, 100ug/ml RNase A).
Cells were lysed by the addition of 150ul buffer P2 (200mM NaOH, 1% SDS).
Chromosomal DNA and proteins were precipitated by mixing the lysate with 150ul buffer P3
(BM KAc pH 5.5). Lysates were cleared by centrifugation at 13000 rpm for 5 min.
Supernatants were transferred to clean microfuge tubes and plasmid DNA was precipitated by
the addition of 2 volumes (900ul) 100% ethanol and 0.1 volume (45ul) sodium acetate pH 4.6
and incubated on ice for 20 min. DNA was then pelleted at 13000 rpm for 10 min and

resuspended in 50l sterile H,O.
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2.3.2 Large scale plasmid purification

Purification of plasmid DNA on a larger scale was carried out using the QIAGEN
plasmid Midi Kit (QIAGEN). 50-100ml cultures were grown at 37°C overnight. Cells were
pelleted at 3000 rpm in a BECKMAN Avanti™ J-25 centrifuge and pellets resuspended in
4ml ice-cold buffer P1 (as above). Bacterial cells were lysed by the addition of 4ml buffer P2
(as above) and incubated at room temperature for 5 min. Chromosomal DNA and protein was
precipitated by the addition of 4ml buffer P3 (as above) and mixed by gentle inversion several
times. Lysates were centrifuged at 15000 rpm for 20 min at 4°C. Supernatants were
transferred to QIAGEN columns pre-equilibrated with 4ml QIAGEN equilibration buffer
QBT (750mM NaCl, 50mM MOPS pH7, 15% isopropanol, 0.15% Triton X-100). The
columns were washed twice with 10ml wash buffer QC (1M NaCl, 50mM MOPS pH?7,
15% isopropanol) and DNA was eluted in Sml elution buffer QF (1.25M NaCl, 50mM Tris-
Cl, pH8.5, 15% isopropanol). DNA was precipitated by the addition of 0.7 volumes of
isopropanol and pelleted by centrifugation at 15000rpm for 30 min at 4°C. After careful
removal of the supernatants, DNA pellets were air-dried and resuspended in 400ul sterile
H,0. The DNA solution was transferred to a 1.5ml microfuge tube and precipitated by the
addition of 0.1 volume 3M NaAc, pH 4.6 and 2 .volumes of 100% ethanol and incubated on
ice for at least 30 min. DNA was pelleted by centrifugation at 13000 rpm for 10 min, washed
with 70% ethanol and resuspended in 100ul sterile 1x TE buffer. The concentration of

plasmid DNA in solution was measured by absorbance spectroscopy as described in section

2.1.1.

2.4 Amplification and Sequencing of DNA
2.4.1 Primer design

The following are primers designed for the cloning of strica:

DCP75 Kpnl 5’ - GCCGGTACCATGGCCATAACTTGCACATCTCCC - ¥

5’DCP7NdeNEW 5’ - GGCCATATGGGTTGGTGGAGCAAGAAAAGCG -3’
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DCP75’KpnNEW 5’ - GCCGGTACCATGGGTTGGTGGAGCAAGAAAAGCG -3’

DCP73’FLAG 5" = CGCTCTAGATCACTTGTCATCGTCCTTGTAGTCAA

TATAATCTCCAAAAACG -3’
3’dcp7R3 5’ - CTTGGTGCCTCCTGACGATCC - 3’
5’DCP7- C429G 5’ - GCTGATTTTCGTTCAGGCCGGCAAGGGCGACTGCCAACTAGGG - 3’
3’'DCP7- C429G  5° - CCCTAGTTGGCAGTCGCCCTTGCCGGCCTGAACGAAAATCAGC -3’
5’StMPDKpn 5’ - GCCGGTACCATGGCGAAGCCGCTCAGTTCGACCGC -3’
3’STRICA-PRO 5’ - GCGGGATCCCGGTCAACTTGCTTGGGAGCG - 3’
3’DCP7BamHI 5" - GCGGGATCCCGAATATAATCTCCAAAAACG -3
5’STRICA-Nco 5’ — GGGCCATGGCCATGGGTTGGTGGAGCAAGAAAAGC -3’
5’STDPD-Ncol 5’ - GGGCCATGGCCAAGCCGCTCAGTTCTACCGC -3’
5’Str(S119G) 5’ — CGCTCCCGACCGCCCGGTTTGAACGGCGTCTCC -3’
3’Str(S119G) 5" - GGAGACGCCGTTCAAACCGGGCGGTCGGGAGCG -3’

5’plIE-STAPD-BamHI 5’ - CCCGGATCCGCCATGGCGAAGCCGCTCAGTTCTACCGC -3’

The following are primers designed for the cloning of buffy and debcl:

E42B-HAF1 5’ - CGGAATTCATGTACCCATACGACGTCCCAGACTACGCT

GCTCCCACCACCAGTCCGCCACCC -3

E42B-R3 5 — CCGCTCGAGCTAGAACAGCAGCGAATACAG -3’

B48E5’FLAG 5" - GCGGGATCCCTCGAGATGGACTACAAGGACGACGATGACAAG

CCCGGCACCTCGTATCCCACGAATAACGATAAT - 3’
BuffyR2 5" - GGCCTCGAGTTAGGAATTCGTAAATCGTTG -3’
3’Buffy-MA 5" - TCAAGGATTCAGGCTGTTGGTAGTGGG - 3’
5’GFP-DebXho 5’ - CCGCTCGAGCATGGCTCCCACCACCAGTCCG -3’
5’GFP-BuffyXho 5’ - CCGCTCGAGTCCCGGCACCTCGTATCCC -3’
E48BRKpn 5’ - GCGGTACCTTAGGAATTCGTAAATCGTTGG -3’
DebXBufTM-F  5° - GGAGTGGCATCAACAGACACATCAGACCGAGAGTTTTACCCACTACC -3
DebXBufTM-R 5" - GGTAGTGGGTAAAACTCTCGGTCTGATGTGTCTGTTGATGCCACTCC - 3’
F-BuffyRRK 5" — GGCCTAATTCTAGTTTTTATGATTCTGCGACGAAAATTTAACTTGATTG
TACCAAAAATATACCAACG -3
R-BuffyRRK 5" - CGTTGGTATATTTTTGGTACAATCAAGTTAAATTTTCGTCGCAGAATCA

TAAAAACTAGAATTAGGCC -3
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DEBCL-mutX-F 5’ - CCTGTCGCGGCACATCGCACCCGCGGTCGGCGAATTTACG - 3’

DEBCL-mutX-R 5’ - CGTAAATTCGCCGACCGCGGGTGCGATGTGCCGCGACAGG -3’

DebclRR/AA-F 5’ - GGTCTCAAACGTGTGTGCGGCCATTGGAGGTCAACTG -3’

DebclRR/AA-R 57 - CAGTTGACCTCCAATGGCCGCACACACGTTTGAGACC -3’

5’BufNLSmut 5’ - GCCTGTGCGGTCATTATATCGCGGCAGCCCTCAGAAGATC
TGGTTTGTTC -3’

3’BufNLSmut 5" — GAACAAACCAGATCTTCTGAGGGCTGCCGCGATATAATGA

CCGCACAGGC -3

The following primers were used to clone dakt into pcDNA3:

Dakt-Kpn-F 5’ - CGGGGTACCATGTCAATAAACACAACTTTCG -3’

Daki-MYCXhoR 5’ - CCCGCTCGAGCTACAGGTCTTCCTCCGAGATCAGCTTCTGCTCTTGCATC
GATGCGAGACTTGTGG -3

5’DAKT-int 5’ — GTGATGCAGTACGTGAACGGTGGC - 3’

3’DAKT-int 5" - CGCTTCGTGGCTTAAATGCC - 3’

5’ primers are forward (sense) and 3’ primers are reverse (anti-sense) primers. N-terminal or
C-terminal tags are underlined. Bases in bold indicate mutations giving rise to amino acid
substitutions. MPD stands for Minus Prodomain. DCP7 stands for Drosophila Caspase-7
and was used prior to the naming of STRICA. MA is an abbreviation for membrane anchor.
Restriction enzyme sites introduced for cloning purposes are italised as follows:

CATATG —Ndel

GGATCC - BamHI

GGTACC - Kpnl

TCTAGA - Xbal

CCATGG — Ncol

CTCGAG - Xhol
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2.4.2 Primer Purification

Oligonucleotide primers immersed in ammonium hydroxide were synthesised at the
IMVS/HCCR, Department of Tissue Pathology by Mr. A. Mangos and were purified by
butanol extraction. 100l deprotected oligonucleotide/ ammonium hydroxide solution was
mixed with 1ml butanol and vortexed vigorously for 30 seconds. Oligonucleotides were
pelleted by centrifugation at 13000 rpm for 1 min. The supernatant was aspirated and the
DNA pellet air-dried and resuspended in 100ul sterile H,O. Primer concentration was
determined by absorbance spectroscopy at 260nm (ODssg 1 = 20 pg/ml).

Primers were also purchased commercially through Geneworks. In this case

oligonucleotides were received as dried pellets and were resuspended at 100ng/pl in sterile

H,O.

2.4.3 Amplification of DNA by PCR
a) Taq polymerase amplification

For detection of mRNA transcripts by RT-PCR and other methods where high fidelity
amplification is not required, Taqg DNA polymerase was used. Polymerase chain reaction
(PCR) was performed in a 50ul reaction volume containing 1x AmpliTaq reaction buffer
(Perkin Elmer), 200uM of each deoxynucleotide-triphosphate (ANTP) (dATP, dTTP, dCTP,
dGTP), 2.5mM MgCl,, DNA template (1-3ul first strand cDNA or 100ng plasmid DNA),
100ng each of forward and reverse primers, and 2.5 units AmpliTaq polymerase (Perkin
Elmer) in sterile HO. Reactions were set up in 0.5ml PCR tubes (Treff), overlaid with 50ul
mineral oil if required, and DNA synthesised in a DNA Thermal Cycler (Hybaid) or PCR
Sprint. Standard conditions for amplification consisted of template denaturation at 95°C for
Imin, followed by 25-35 cycles of Imin denaturation at 94°C, primer annealing at 50°C-55°C

1 min, and primer extension at 72°C for 2-5 min (depending on the size of DNA fragment to
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be amplified). A 10 min extension at 72°C was performed after completion of the last cycle

to ensure completion of DNA synthesis. Reactions were held at 4 °C.

b) DyNAzyme™ amplification

DyNAzyme™ DNA polymerase (Finnzymes) was used to PCR amplify DNA
sequences for cloning into pGEMTEasy™ by T/A cloning. PCR reactions containing 1 x
Optimised Buffer (10mM Tris-HCI, pH 8.8, 1.5 mM MgCl,, 50 mM KCl, 0.1 % Triton® X-
100), 2mM dNTP mix (diluted 1:10 for a final concentration of 200uM each dNTP), 100ng of
forward and reverse primers, 1 unit of Dynazyme DNA polymerase and 100ng template
DNA, were set up in 0.5ml PCR tubes in a 50ul final volume. Standard PCR conditions were

used for amplification as described above.

c) Amplification using Pfu polymerase

For cloning of DNA into vectors, Pfu DNA polymerase (Stratagene) was used to
reduce the risk of incorporating erroneous bases leading to mutations. Pfu is a high fidelity
DNA polymerase with proof-reading activity. DNA was synthesised using 100ng DNA
template, 2mM dNTP mix, 100ng forward and reverse primers, 100ng template DNA, 1x
reaction buffer (20mM Tris-HC] pH 8.75, 10mM KCI, 10mM (NH4), SO4, 2mM MgCl,,
0.1% Triton X-100, 0.1mg/ml BSA) and 2.5 units Pfu polymerase in a total volume of 50l
sterile H>0. Reactions were overlaid with mineral oil where required and synthesis was
carried out in a DNA thermal cycler (Hybaid) or PCR sprint under standard amplification

conditions.

d) Pwo polymerase amplification
Another option for high fidelity amplication of DNA was the use of Pwo (Pyrococcus

woesei) polymerase (Roche). DNA was synthesised in a 50ul reaction essentially as
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described above, using the reaction buffer recommended for Pwo (10mM Tris-HCI pH 8.85,

25mM KCI, SmM (NH4),SO4, 2mM MgSO,).

2.4.4 Site directed mutagenesis

Single point mutations of a target DNA sequence were generated using the
Quikchange Site-Directed Mutagenesis Kit (Stratagene). 100ng plasmid DNA template was
amplified in a 50pl reaction containing 1x reaction buffer (10mM KCI, 10mM (NH4)SOs,
20mM Tris-HCI pH 8.8, 2mM MgSOy, 0.1% Triton X-100, 0.1mg/ml nuclease-free BSA),
150ng of each mutagenic primer, 2mM each dNTP, 2.5U Pfu Turbo DNA polymerase in
sterile HyO. Reactions were amplified by one cycle of denaturation at 95°C for 30 sec,
followed by 12-18 cycles of denaturation at 95°C for 30 sec, primer binding at 55°C for 1 min
and extension at 68°C for 2 min/kb of plasmid length. Template DNA was digested with 1ul
Dpnl restriction enzyme in Buffer 4 (NEB) at 37°C for 1 h, which only digests methylated,
parental DNA, leaving the newly synthesised mutant plasmid intact. 1pl - Sul of this product
was transformed into chemically competent bacterial cells as described in section 2.2.2.

Plasmid DNA was prepared as described in section 2.3.2 and sequenced to confirm the

presence of the desired mutation.

2.4.5 Sequencing of cloned DNA

Plasmid DNA prepared using the QIAGEN midiprep kit was sequenced using the
ABIPRISM Dye Terminator Cycle Sequencing Reaction Kit. Sequencing reactions
consisting of 100ng primer, 5l BigDye Terminator Ready Reaction Mix Version 3(A/C/G/T-
Dye Terminator, dGTP, dATP, dCTP, dTTP, Tris-HCl pH9.0, MgCl,, thermal stable
pyrophosphatase, AmpliTaq polymerase) were added to 200-500ng template DNA and the
volume made up to 20 ul with sterile HO. The following conditions were used to sequence
plasmid DNA in a DNA thermal cycler (Hybaid): [96°C -10 sec, 50°C -5 sec, 60°C -4 min] x

25 cycles, followed by a 4°C hold. DNA was precipitated by the addition of 20ul sterile
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water and 60ul of isopropanol, vortexed and incubated at room temperature for 15 min.
Sequencing products were pelleted by centrifugation at 13000 rpm for 20 min at 4°C. The
resulting pellet was washed in 75% isopropanol, pelleted for 5 min at 4°C, air-dried and
sequenced using a Perkin Elmer automated sequencer. 1l glycogen (Roche) was routinely

added prior to isopropanol precipitation to visualise the DNA pellet.

2.5 Generation of plasmid DNA constructs

2.5.1 Purchased constructs

pOT2-STRICA: EST clone LP09213 (Research Genetics) contained an incomplete strica

cDNA fused to the transferrin receptor sequence. The strica sequence lacked a portion of the

3’sequence.

pcDNA3.1 was purchased from Invitrogen (figure 2.1)

pBluescript II SK(+) was purchased from Stratagene (figure 2.2)

pGEMTEasy™: purchased from Promega

PEGFPc2: purchased commercially from Clontech (figure 2.3)

PGEXJ4T3: purchased from Amersham Biosciences

PAS2.1 and pACT?2: Yeast two hybrid cloning vectors were purchased from Clontech.

pIE1.4 was purchased from Novagen (figure 2.5)
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Figure 2.1 pcDNA3.1 was purchased from Invitrogen. Cloned inserts are

expressed constitutively under the control of the CMV promoter.
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Figure 2.2 pBluescript II SK (+) cloning vector: purchased from Stratagene. The Multiple Cloning Site (MCS) is

present within the LacZ reporter gene, allowing for blue/white colour selection of colonies carrying cloned inserts.
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Figure 2.3 pEGFP-c2: was purchased from Clontech for the expression of EGFP
fusion proteins in mammalian cell lines. Cloning inserts into the MCS fuses EGFP to
the N-terminus of the protein. Fusion protein expression is visualised by fluorescent

microscopy.
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Figure 2.5 pIE1.4 vector: expression of cloned inserts is under the control of the IE 1
(immediate early) promoter, allowing for constitutitve protein expression in insect

cells.



2.5.2 Mammalian expression constructs

PcDNA3-STRICArLaG: A 965bp strica PCR product, from bp612 to the 3 stop codon was
amplified from a Drosophila larval yeast two-hybrid ¢cDNA library using primers DCP7
5’Kpnl and DCP73’FLAG, containing Kpnl and Xbal restriction sites respectively.
DCP73’FLAG also bore a FLAG tag-encoding sequence as indicated. This PCR product was
directionally cloned into pcDNA3. The 5’-most 834bp of strica was amplified from pOT2-
STRICA (EST clone LP09213) using primers DCP75’KpnNEW and 3’dcp7R3 and cloned
into pcDNA3 directionally into Kpnl/EcoRV sites (blunt PCR product was digested with
Kpnl only, leaving the 3’ end blunt for cloning into the blunt EcoRV site of the vector). The
full-length strica ORF was obtained by a 3-way ligation by means of a Banl site present in the
region of overlap between each PCR product. The final pcDNA3-STRICAR 4G construct was

sequenced. Two point mutations discovered were corrected.

PcDNA3-STRICA (C429G) rrag: The catalytic cysteine residue (C429) was mutated to a
glycine residue by Quikchange site-directed PCR mutagenesis using primers 5°’DCP7-C429G

and 3’ DCP7-C429G and pcDNA3-STRICAg 4G as a template.

PcDNA3-STRICA APDriag: removal of the putative prodomain of STRICA was achieved
by PCR amplifying strica APD with primers 5’StMPDKpn and DCP3’FLAG and

directionally cloning into the Kpnl and Xbal sites of pcDNA3.

PcDNA3-STRICA (S119G)pLag: A point mutation was introduced into the putative AKT

phosphorylation consensus site by site-directed mutagenesis using primers 5’Str(S119G) and

3’Str(S119G)

PcDNA3-DRONC: the coding region of dronc was directionally subcloned from pBluescript

(Stratagene) into pcDNA3 utilising HindIII/Xbal restriction sites by Dr. Loretta Dorstyn.
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pcDNA3-y,BUFFY: BUFFY tagged at the N-terminus with HA was constructed by Kathryn

Mills.

pcDNA3-p3S: provided by Dr Vishva Dixit (Genentech, San Fransisco, USA)

pcDNA3-DIAP1vyc: pBluescript-DIAPI myc , provided by Dr Bruce Hay (Caltech, USA)

was used to subclone DIAP1 vy into the EcoRI/BamHI sites of pcDNA3.

pcDNA3-DIAP2gs: The DIAP2 coding region was PCR amplified from pBS-DIAP2 to

generate a 3’HA tag. The cDNA was cloned blunt into the EcoRV of pcDNA3.

pcDNA3-Flag-Bel-X;,, pcDNA3-Flag-Bel-Xy, (RS), pcDNA3-Flag-Bcl-X, (SK), pcDNA3-

Bcl-2 and pcDNA3-Bcl-2 (HKRK): were kindly provided by Prof. Christoph Borner.

pEGFP-X-TMB(Bcl-X}), pEGFP-AFNA-TMB (Bcl-X;), pEGFP-X/2-TMB(Bcl-2) and

PEGFP-X(Bcl-X;,)TMB(Bcl-2): provided by Prof. Christoph Borner.

PEGFPc2-BUFFY and pEGFPc2-BUFFYAMA: buffy was PCR amplified by Pfu DNA
polymerase, using primers 5’EGFPBuffyXho and E48AKpn using pIE1.4-p ocBUFFY as a
template. buffyAMA was similarly amplified, using a different 3’primer, 3’Buffy-MA. PCR
products were cloned blunt into the EcoRV site of pBluescript II SK+ (pBS-SK+). Clones in
the reverse orientation were selected for subcloning by excision of the fragments with
Xhol/BamHI, and directional cloning into pEGFP-c2. This created N-terminally EGFP-

tagged BUFFY and BUFFYAMA in the correct frame and orientation.

PEGFPc2-DEBCL:  debcl was PCR amplified with Pfu DNA polymerase using
S’EGFPDebXho and E42B-R3, from a 21 h Drosophila embryonic ¢cDNA library. PCR
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product was cloned blunt into the EcoRV sites of pBSII SK+. Reverse-orientated clones were
chosen for sequence excision by Xhol/BamHI digestion, and directional cloning into

pEGFPc2.

PEGFPc2-DebXBufTM and pEGFPc2-BUFFY RRK: The X domain of DEBCL was
introduced at the N-terminal transmembrane anchor flank of buffy by Pfu Turbo PCR
mutagenesis using primers DebXBufTM-F and DebcXBufTM-R on pBSIISK+-BUFFY
template. Mutations were introduced at the C-terminal flank by site-directed mutagenesis
using primers F-BuffyRRK and R-BuffyRRK, also on pBSIISK+-BUFFY template. Clones
carrying inserts in the reverse orientation were sequenced to determine the incorporation of

the mutant nucleotide(s) and subcloned into the BamHI/Xhol sites of pEGFP-c2.

pPEGFP-DEBCL mutX and pEGFPc2-DEBCL RR/AA: The X domain of DEBCL was
mutated by PCR mutagenesis using primers DEBCLmutX-F and DEBCLmutX-R. The C-
terminal arginines were mutated to alanines using primers DebcIRR/AA-F and DebclRR/AA-
R.  Products were amplified from a pBSIISK+-DEBCL template and subcloned into

pEGFPc2 as described for buffy mutants above.

PEGFPc2-DEBCL. DM (double mutant): using pBS-DEBCL mut X as a template,
mutagenesis primers DebclRR/AA-F and DebclRR/AA-R were used in a PCR reaction as
described. Constructs containing both the mutX and RR/AA mutations were identified by

sequencing and directionally subcloned into the BamHI/Xhol sites of pEGFP-c2.

pPcDNA3-DAKTyyc: dakt cDNA was amplified in two halves from a 21hr Drosophila
embryo cDNA library using Pfu Turbo DNA polymerase. The 5’ half was amplified with
primers DaktKpn-F and 3’Dakt-int. The 3’half was amplified using 5’DAKT-int and

DaktMycXhoR. A region of overlap between each PCR product was amplified and contained
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a Sacl site. Each PCR product was ligated into the blunt EcoRV site of pBluescript SKII+.
The 5° dakt sequence was excised from Bluescript by digestion with Kpnl and Sacl. The 3’
sequence was excised with Sacl and Xhol. Full-length, C-terminally MYC-tagged dakt was
cloned into the Kpnl/Xhol sites of pcDNA3 by a 3-way ligation, using the internal Sacl site

present in both fragments.

2.5.3 Insect expression constructs

PRMHa3 was provided by Dr. Helena Richardson (figure 2.4)

PRMHa3-STRICAypLsc/STRICA(C429G)riaG:  stricapac and strica(C429G ))pag were
PCR amplified from pcDNA3 constructs using Pwol DNA polymerase (Roche) using primers
DCP5’KpnINEW and DCP3’FLAG. Insect vector pPRMHa3 was digested with BamHI and
the site was end-filled using T4 DNA polymerase. Blunt-cut vector was subsequently
digested with Kpnl and purified. STRICAgag and STRICA(C429G)gac PCR products were
digested with Kpnl at the 5’end, leaving the 3’ end blunt, and ligated into pRMHa3

Kpnl/blunt.

PIE1.4-yADEBCL, pIE1.4-4aDEBCL(L/G), and pIE1.4-yaDEBCL(E/G): debcl and
mutants were amplified using Dynazyme from pcDNA-yaDEBCL/(L/G)/(E/G), constructed
by Dr. Paul Colussi, with primers E42B-HAF1 and E42B-R3. The resulting PCR products
were cloned into pGEMT-Easy™ subcloning vector and excised by Notl digestion. NotI-
digested-debcl was cloned non-directionally into the Notl site in pIE1.4 and the final clones

selected for correct orientation and sequenced.

pIE1.4-FLAGBUFFY and pIE1.4—FLAGmBUFFY (mutant buffy) FLAGbuﬁ‘y and FLAGmbuﬁ“y
were PCR amplified using Dynazyme DNA polymerase with primers B48EFLAGS’ and

BuffyR2, and cloned directionally into the BamHI/NotI sites of pIE1.4, through a pGEMT-
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Figure 2.4 pRMHa3 insect expression vector. Cloned inserts are expressed under the control of the CuSO,-inducible

metallothionein promoter for expression in insect cells.



Easy™ cloning intermediate. Resulting clones were sequenced as described. pcDNA3-
mBUFFY was used as a template to amplify mutant buffy encoding 3 amino acid substitutions

in the BH3 domain, G143V, D144 A and E145A.

PIE1.4-pp AcBUFFYAMA: gpacbuffy lacking the C-terminal membrane anchor was amplified
using primers B48EFLAGS5’ and 3’Buffy-MA, using Dynazyme, and cloned into pGEMT-

Easy™. g agbuffyAMA was subcloned directionally into the BamHI and NotlI sites of pIE1.4.

pIE1.4-Bufl1-118EGFP: plE1.4-p acBUFFY was digested with Pstl and Notl, dropping out
the last 546bp of buffy . The pIE1.4 backbone contained the first 354 bp (118amino acids) of
buffy. The EGFP coding sequence was excised from pEGFP-N1 by digestion with PstI and
Notl. The fragment was purified and ligated with the pIE1.4-Bufl-118 vector described
above. The resulting plasmid fused the first 118 amino acids in frame to EGFP. This

construct possessed several restriction sites between Bufl-118 and EGFP.

PIE14-EGFP: Digeston of plE1.4-Bufl-118EGFP with BamHI dropped out the buffy

sequence. The remaining pIE1.4-EGFP was religated.

plIE1.4-wtBuf1-118-StricaC-term: pGEMTEasy™-STRICA(C429G) was digested with
Smal (within the strica coding region) and Notl (in the MCS of the vector). Bufl-118 was
excised from pIE1.4-Bufl-118EGFP with BamHI and Smal. Both fragments were purified

and cloned by a 3-way ligation into the BamHI/NotlI sites of pIE1.4.

pIE1.4-mutNLSBuf1-118-StricaC-term: The putative nuclear localisation signal (NLS)

was mutated in the above construct by PCR site-directed mutagenesis using primers

5’BufNLSmut and 3’BufNLSmut.
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pRMHa2, pUAST and pGMR plasmids were provided by Dr Helena Richardson (Peter
MacCallum Cancer Institute, Melbourne). Vector descriptions can be found in Brand and

Perrimon (1993) and Richardson et al. (1995).

PRM-DIAP1xa: DIAP1 was HA-tagged by PCR amplification from pBS-DIAPI1yyc, and

cloned directionally into the EcoRI/BamHI sites of pRMHa3 by Dr. Natasha Harvey.

PRM-DIAP2ga: DIAP2 was amplified from a pBS-DIAP2 template introducing a 5° EcoRI
site and 3> HA tag. The PCR product was EcoRI-digested and cloned into pRMHa3

EcoRI/blunt by Dr.Natasha Harvey.

PRM-p3Sya: pcDNA3-p35 was used as a template to amplify p35 with a 3’HA tag. The

product was digested with EcoRI/BamHI and cloned into these sites in pRMHa3.

pCaSpeR.h-lacZ: provided by Prof. Masayuki Miura

2.5.4 Bacterial expression constructs

PGEX4T3-STRICA APD: strica APD was PCR amplified using primers 5’pIEStAPD-
BamHI and DCP7’3’FLAG using Pwol DNA polymerase and cloned into pGEMTEasy™,
The insert was directionally subcloned into the BamHI/Notl sites of pGEX4T3 for expression

of GST-STRICA APD

2.5.5 Yeast expression constructs

PAS2.1-STRICA (C429G): strica (C429G) was amplified by Pwol DNA polymerase with
primers 5’DCP7NdeINEW and 3’DCP7BamHI and directionally cloned into the NdeI/BamHI
sites of pAS2.1. The resulting construct expresses a STRICA(C429G)-DBD (DNA binding

domain) fusion protein.
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PACT2-STRICA (C429G): For expression of an activation domain (AD)-STRICA (C429G)
fusion protein, strica (C429G) was PCR amplified using primers 5’STRICA-Nco and
3’DCP7BamHI and directionally cloned into the Ncol/BamHI sites of pACT2.

PACT2-STRICA APD: STRICA lacking the prodomain was PCR amplified with primers
5’StDPD-Ncol and 3’DCPBamHI and directionally cloned into pACT to create an AD-

STRICA APD fusion protein.

PAS2.1-STRICA PDO and pACT2-STRICA PDO: The prodomain of STRICA was PCR
amplified with 3’STRICA-PRO and either 5’STRICA-Ncol or 5’DCPNdeINEW for

directional cloning into pACT2 and pAS2.1 vectors respectively.

2.6 Yeast methods
2.6.1 Yeast Media

YPD growth medium was prepared by dissolving 20g Difco peptone and 10g yeast
extract in 1L HyO followed by autoclaving. For YPD agar plates, 20g agar was added to the
mix. Following autoclaving, the media was allowed to cool to 55°C before adding dextrose
(glucose) to 2%. For selection of transformants carrying plasmids with selectable growth
markers, synthetic dropout (SD) medium was prepared by combining a minimal SD base with
an amino acid dropout solution lacking the amino acid encoded by the plasmid cassette. In
general, 6.7g yeast nitrogen base (Clontech) and 20g agar (for plates) was dissolved in 850ml

H>0O and 100ml of the appropriate 10x concentrated dropout solution (Clontech) was added.

2.6.2 Yeast strains

Yeast strains were strored as glycerol stocks at -70°C in YPD medium with 25%
glycerol. Frozen strains were recovered by streaking a portion of the glycerol onto a YPD
plate and incubating at 30°C for 3-5 days until colonies appeared. Plates were sealed with

parafilm and stored at 4°C for up to 2 months.
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2.6.3 Protocols for culturing, transformation and library screening
All procedures were essentially as described in the Clontech yeast protocols handbook,
including methods for transformation of yeast with plasmid constructs, screening of yeast

two-hybrid libraries and extraction of protein from yeast for Western blotting.

2.7 Tissue Culture
Cell culture was carried out in Class II biohazard laminar flow hoods (Gelman

Sciences)

2.7.1 Mammalian cell lines and culture conditions

NIH3T3, COS-7 and 293T cells were grown as monolayers in tissue culture dishes or
flasks. The murine fibroblast cell line, NIH-3T3, was maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (GibcoBRL), supplemented with 10% FBS and 1% glutamine.
The large T antigen-transformed human embryonic kidney (HEK) cell line, HEK-293T, and
monkey cell line, COS-7, were grown in RPMI-1640 (Gibco BRL) supplemented with 10%
FBS. Media also contained 2% sodium hydrocarbonate, 10% HEPES, 1% penicillin (Glaxo),
1% streptomycin sulphate (Glaxo) and adjusted to pH7 (DMEM) or pH7.4 (RPMI) with 1M
HCl.

All cell lines were grown at 37°C in a humidified incubator containing 5% CO,. Cells
were maintained in log phase (1-10 X 10” cells/ml) with at least 95% viability. Cell density
was calculated using a haemocytometer and viability determined by trypan blue 0.8% w/v in
PBS) dye exclusion. To passage cells, medium was aspirated and the cells rinsed in
phosphate-buffered-saline (PBS), and detached by incubation at 37°C in trypsin (0.054% w/v
trypsin (Difco)/0.54mM EDTA in Hank’s balanced salt solution (HBSS)). Following
treatment with trypsin for several min, cells were removed to a 50ml tube in complete

medium (medium supplemented with 10% FBS) and spun down in a centrifuge (Beckman
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GS-6) for 5 min at 1200 rpm. The cell pellet was resuspended in complete medium and the

cells seeded in fresh dishes or flasks.

2.7.2 Cryopreservation of cells

Cells in log phase were harvested, pelleted by centrifugation and resuspended in
complete medium at 5-10 x 10° cells/ml. To a 500ul aliquot of cells in cyropreservation tubes
(Nunc), an equal volume of cryoprotectant (30% FBS/ 20% dimethyl sulphoxide (DMSO)
(BDH, Merck)/ 50% RPMI 1640) was added slowly. Cells were frozen by controlled rate

freezing and stored in liquid nitrogen tanks.

2.7.3 Thawing cyropreserved cells

Cells were thawed rapidly in a 37°C water bath and transferred to a 10ml tube. 10 ml
of complete medium was added slowly to cells, 1ml at a time. Cells were pelleted by
centrifugation and washed a further 2 times in medium. Following the final wash, cells were

seeded into tissue culture flasks or dishes.

2.7.4 Insect cell lines and culture conditions
The adherent Drosophila cell lines, Schneider L2 (SL2) and BG2-c2 were maintained
in Schneider’s culture medium (GibcoBRL) supplemented with 0.5% penicillin/streptomycin

(GibcoBRL), 1% glutamine and 10% FBS, and incubated at 27°C. Additionally, BG2-c2 cell

culture medium was supplemented with 10pg/ml insulin (Novartis). Cells were passaged by
washing once in fresh medium and scraping cells off the bottom of the flask with a cell
scraper (Costar). Cell density and viability was determined by trypan blue exclusion. Cells
were maintained at 10° cells/ml in 75cm” tissue culture flasks. BG2 cells were provided by

Dr. Ui-Tei (Nippon Medical School Japan).
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2.7.5 Cryopreservation of Drosophila cell lines

Cells were harvested as described and resuspended in fresh medium containing 10%
FBS at 5-10 x 10° cells/ml. An equal volume of freezing mix (20%FBS/ 10% DMSO/ 70%
Schneider’s medium) was added to cells in 2ml cryopreservation vials (Nunc). Cells were

frozen by controlled rate freezing and stored in liquid nitrogen tanks.

2.7.6 Thawing cryopreserved Drosophila cells

Vials of SL2 or BG2 cells removed from liquid nitrogen tanks were thawed at room
temperature and seeded into a 25cm® flask. Once cells had adhered to the flask after
incubation at 27°C, they were washed twice in complete Schneider’s medium and incubated

in 5Sml medium at 27°C.

2.8 Transient trasfection assays
2.8.1 Transfection of mammalian cells using FuGENE

The day prior to transfection, NIH-3T3, 293T or COS cells, were seeded at 2.5 x 10°
cells per 35mm dish, each well of a 6-well plate, or 5-7 x 10° cells in 60mm dishes, in an
appropriate volume of media. For immunoflourescence, cells were seeded onto glass
coverslips, sterilised by flaming with ethanol, in 6 well plates. The following day, FuGENE 6
transfection reagent (Roche) was diluted in 100ul (35mm dishes) or 150ul (60mm dishes) of
serum-free medium and incubated at room temperature for 5 min. The amount of FuGENE
used was in a 3:1 ratio to the pg amount of DNA used. Generally, 2ug of DNA was
transfected into cells in 35mm dishes and 4pg transfected into cells seeded in 60mm dishes.
Diluted FuGENE was added to DNA and incubated at room temperature for 15-20 min.
Following incubation, DNA/FuGENE complexes were added, dropwise, to cells and
incubated at 37°C overnight. 18-24 h post-transfection, cells were either harvested for
analysis by SDS-PAGE and western immunoblotting, or subject to assay conditions such as

death assays.
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2.8.2 Transfection of Drosophila BG2 and SL2 cells using CellFectin reagent

The day prior to transfection, 10° cells were seeded into 6 well plates or 35mm dishes,
or 2 x 10° seeded into 60mm dishes. A total of 2ug or 4ug of plasmid DNA was transfected
into 35mm or 60mm dishes respectively as follows: DNA was diluted in 100pl serum free
Schneider’s S{-900II medium (SFM-GibcoBRL). In a separate tube, CellFectin reagent
(GibcoBRL) was similarly diluted to a final volume of 100ul in SFM. The amount of
CellFectin used was in a 4:1 ratio with respect to the pg amount of DNA used. Diluted
CellFectin was added to the diluted DNA, mixed gently, and incubated for 20 min at room
temperature. 800l of SFM was added to the DNA/CellFectin mix following incubation.
Pre-seeded cell monolayers were washed once with 2-3ml of SFM and then overlayed with
the prepared transfection mix. In the case of 60mm dishes, an additional 500ul of SFM was
added to ensure adequate cell coverage. Cells were incubated with transfection mix for 4 h at
27°C, after which the medium was aspirated and replaced with 2-3 ml of complete

Schneider’s medium. Cells were incubated for 16-24 h prior to harvest, or induced with

0.7mM CuSOy4 or by heat-shock as described below.

2.9 Immunofluorescence

Following transfection, cells were washed in PBS prior to fixation with 4% PFA
(paraformaldehyde)/ 0.18% Triton X-100. After fixation, cells were washed in PBS three
times. Primary antibody diluted in PBS containing 10% FBS was added to cells and
incubated for 1-3 h at room temperature, shaking gently. Anti-tag antibodies for FLAG,
MYC and HA were diluted 1:250 — 1:500. Mitochondria were stained with oi-cytochrome ¢
antibody (BD biosciences) and the endoplasmic reticulum with a-Calnexin (Cell Signalling).
Cells were washed as above and incubated in secondary antibody for 30 min-1 h. Species-
specific antibodies conjugated to fluorophores such as Alexa Fluor® 488 and Alexa Fluor®
568 (molecular probes), rhodomine (Chemicon), TexasRed and FITC (Chemicon) were used

to detect transfected proteins of interest. Following incubation in secondary antibody, cells
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were washed, coverslips were removed, air-dried and mounted, cells-side down, onto glass
slides in a drop of anti-fade solution (1%propylgalate/ 87% glycerol). Fluorescent excitations
were analysed using a fluorescent microscope and the appropriate filters. For staining nuclei,
a drop of Hoechst DNA stain (diluted to 0.4pg/ml in PBS) was added to cells for 5 min and
washed as above, just prior to mounting in anti-fade solution. Due to the FITC, Alexa Fluor®
488 and EGFP green being outside the printing gammut, the green was substituted with a

reproducible green in some cases.

2.10 Apoptosis assays
2.10.1 Mammalian cell death assays

COS7 or 293T cells were transiently transfected with pcDNA3 vector expressing
STRICA or mutants (C429G, S119G, APD) together with pEF-LacZ in a 3:1 ratio, as
described above. Where indicated, STRICA and mutants were cotransfected with DIAP1 or
DAKT mammalian expression constructs in equal amounts. 24 h following transfection, cells
were fixed and stained for B-galactosidase activity as described for insect cell death assays
(see below). PB-gal positive cells were analysed by light microscopy and counted as viable or
apoptotic based on cellular morphology. Apoptosis was calculated as the percentage of

apoptotic blue cells out of the total number of blue cells scored.

2.10.2 SL2 and BG2 cell death assays

Pre-seeded SL2 cells were transiently transfected in duplicate with 1.5ug
metallothionein-inducible pPRMHa3 vector containing STRICA or STRICA (C429G) together
with 0.5ug of the heat shock inducible pCaSpeR.hs-LacZ reporter construct. STRICA was
cotransfected with DIAP1, DIAP2 or p35 in equal amounts. A total of 3.5 png was transfected
in each case, made up with empty pRMHa3 vector where necessary. 16 h following
transfection, -galactosidase expression was induced by a 30 min heat shock at 37°C followed

by a 30 min recovery at 27°C. This was repeated twice more prior to induction of gene
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expression from the metallothionein promoter by the addition of CuSO, to a final
concentration of 0.7mM. To calculate the percentage of cells that survive following protein
expression, cells were fixed in 2% formaldehyde/0.2% glutaraldehyde in PBS for 5 min and
washed twice in PBS. [-galactosidase activity was visualised by staining cells with X-gal
stain (Img/ml X-gal/ 5SmM potassium ferrocyanide/ SmM potassium ferricyanide/ 2mM
MgCl2 in PBS) for 3 h at 37°C. [-gal positive cells were identified microscopically. Loss of
cells 48 h after induction was determined as the ratio of B-gal positive cells in CuSO,-induced
dishes to the number in untreated dishes. A minimum of 200 cells was counted.

For BUFFY and DEBCL BG2 cell death assays, cells were seeded and transfected
using CellFectin (as described above) with 0.5ug pIE-LacZ reporter plasmid and 1.5ug of
each construct, to a total of 3.5ug DNA. 24 h after transfection, cells were fixed and stained
with X-gal as described above. % survival was calculated by scoring the number of [B-gal
positive cells over a fixed number of fields of view, compared to the number observed in the
vector alone control. In general, death assays were performed in duplicate and represented

with £SD or £SEM error bars.

2.11 Cellular Fractionation

Cells were seeded into D60 dishes in 1.5ml culture medium, and transfected as
described. 24-48 hours post-transfection, cells were detached from dishes in existing
medium, using a cell scraper, and transferred to microfuge tubes. Cells were pelleted by
centrifugation at 2000rpm for 4 min. Cell pellets were resuspended in 100ul Buffer A (20mM
Hepes pH 7, 10mM KCl, 1.5mM MgCl,, ImM EDTA, 1mM EGTA, 1mM DTT, 250mM
sucrose) supplemented with 1x protease inhibitor cocktail (Amersham Biosciences). Cells
were incubated on ice for 15 minutes and lysed by passing through a 23-gauge needle 25
times. Lysed cells were centrifuged at 2500rpm for 10 minutes at 4°C to collect the P1
fraction containing undisrupted cells and nuclei. The supernatant was centrifuged at

13000rpm for 10 min at 4°C. The resulting pellet was the heavy membrane (HM) fraction,
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containing mitochondria and intact golgi. The supernatant was centrifuged at 50 000rpm in a
Beckman ultra centrifuge to pellet light membrane (LM) organelles such as the endoplasmic
reticulum (ER) and golgi membranes. The final supernatant contained the soluble (S-100)
fraction. The P1 fraction was generally resuspended in 200ul PBS, depending on the pellet
size, and the HM and LM fractions were resuspended in 20ul PBS. 7ul 4x PLB (200mM
Tris-HCI pH6.8, 400mM DTT, 8%SDS, 0.4% bromophenol blue, 40%glycerol) was added to

20 aliquots of P1 and S-100, and the HM and LM fractions.

2.12 RNA Analysis
2.12.1 Quantification of total RNA preparations

Measuring the absorbance at 260nm on a spectrophotometer was used to determine the
concentration of RNA in a prepared sample, assuming that an ODajegnm reading of 1.0
represents 40pg/ml of RNA. RNA integrity was confirmed by electrophoresis on 1%
agarose/TAE gels, stained with ethidium bromide, and visualised under short wavelength UV.
Alternatively, 5 g RNA was run on mini-formaldehyde gels (described below) to ensure the

integrity of the sample.

2.12.2 RNA extraction
a) Total RNA preparation

For extraction of total RNA from adherent cells, cells were scraped off the tissue
culture dishes, pelleted by centrifugation in a microfuge and resuspended in 1 ml TRIzol
reagent (Invitrogen). For Drosophila embryos, larvae, pupae, adult flies or dissected tissues,
samples were homogenised using an microfuge plastic eppendorf homogenisor in 100pl
TRIzol. The volume of TRIzol was made up to 1ml following homogenisation. 200ul
chloroform per 1 ml homogenate was added, mixed vigorously for 15 seconds and incubated
atRT for 2 min. The suspension was than centrifuged at 13 000 rpm for 15 min at 4°C. The

aqueous phase containing RNA was transferred to an RNAse-free microfuge tube. RNA was
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precipitated by the addition of 500pl isopropanol and incubated on ice for 20-30 min. RNA
was pelleted by centrifugation at 13 000rpm for 20 min at 4°C, washed with 70% ethanol, air-
dried and resuspended in 20-100ul diethylpyrocarbonate (DEPC) (SIGMA)-treated sterile

H,O, depending on pellet size. RNA concentration was determined by measuring the

absorbance at 260nm as described.

b) Poly A* RNA purification

PolyA* RNA was isolated using Dynabeads® mRNA Purification kit (DYNAL).
(Img) Oligo-(dT)2s dynabeads were prepared by washing once in 500ul Binding Buffer
(20mM Tris-HCI pH7.5, 1M LiCl, 2mM EDTA) and resuspended in 500ul Binding buffer.
100ug of total RNA in100pl DEPC-treated water was heated to 65°C for 5 min in order to
disrupt secondary RNA structures. Total RNA was mixed thoroughly with 100l pre-washed
oligo-(dT)»s dynabeads. PolyA mRNA was allowed to anneal to the beads by incubation at
room temperature for 30 min with gentle rotation. Using the DYNAL MPC-E-1 magnet, the
mRNA-bound beads were concentrated to the side of the tube and washed twice in 200pl
Washing Buffer (10mM Tris-HCI pH7.5, 0.15M LiCl, 1mM EDTA). mRNA was eluted from
the beads by addition of 10ul Elution Buffer (10mM Tris-HCI pH7.5) and incubation at 65°C
for 2-5 min. The tube was placed immediately onto the magnet and the eluted mRNA was
transferred to a clean microfuge tube. Approximately 2ug mRNA was isolated from 100pg
total RNA. Oligo-(dT),s dynabeads were stripped and reconstituted after each use up to 5
times, as follows: 1mg Oligo(dT),s beads were resuspended in 200pl reconditioning solution
(0.1M NaOH) and incubated at 65°C for 2 min to rid of any excess bound mRNA. Beads
were immediately separated from solution on the magnet and washed twice in reconditioning
solution each at 65°C for 2 min. Beads were resuspended in 200ul storage buffer (250mM
Tris-HCI pHS8, 20mM EDTA, 0.1% Tween 20, 0.02% sodium azide) and washed 3-4 times in

this solution until pH<8. Beads were stored in 200l storage buffer at 4°C.
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2.12.3 RNA gel electrophoresis

RNA samples were prepared as follows: 20pg total fly RNA or 2-5ug of PolyA*
selected RNA was mixed with formaldehyde running buffer (4ul formaldehyde, 10pl
formamide, 2.5ul 10x MOPS solution, 1pl ethidium bromide [400ug/ml]). Samples were
denatured at 65°C for 10 min, chilled on ice and 2ul RNA loading dye (50% glycerol, 1mM
EDTA pHS8, 0.25% bromophenol blue, 0.25% xyelene cyanol) was added. 5ul RNA
molecular weight markers (Boehringer Mannheim) were denatured and treated as above.
Samples were loaded onto a 1.2% agarose gel containing 1x MOPS (20mM MOPS pH7,
ImM EDTA pH8, 8mM NaAc), 2.2M formaldehyde in DEPC-treated water, and
electrophoresed dry (with buffer just below level of the gel) in 1XMOPS buffer. Gels were
electrophoresed at 80 volts for 2h, or until bromophenol blue dye front had run % way
through the gel. The gel was washed several times in sterile water prior to scanning using a

FluorImager 595 (Molecular Dynamics) with a 610nm filter.

2.12.4 Northern blotting
a) Synthesis of *’ P-labelled probes

DNA probes were labelled with **P using the Geneworks DNA-gigaprime labelling
kit as per the manufacturer’s instructions. Briefly, 500ng-1ug DNA fragment was denatured
at 95°C for 10 min and snap cooled on ice. Denatured DNA was then added to a mix
containing 4yl each of dCTP, dTTP, dGTP, 5ul *P-dATP (50uCi), 5l reaction mix, 2 units
Klenow and incubated at 37°C for 20 min. Labelled probes were purified through Bio-Gel P-
6 columns (BIORAD) and then denatured by incubation at 95°C for 10 min. 50ul salmon
sperm carrier DNA was heat denatured as above and added to the DNA probe. The labelled
probe was finally added to hybridisation buffer and incubated with the membrane in a

HYBAID oven overnight at 65°C.
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b) RNA transfer

RNA fragments embedded in agarose following electrophoresis were transferred
onto Biodyne nylon transfer membrane (Pall) by capillary action overnight (as described in
Maniatis et al., 1989). The gel was placed well-side down onto 3mm Whatman paper soaked
in 20x SSPE buffer (175.3g/L NaCl, 27.6g/L NaH,PO,, 7.4g/LL EDTA pH7.4). Nylon
membrane, cut to size was placed on top of the gel, followed by 3 sheets of Whatman filter
paper and a stack of absorbant paper towel. A weight was placed on top and the transfer
apparatus left overnight. The following day, the RNA was cross-linked at 254nm short

wavelength UV using and Ultra-Lum UVC-515 Ultraviolet Multilinker at 1800 Joules/m?2.

c) Probe hybridisation and signal detection

The membrane was pre-hybridised in 10ml hybridisation buffer (50% formamide, 5
x SSPE, ImM EDTA pH8, 5x Denhardts solution, 0.1% SDS, 100ug/ml denatured salmon
sperm carrier DNA) at 42°C for 4-5 h in a HYBAID oven. The membrane was probed
overnight with a DNA probe labelled using a DNA labelling kit purchased from Geneworks
as described above. The following day, hybridisation buffer was discarded and the membrane
washed 3 times in 2x SSC/0.1% SDS for 10min per wash, followed by 2-3 washes in 0.5x
SSC/0.1% SDS at 65°C. The membrane was laid down between amplifying screens in a film
cassette and exposed to X-ray film (KODAK) at -70°C over 1-5 days. Films were processed

using an Ilford Ilfospeed 2240 X-ray processor.

2.12.5 In situ mRNA analysis

For in situ RNA analysis, antisense and sense digoxygenin labelled riboprobes were
prepared using T7 and SP6 RNA polymerases from linearized pcDNA3-strica as a template.
Digoxygenin labelling was performed according to the manufacturer's instructions (Roche

Biochemicals). Briefly, 1ug linearised plasmid DNA was mixed with 2ul 10x DIG RNA

labelling mix, 2l 10x transcription buffer, 2ul appropriate RNA polymerase in a total volume
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of 20pl. Reactions were incubated at 37°C for 2 h and stopped by the addition of 2ul 0.2M
EDTA pH8 on ice. Hybridisation signals for Drosophila embryos and larval tissues were
further amplified using Tyramide Signal Amplification (TSA™) Indirect system according to
the protocol supplied by the manufacturer (NEN Life Science Products). Embryos and
dissected larval tissue were fixed in 0.1M Hepes, 50mM EGTA, 0.01% Nonidet P40, 4%
paraformaldehyde pH 6.9 for 20 min. Dissected ovaries from 3 day old adult females were
fixed and treated with 50% ethanol/50% xylene for 30 min, washed in ethanol, then methanol
and finally in PBS with 0.01% Triton X-100 (PBT). Ovaries were then refixed for 25 min in
4% paraformaldehyde and then treated with proteinaseK (5pg/ml) for 8 min at room
temperature. Fixed sections were washed several times in PBS/0.05% Tween20 (PBST) and
then in hybridisation buffer (50% deionized formamide, 5x SSC, 50ug/ml heparin, 100ug/ml
denatured salmon sperm DNA, 0.1% Tween20) for 10 min each. Embryos and tissues
sections were pre-hybridised in 400ul buffer, for 1 h at 55°C. Riboprobe was heat denatured
and hybridised to sections overnight in 100pl hybridisation buffer. After hybridisation, non-
specifically bound probe was removed by digestion with RNaseA (125ug/ml in PBST) for 1 h
at 37°C. Hybridisation was detected using the secondary antibody detection system
(Boehringer Mannheim) as follows: Sections were blocked in 10% skim milk in TBST
(100mM Tris HCI, 150mM NaCl pH7.5, 0.05% Tween20) for 1 h and then incubated with
anti-DIG antibody (1:2000 in 10% milk/TBST) for 1 h at room temperature. Unbound
antibody was washed 5 times for 20 min each in PBST, followed by 3x 20 min washes in AP
buffer (100mM NaCl, 50mM MgCI2, 100mM Tris HCI pH9.5, 0.1% Tween20). Colour
development substrates nitro blue tetrazolium (NBT) and 5-bromo-1-chloro-3-indolyl
phosphate (BCIP) were mixed in AP buffer and added to embryo/tissue sections and stained
for at least 1 h in the dark to allow colour to develop. Reactions were stopped by rinsing

several times in PBST/ 20mM EDTA and sections were mounted in 80% glycerol.
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2.12.6 First strand cDNA synthesis and RT-PCR

cDNA was generated from total RNA for reverse transcribed (RT)-PCR using the
First-strand cDNA Synthesis Kit (Amersham Biosciences) as per the manufacturer’s
instructions. Briefly, a standard reaction was prepared as follows: 1-5pug of total RNA, made
up to 8l with DEPC-treated H,O, was heat denatured at 65°C for 10 min and snap-cooled on
ice. 5ul Bulk first-strand rection mix, 1ul Notl-d(T);s primer at 0.2ug/pl (or pd(N)s primer
for random primed amplification) and 1ul 200mM DTT solution were mixed in an microfuge
tube and added to the denatured RNA sample. The reaction was mixed gently by pipetting
and incubated at 37°C for 1 h. Samples were stored at -20°C. For RT-PCR, reactions were
set up as described in section 2.4.3 using 1-2ul from a 15ul first-strand ¢cDNA synthesis

reaction.

2.12.7 RNA interference (RNAi) in insect cell lines

Using the Ambion MEGAscript™ kit, sense and antisense RNA transcripts were
synthesised using linearised pCDNA3 or pGEMTEasy constructs as templates. In brief,
linearised plasmid DNA was purified by phenol/chloroform extraction following restriction
digestion and analysed by running 1pl on a mini-agarose gel. 1pg linearized plasmid DNA
was used in a transcription reaction containing 10x reaction buffer, 75mM dNTPs (for T7
transcription) or 50mM dNTPs (SP6 transcription) and 2.5 units enzyme mix in a total
volume of 25ul according to the manufacturer’s directions. Synthesis reactions were
incubated at 37°C for 5 h to overnight. Newly made RNA molecules were purified by
phenol/chloroform extraction and ethanol precipitation. Equal amounts of sense and antisense
transcripts were mixed together and secondary structures were removed by heating to 65°C
for 20 min. RNA strands were cooled slowly to room temperature, allowing complementary
strands to anneal forming double-stranded RNA. dsRNA integrity was analysed by running an

aliquot on a mini-formaldehyde gel. Insect cells were seeded into tissue culture plates or

69



dishes in the presence of 37nM double-stranded RNA and agitated. Cells were incubated with

dsRNA for 48-72 h prior to analysis by PCR, western blotting or death assays.

2.13 Protein Analysis
2.13.1 Determination of protein concentration
Protein concentration was calculated using Bicinchoninic acid (BCA) as described

by the manufacturers (PIERCE). A standard curve was established by preparing serial
dilutions of the protein standard, bovine serum albumin (BSA) in the range 0.1-1.0mg/ml.
Reagents A and B were mixed in a 50:1 ratio and 100pl was added to each sample and
incubated at 37°C for 30 min until a change in colour was observed. The optical density at
562nm of each standard was measured and plotted on a graph to obtain a standard curve. This
graph was then used to determine the protein concentration of samples of interest prepared as

above for which the absorbance at 562nm was measured.

2.13.2 Protein extract preparation

To determine expression of a transgene in the fly eye, 10 adult fly heads were
dissected and placed in a microfuge tube. 1x Protein loading buffer (PLB, see below) was
added and the heads homogenised using an microfuge tube homogenisor. Samples were
boiled for 5-10 min prior to analysis by SDS-PAGE and Western blotting. Whole cell protein
extracts were prepared by resuspending insect or mammalian cells in PBS, to which an equal
volume of 2x PLB (100mM Tris-HCl pH 6.8, 200mM DTT, 4% SDS, 0.2 % bromophenol

blue, 20% glycerol) was added. Samples were boiled and loaded on protein gels.

2.13.3 Expression of recombinant protein in E.coli
Colonies of Escherichia coli BL21 Star cells transformed with the pPGEX4T3-STRICA

APD expression plasmid were used to inoculate overnight cultures. The following morning,

cultures were subcultured 1:50 into 200ml LB and grown for 3 h at 37°C in a shaking
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incubator. Protein expression was induced at 37°C for 3 h, or for 5-6 h at 30°C, by the
addition of 0.5mM-1mM isopropyl B-D-thiogalactoside (IPTG). Cultures were pelleted by
centrifugation at 6000 rpm for 15min and the bacterial pellets resuspended in PBS. Cells
were lysed by sonication (5 x 1min bursts with 2min incubation of ice in between each pulse)
and clarified by centrifugation at 13000rpm for 10min at 4°C. Solubility was ascertained by
SDS-PAGE and Coomassie staining (described below). For lysates prepared for use in

caspase cleavage assays, bacterial pellets were sonicated in Ice Assay Buffer (0.1mM Hepes

pH7, 10%PEG4000, 0.1% CHAPS, 10mM DTT, 1X protease inhibitor cocktail).

2.13.4 In vitro translation

cDNAs were transcribed and translated using the Promega TNT™ Coupled
Reticulocyte Lysate System. Protein was labelled with **S-methionine in a 50ul translatilon
reaction containing 25l TNT Rabbit Reticulocyte Lysate, 2l TNT reaction buffer, 1ul T7 or
SP6 polymerase, 1ul methionine-deficient amino acid mixture, 4pl *’S-methionine, 1ul
RNasin ribonuclease inhibitor, 1ug DNA template and sterile H,O. Reactions were allowed
to proceed by incubation at 30°C for 90min and were stored at -20°C for up to a week, if not

used immediately.

2.13.5 Caspase cleavage assays

5ul of **S-methionine-labelled protein was incubated with either cytoplasmic extracts,
purified caspases, bacterially expressed caspases or with 100pg of protein extracts prepared
from whole flies, larvae or pupae, for 3 h at 37°C. Assays were prepared in caspase assay
buffer in a 20yl total volume. 1x Complete™ protease inhibitor cocktail (Roche) was added
where indicated. Reactions were terminated by the addition of an equal volume of 2x PLB
and boiling for 5-10min. Samples were centrifuged for 5 min at 9000g and loaded onto SDS

polyacrylamide gels for electrophoresis. Following electrophoresis, proteins were transferred
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to polyvinylidine difluoride membrane (NEN Life Science Products) using a semi-dry

apparatus (Biometra) and visualised by autoradiography.

2.13.6 Immunoprecipitation assays

5x 10° mammalian cells or 3x10° insect cells were seeded into 6cm dishes in 2ml of
appropriate medium. The following day, cells were co-transfected with the plasmids of
interest (as described in section 2.7). 24-48 h post-transfection, cells were harvested by
rinsing once in ice-cold PBS, and lysed in 1.5ml lysis buffer A (50mM Tris-HCI pH 7.6,
150mM NaCl, 0.1% NP40) or lysis buffer B (20mM Tris-HCI pH 7.4, 135mM NaCl, 02-0.5%
Triton X-100, 10% glycerol), supplemented with Complete™ protease inhibitor cocktail and
200uM NaVO3, ImM NaF, 500uM Na pyrophosphate (Roche) for 30 min on ice. Cells were
scraped and transferred to microfuge tubes and debris was pelleted by centrifugation at
13000rpm for 10 min at 4°C. Lysates were transferred to clean tubes and pre-cleared with
20l protein G-sepharose (Amersham Biosciences), rotating for 2 h at 4°C. Samples were
pelleted for 2 min at 13000rpm, 4°C and the supernatants removed to clean tubes. Proteins
were immunoprecipitated by the addition 2-4ug of the appropriate antibody, rotating at 4°C
overnight.  20ul protein G-sepharose was added either concominantly with antibody
overnight, or the next morning for 2 h at 4°C. Antibody/sepharose complexes were collected
by centrifugation at 13000rpm for 2 min and washed twice in lysis buffer and twice in PBS.

Finally, 20ul 2x PLB was added and the samples prepared for SDS-PAGE.

2.13.7 SDS-PAGE and transfer of proteins to PVDF membrane

Resolving polyacrylamide gels of specific percentage were prepared with the
following reagents: 10-15% polyacrylamide solution (BIORAD), 37.5 mM Tris pH8.8, 0.1%
SDS, 0.1% ammonium persulfate, 0.05% TEMED (GIBCO). The resolving gels were cast
with Hoefer plates and spacers, and overlayed with a 5% stacking gel (5% polyacrylamide,

0.125M Tris-HCI pH6.8, 0.1% SDS, 0.1% APS, 0.1% TEMED) into which a comb of 10-15
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wells were inserted. The assembled gel was placed in a Hoefer minigel tank (Amersham
Biosciences) and submerged in protein electrophoresis buffer (25mM Tris, 250mM glycine,
0.1% SDS). Samples were prepared for electrophoresis by boiling in an equal volume of 2 X
PLB. Samples were loaded into the wells of the protein gel and run through the stacking gel
at 100 volts, and through the resolving gel at 200 volts. When the dye front reached the
bottom of the gel, separated proteins and prestained markers (Invitrogen) were transferred to a
polyvinylidine difluoride (PVDF) (polyscreen Dupont) membrane using a Hoefer semi-dry
transfer apparatus (Amersham Biosciences). The transfer apparatus was assembled as
follows: two sheets of Whatman filter paper (2M) presoaked in protein transfer buffer
(49mM Tris, 39mM glycine, 0.0375% SDS, 20% methanol) were placed on the cathode (+) of
the apparatus. A same-sized piece of PVDF, similarly soaked in transfer buffer was placed on
top of the Whatmann, followed by the gel and another 2 pieces of Whatmann. Separated

proteins were transferred to the membrane for 90 min at 130mAmps.

2.13.8 Coomassie staining

Proteins were visualised directly on polyacrylamide gels by staining with Coomassie
Brillian Blue R-250 (Biorad) (0.25% w/v Coomassie Blue in 5:4:1 Hy0:MeOH:acetic acid) for
a minimum of 1 h at room temperature. Following staining, gels were soaked in destain

(5:4:1 H,0:MeOH:acetic acid) replaced several times over 2-3 h.

2.13.9 Western Blotting

Detection of tagged or endogenous protein was carried out following transfer to
PVDF. Non-specific sites were blocked by incubating the membrane in a 5% skim milk
(Diploma) solution made up in PBS-Tween20 (PBS-T) for 3h at room temperature, or
overnight at 4°C, shaking gently. Primary antibodies were diluted in blocking solution at
various dilutions. Mouse o-MYC, rat o-HA (Roche) and mouse o-FLAG (Sigma) were all
diluted 1:1000. Membranes were blotted with primary antibodies for 2-3 h at room
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temperature, or overnight at 4°C. Membranes were washed as follows: 3x 5 min, 2x 10 min
in PBS-T. Secondary antibodies, anti-mouse/rat/rabbit conjugated with either horseradish
peroxidase (HRP) or Alkaline Phosphatase (AP) (Amersham Biosciences) were diluted
1:2000 in blocking solution and incubated for 1 h at room temperature. Membranes were
washed as described above and proteins visualised by the enhanced chemiluminescence
(ECL) system (Amersham Biosciences) in the case of HRP-conjugated detection antibodies.
In this instance, equal volumes of each ECL reagent were mixed and the blot incubated for 1
min in this mix, after which the membrane was exposed to Hyperfilm ECL (Amersham
Biosciences) for 30sec to 5 min depending upon signal intensity. When alkaline phosphatase-
conjuagated antibodies were employed, the blot was incubated for 1 min in Attophos reagent
(Amersham Biosciences) and visulised on a Typhoon 9410 using ImageQuant software

(Amersham Biosciences).

2.13.10 Stripping Western blots

To blot a membrane a second time with another antibody, the blot was rinsed first in
PBS-T and then stripped in stripping buffer (100 mM B-mercaptoethanol, 2% SDS, 62mM
Tris-hCl pH 6.8) for 5-10 min at 55°C, shaking gently. Following stripping, the blot was
washed twice in PBS-T for 10 min and blocked in 5% skim milk/PBS-T as described

previously, prior to incubation with primary antibody.

2.14 Manipulation of Drosophila melanogaster

2.14.1 Fly stocks

GMR-strica/Cyo Prof. Bruce Hay, Caltech, CA.
GMR-diapl (X chromosome) Dr. Helena Richarson, Peter Mac, Vic
GMR-diap2 Dr. Helena Richarson, Peter Mac, Vic
GMR-p35 Dr. Helena Richarson, Peter Mac, Vic
thread’/Tm3 Dr. Helena Richarson, Peter Mac, Vic
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GMRGal4UAS-Buffy Dr. Helena Richarson, Peter Mac, Vic.

UAS-dakt/Cyo Prof. Armen Manoukian, Toronto
UAS-dpten (2™) Prof. Armen Manoukian, Toronto
UAS-pkbgs (2™ Prof. Armen Manoukian, Toronto
w, DAKT q1/Tm3Sb Prof. Armen Manoukian, Toronto

2.14.2 Fly maintenance

Fly stocks were kept and maintained in vials containing a yeast-based food mix (10g/L
agar, 100g/L polenta, 186g/L yeast, 143g/L treacle, 25ml/L tegosept (100g methyl
parahydroxybenzoate, 2.5g/L. tetracycline in 1L ethanol) and 15ml/L acid mix
(orthophosphoric acid: propionic acid at a 1:10 ratio in water ). Fly stocks were maintained at

18°C. Genetic crosses were carried out at 18°C, 25°C or 29°C depending on gene toxicity.

2.14.3 Embryo collection

Lay tubes placed over a grape juice agar plate (35g/L J Grade agar, 20g/L sucrose,
30ml tegosept) with a globule of yeast, were used to set up crosses. Flies were allowed to lay
eggs on the agar plate. Resulting embryos were washed off the plate with PBS-T and brushed
into microfuge tubes. Larvae and pupae were collected by direct separation from adult fly
stocks. Larvae are light in colour, distinguishable from pupae with developed mandibula and
formation of eye pigment during later pupal stages. Additionally, pupating larvae are

sedimentary compared to wandering larvae.

2.14.4 Sexing adult flies
Flies were collected for analysis under carbon dioxide anaesthesia and visualised
under a light microscope. Males and females were distinguished from each other in a number

of ways. Females have larger, pointed abdomens compared with the smaller rounded
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abdomen of males. Males also have black pigmentation on their posterior tergites. Males are

easily discerned from females by their genitalia, due to the presence of torsal sex combs.

2.14.5 Collection of virgins

Virgins were collected from adult fly stocks under a light microscope, on CO2 pads.
Virgins are very pale in colour and dark meconium is still visible in the underside of the
abdomen. Virgins remain so until around 6 h post-eclosion. Vials are cleared first thing in

the morning and virgins collected several times throughout the day.

2.14.6Dechorionation and fixation of embryos

Embryos were aspirated in 50:50 bleach:PBS-T mixture for 2 min and washed
thoroughly in PBS-T. Embryos were fixed in 0.5x Buffer A (IM Hepes, 0.5M EGTA, 0.1%
NP40), 2% formaldehyde, 50% heptane for 20 min at room temperature with agitation. The
bottom layer of solution was removed and replaced with an equal volume of methanol to
remove the vitelline membrane. Embryos were shaken until they sunk to the bottom,
indicating the removal of the vitelline membrane. Embryos were washed with 3 changes of
Iml methanol for 5 min each wash, at room temperature. Rehydration of embryos was
carried out by replacement of half the solution with 50% methanol, 50% PBS-T, shaking for 5
min. Iml of PBS-T was added and shaken for a further 5 min, followed by several washes in
PBS-T. Embryos are then ready for in situ hybridisation as described in section 2.12.5.
Alternatively, embryos can be stored in ethanol at 4°C and rehydrated, as described, prior to

use.

2.14.7 Fly crosses and genetic interaction studies

GMR-strica flies were kindly provided by Prof. Bruce Hay, Caltech, USA. Crosses
were set up at 25°C. Virgins were collected and crossed to males. To determine whether
STRICA interacts genetically with various molecules in vivo, GMR-strica flies were crossed
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to strains overexpressing DIAP1 (GMR-diap 1), DIAP2 (GMR-diap2) or p35 (GMR-p35). To
test for interaction between strica and the H99 genes, GMR-strica flies were crossed to a
strain deficient for reaper, hid and grim (Df(3L)H99). A strain carrying a specific loss-of-
function diapl allele (thread5) was crossed to GMR-strica to assess the progeny for
phenotype enhancement. The eye phenotypes of the progeny were examined for suppression

or enhancement of the STRICA phenotype by light microscropy, and photographed.

2.14.8 Establishment of balanced, eye-driven stocks

To drive expression of PKB, DAKT and dPTEN in the eye balanced over a
phenotypic chromosome, UAS-dakt, UAS-dpten and UAS-pkb were crossed to the GMR-Gal4
driver line. GMRGal4/UAS-X virgins were then crossed with a Df{2)rougheye/Cyo double
balancer fly stock. Virgin progeny were screened for recombination events resulting in
GMRGal4-UASdakt/Cyo, GMRGal4-UASpkb/Cyo, and GMRGal4-UASdpten /Cyo flies. The
phenotype of flies overexpressing dPTEN were identified by light microscopy. Two
GMRGal4-UASdpten/Cyo virgins were collected and crossed back to Df(2)rougheye/Cyo tlies
to generate stocks. Line 2 was used for further crosses. For DAKT and PKB, virgin progeny
that appeared to have enlarged eyes and curly wings were selected and crossed back to
Df(2)rougheye/Cyo to generate stocks. PKB was HA tagged, allowing for detection of
overexpressing lines by Western blotting. Of three potential lines, one (line 2) was found to
express PKB. A commercial AKT antibody (Cell Signaling) that cross-reacts with
Drosophila AKT was used to detect lines overexpressing DAKT. Four lines were identified
and two, lines 4 and 5, were used in subsequent crosses. Protein extracts were prepared from
10 fly heads (5 male and 5 female) and analysed by SDS-PAGE. Eye-driven lines were
crossed to GMR-strica flies and the progeny assessed for enhancement or suppression of the

STRICA overexpresion eye phenotype.
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Chapter 3

The Cloning and Characterisation
of a Novel Drosophila Caspase,

STRICA



3.1 Introduction

Prior to the cloning of strica, five Drosophila caspases, DCP-1, DRONC, DECAY,
DREDD and DRICE, were published in the literature (Song et al., 1997; Dorstyn et al.,
1999a; Dorstyn et al., 1999b; Chen et al., 1998; Fraser and Evan 1997). The sixth caspase,
DAMM (Harvey et al., 2001) was cloned and characterised concomitantly with the cloning of
STRICA (Doumanis et al., 2001). The cloning of the caspase, STRICA, added the seventh
and final member to the Drosophila caspase family (Kumar and Doumanis, 2001). With the
sequence of the entire Drosophila genome released early in 2000 (Rubin et al., 2000; Myers
et al., 2000), no other caspase molecules are predicted.

Upstream or initiator caspases are characterised based on the presence of a long
prodomain. In some caspases, long prodomains are required for adaptor binding and
subsequent caspase activation. In Drosophila, DRONC and DREDD contain long
prodomains. The DRONC prodomain contains a CARD (CAspase Recruitment Domain)
which mediates the interaction between DRONC and the CED-4/Apaf-1-like adaptor
molecule, DARK, making DRONC a likely functional homologue of mammalian Caspase-9.
DREDD contains two Death Effector Domains (DEDs) and is able to bind to the Drosophila
homologue of the mammalian Caspase-8 adaptor, dFADD (Hu and Yang, 2000).

The aim of this chapter was to clone a caspase predicted by the sequenced and
annotated Drosophila genome and demonstrate the ability for this molecule to function as a
caspase. This chapter reports the cloning of the Drosophila caspase STRICA from a
Drosophila larval ¢cDNA library and demonstrates that STRICA is a long prodomain-
containing caspase that contains all the conserved features that characterise the caspase
family. STRICA is expressed throughout Drosophila development. STRICA is able to
induce apoptosis when overexpressed in both mammalian and insect cell lines. STRICA
autoprocesses between the prodomain and large subunit when overexpressed, and is is shown

to cleave DIAP. The potential function of the prodomain is discussed.
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Results

3.2 Identification and cloning of the strica cDNA

strica was identified using a TBLASTN search of the Berkeley Drosophila Genome
Project database, as a region of genomic DNA displaying significant homology to mammalian
caspases. From this region of homology, strica-specific primers were designed and used in
conjunction with library-specific vector primers to amplify various sections of the strica
coding region from a Drosophila larval cDNA library. The full-length strica open reading
frame (ORF) could not be amplified as a single PCR product from this library. The 5’ end of
the strica ORF was obtained from EST clone LP09213 (Research Genetics). A region
overlapping with the 5 fragment obtained in the EST to the 3’ end of strica was amplified
using library DNA as a template. The full-length sequence was cloned using a Banl site in
the overlapping region. The cDNA sequence of strica has been deposited in the GenBank
database under accession number AF242735,

The sequence of strica encodes an initiator methionine residue downstream of a
predicted stop codon. The genomic sequence contains three exons separated by two short
intronic regions. At the 3’ end, a stop codon marks the end of the open reading frame. The
strica ORF consists of 1581 coding nucleotides (figure 3.1) and encodes a protein product of
527 amino acids giving rise to a protein with a predicted molecular weight of 57 kilo Daltons
(kDa) (figure 3.2B).

The primary sequence of STRICA contains all the conserved residues found in
members of the caspase family including a catalytic cysteine residue within a QACKG active
site (figure 3.2 A). Based on amino acid sequence comparison with other known mammalian
and insect caspases, STRICA is most homologous to the long prodomain-containing caspases
DREDD, and Caspase-8 (figure 3.2 C). Interestingly, the caspase domains of STRICA share
the highest degree of identity with the short prodomain-containing caspase, DAMM

(GenBank accession no. AF240763). The QACKG sequence surrounding the catalytic
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Figure 3.1 Genomic organisation of the strica gene

A The genomic organisation of the strica gene is shown. The gene consists of three exons
separated by two small introns. Numbers denote the coding region of the gene. B The
complete coding sequence of strica is shown in blue. The initiation methionine and 3’ stop
codon are shown in pink. The two introns of approximately 60bp each are represented by

inverted triangles.
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tcacaaagcaactacagcgcagtgcgtgaaagccagtttaagacagaaagctcaacacac
gcaaaccggagtcattatgggttggtggagcaagaaaagecgagacggatcgcagtcagec
cagccaggaactggtggcgcaggacccgegcacacgagtccagactacgagtgeagecac
ggagacgaccaacacagccgtgcaaaactcgaccataacggacaacaacaagcagacggt
tacctttctcaccacccgeccagacggtgacgcacacgcagegggegctgatcacggagac
gacaacgcgacgcacgcctagtcaggecggagttagaggectctettegecaaagataaagat
gggcggtgagggacccattggctccaccaccaccactacgacgaccacctectegegete
ccgaccgcccagtttgaacggegtcectcctttcgeteccacacaacccttcaaageccacgge
aagcaatgctggcaaacggtcaagcaccttagtcaagaccgagcagacgacagtgaccca
aaagaatgggcgcacggtcacccagcacctggagactcatagagtggacctcaagggaag
tcgacctaaggcgacctgggegtcatttgegteccactgcaaacagctcaacatecageta
cgtctcaccttatcgtcagaagccaagcatggccataacttgcacatctcccaacatcaa
gacaccaaaaaccactagctccacgtccagttccagtgeccagecteccattacgagtecgee
caaaccatcatcatctgtatcctccatttcaagcattttcaagtccgetcccaagecaagt
tgacaagccgctcagttctaccgcaactcccaageccttcattagtetgggategtecagg
aggcaccaagccgaaggtcactgccgtegegcaatcccaagatgecccagggcacgatttce
aacgagcctgggtatctcgaaatcaagcctgaccaagaacaaactcaagecegeccgggt
gtatatcttcaaccacgagcggttcgataacaagaacgaattccgaaagggaagtgccca
ggatgtgaaggtcttgcgcgccacctttgagcagctgaagtgcaaagtggaagttattac
agatgcaaccctggtcaccattaaaaaaacagtgcgaatgtggcaaaccaaggactttga
ggacaaaagcgctctggtcctcgtgatcctcagtcatggaacgcgccacgaccagatcgc
agcaaaggatgacgactactccctggacgacgacgttgtttttecccattttgegcaatag
gacgcttaaggacaagcccaagctgattttegttcaggectgecaagggcgactgeccaact
agggggctttatgaccgatgcegcgcagcccaatgggtctececgaatgaaatcecctcaagtg
ctatagcacgtacgagggatttgtatcttttcgecacggaggacggaactccttttattca
gacactgtgtgaagctcttaatcgatcggggaagacttcagacatcgacaccataatgat
gaatgtgcgtcaagtggttaaaatgcaatccaaagaccgeccaaattccatctgtcactag
cactcttacctctaagtacgtttttggagattatatttgaccatagatcttaaatataag

acacgccattaaatatcaaaatttgaccatagatcttaaatctaagacacgecattaaat
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Figure 3.2 STRICA protein sequence

A The primary structure of STRICA is shown, with the catalytic cysteine and surrounding
residues highlighted in black. The putative prodomain of STRICA is rich in serine (S) and
threonine (T) residues as highlighted in grey. B FLAG-tagged STRICA expressed in
cultured mammalian cells demonstrates a protein consistent with the predicted molecular
weight of 57kDa. C A phylogenetic tree representing relationships between the
Drosophila caspase family members and various mammalian caspases. Human caspases

are indicated by an ‘h’ and Sf Caspase-1 is a baculoviral caspase.
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cysteine residue is identical in DAMM and STRICA. None of the other five fly caspases
share this sequence.

Although a phylogenetic tree composed of the Drosophila caspases and several
mammalian caspases places STRICA next to DREDD and Caspase-8, the prodomain of
STRICA lacks a CARD or DED and, in fact, possesses no known protein-protein interaction
domains. This prodomain remains unique amongst all known caspases. Of note are the
numerous serine and threonine residues distributed throughout the putative prodomain (figure

3.2 A). Tt was this feature that led to the naming of STRICA (Ser/Thr-RIch CAspase).

3.3 Developmental expression of strica

Northern blot analysis of strica expression showed very weak bands of around 2.5 kb
at several developmental stages (data not shown) suggesting that strica is expressed at low
levels during development. To determine the expression pattern of strica throughout
Drosophila development, total RNA was isolated from embryos, larvae, pupae and adult flies.
Random-primed ¢cDNAs were reverse-transcribed and used as templates in PCR reactions.
strica is expressed uniformly in early embryos and first instar larvae. Expression is
downregulated during second and third instar larval stages prior to upregulation in early
pupae, a time where the developing fly is undergoing massive programmed cell death in order
to histolyse tissues such as the midgut and salivary glands which are not present in adulthood
(figure 3.3 A).

The expression pattern of strica during fly development was further analysed by in
situ hybridisation to Drosophila embryos and larval tissues using a digoxigenin-labelled
antisense mRNA probe (Figure 3.3 B). Because of the low expression of strica, tyramide
amplification following hybridisation was used to detect strica mRNA expression. In early
embryos, strica mRNA was present uniformly, but became more concentrated in some tissues
later during embryogenesis (figure 3.3 B (a, ¢)). strica expression was clearly evident in the

midgut and salivary glands from third instar larvae (e and g). As stated earlier, these tissues
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Figure 3.3 Developmental expression of strica

A strica mRNA is expressed throughout Drosophila development. cDNA synthesised
from total RNA was used as a template for PCR. The expected 393 bp strica product was
detected in all stages of development. Expression is downregulated in late larval stages,
before being upregulated in pupal stages and maintained to adulthood. The Drosophila
housekeeping gene, ribosomal protein 49 (rp49) expressed ubiquitously throughout
Drosophila development, was used as an internal control. B In situ analysis of strica
expression during development. A strica antisense RNA probe labelled with digoxygenin
was used to detect expression in situ. a Expression of strica in a stage 4 syncytial
blastoderm shows remnants of maternally deposited mRNA. b and ¢. Germ band extended
(stage 9-10) and germ band retracted (stage 13-14) with antisense strica probe. d. Germ
band retracted (stage 13-14) with sense strica control probe. Late 3" instar larval midgut
with antisense strica probe (e), and negative control sense probe (f). Late 3" instar larval
salivary gland with antisense strica (g) and sense control probe (h). Adult ovaries (stage
10a and 10b) with sense strica probe (i) and nuclei stained with Hoechst DNA stain (j).
Adult ovaries before (stage 10a) and after (stage 11/12) nurse cell cytoplasmic dumping
(k). L. Hoechst staining of the ovaries shown in K. m. Adult ovaries stained with sense

strica probe.
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are known to undergo massive cell death during larval to pupal metamorphosis and are
completely removed by adulthood (Baehrecke, 2000, 2002). mRNA for other fly caspases,
including dronc and decay, are known to accumulate in larval midgut and salivary glands
before histolysis of these tissues (Dorstyn et al., 1999a and 1999b). Relatively high levels of
strica transcript were evident in the nurse cell compartment of stage 10a and 10b ovaries
(figure 3.3 B (i)). At later stages, when nurse cells dump their cytoplasmic contents into the
oocyte (Buszczak and Cooley, 2000) strica mRNA was clearly seen in the oocyte (k). These
results indicate that the relatively high levels of strica RNA in early embryos (a; data not
shown for pre-cellularised embryos) is likely to be derived maternally.

A burst of the steroid hormone ecdysone at the prepupal to pupal transition is
responsible for the upregulation of a number of genes, including several known apoptotic
regulators including dronc, drice and dark. strica has also been reported to be upregulated
seven fold at the RNA level in response to ecdysone (Lee et al., 2003). However, despite an
increase in strica RNA during the early pupal stage (figure 3.3 A), no direct upregulation by

ecdysone was confirmed (data not shown).

3.4 Localisation of STRICA in transfected cells

Most caspases reside in the cytoplasm of the cell with Caspase-2 and Caspase-12 as
notable exceptions, localising to the nucleus and golgi, and endoplasmic reticulum
respectively (Colussi et al., 1998a; Mancini et al., 2000; Nakagawa et al., 2000). To
determine the subcellular localisation of STRICA in cultured cells, immunofluorescence was
performed in mammalian 293T cells and Drosophila SL2 cells. Cells were transiently
transfected with expression constructs containing either wild-type STRICA or STRICA with
its catalytic cysteine residue replaced with a glycine residue (C429QG), tagged at the carboxy
terminus with the FLAG epitope. Protein localisation was determined by staining with «-
FLAG monoclonal antibody and o--mouseFITC. STRICA localised to the cytoplasm of the
cell in a semi-diffuse fashion with complete exclusion of the nucleus (figure 3.4). In 293T
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Figure 3.4 The subcellular localisation of STRICA in transfected cells

Localisation of STRICA in transfected cells. Constructs expressing FLAG-tagged
STRICA or STRICA (C429G) were transfected into 293T cells (upper panels) and
Drosophila SL2 cells (lower panels). For 293T cells, 24 hours post-transfection, cells were
fixed and stained with a-FLAG antibody and analysed by fluorescence microscopy. For
SL2 cells, STRICA expression was induced with 0.7mM CuSO, for 24 hours prior to
fixation, immunostaining and visualisation. In both cell types, STRICA localisation is

cytoplasmic.
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cells, STRICA appeared to be localised to the cytoskeleton, however, STRICA did not

colocalise with actin fibres (data not shown).

3.5 The prodomain of STRICA does not oligomerise

Caspases with long prodomains are activated by proximity-induced autocatalytic
processes (Kumar, 1999; Kumar and Colussi, 1999; Boatright et al., 2003; Boatright and
Salvesen, 2003; Degterev et al., 2003). In this model, a CARD or DEDs in the prodomain
mediate oligomerisation of procaspase molecules directly, or via specific adaptor molecules.
In the case of mammalian Caspase-2, the CARD domain is sufficient for homodimerisation in
yeast two-hybrid assays (Butt et al., 1998; Colussi ez al., 1998b). Additionally, when fused to
the downstream caspase, Caspase-3, the prodomain of Caspase-2 is able to constitutively
activate Caspase-3 (Colussi et al., 1998). The ability of the prodomain of Caspase-2 to
oligomerise enables Caspase-2 to autoactivate when overexpressed in cell lines (Butt ef al.,
1998).

Although STRICA does not contain a CARD domain, yeast two-hybrid constructs
were made to test whether the long prodomain of STRICA could dimerise. Various STRICA
constructs were generated in the yeast two-hybrid vectors pAS2.1 and pACT2. One construct
expressed the Gal4 DNA binding domain (DBD) fused to the prodomain of STRICA, while
the second construct encoded a Gal4 activation domain (AD)-prodomain fusion. Constructs
encoding full-length, catalytically inactive STRICA were also tested. Each construct had a
selectable marker to confirm expression of the proteins of interest in transformed yeast. Pairs
of constructs were simultaneously transformed into the auxotrophic yeast strain, Hf7C, and
plated onto medium lacking TRP and LEU to select for yeast colonies expressing both
plasmids. To select for colonies expressing proteins capable of interaction, an aliquot of the
same transformation mix was plated onto -TRP-LEU-HIS medium. All STRICA
transformants were able to grow on -LEU/-TRP medium demonstrating that these cells were

expressing both constructs, however no growth was observed on -LEU/-TRP/-HIS plates
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(Table 3.1). Caspase-2 prodomain fusions and murine p53/SV40 Large T antigen served as

positive controls. Interaction between both Caspase-2 prodomains brought both the Gal4

DBD and AD together, initiating expression of the HIS3 reporter on -LEU/-TRP/-HIS media.

Similarly, an interaction between p53 and the SV40 Large T antigen allowed growth on

medium lacking histidine. Despite demonstrating the use of this system to confirm an

interaction between two proteins, yeast cells expressing STRICA prodomain fusion proteins

were unable to activate gene expression and grow on -HIS plates. These results suggest that,

unlike the Caspase-2 prodomain, the prodomain of STRICA does not have the ability to

homodimerise.
Gal4DBD construct in Gal4AD construct in Growth on Growth on
vector pAS2.1 vector pACT2 -LEU-TRP -LEU-TRP-HIS
Empty vector Empty vector + -
Caspase-2 prodomain Caspase-2 prodomain + +
p33 SV40 Large T antigen + +
p33 Empty vector + -
STRICA(C429G) STRICA(C429G) + -
STRICA(C429G) STRICA APD + -
STRICA(C429G) STRICA prodomain + -
STRICA prodomain STRICA prodomain + -

Table 3.1 The prodomain of STRICA is not an oligomerisation domain.

Various STRICA constructs were expressed in the yeast two-hybrid vectors pAS2.1, which

carries a TRP1 nutritrional marker gene, and pACT2, which carries a LEU2 marker gene.

Hf7C competent yeast cells, auxotrophic for TRP, LEU and HIS, were transformed with pairs

of constructs and plated onto selection medium as indicated. Positive interactors were able to

grow on medium lacking HIS.
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3.6 Ectopic expression of STRICA induces apoptosis in SL2 cells

In vivo, caspases exist as inactive zymogens and remain dormant in healthy cells until
an apoptotic signal is received. However, when overexpressed in cultured cells, many
caspases are able to induce apoptosis (Kumar and Lavin, 1996; Thornberry and Lazebnik,
1998; Nicholson, 1999). Initiator caspases are known to autoprocess when overexpressed,
thereby causing cell death (Degterev et al., 2003). To assess the cell killing ability of
STRICA, Drosophila SL2 cells (Schneider, 1972) were transfected with a copper-inducible
plasmid (pPRMHa3) expressing either wild type STRICA or STRICA (C429G), together with
a heat shock-inducible LacZ reporter construct (pCaSpeR-LacZ). 48 hours after induction of
protein expression with copper sulphate and heat shocking at 37°C, cells were stained for B-
galactosidase activity. Cell survival was calculated as the percentage of transfected (B-gal
positive) cells in the copper sulphate-treated population relative to the percentage of
transfected cells in the untreated population. All calculations were normalised against the
100% cell survival of vector-transfected cells. At 48 hours following induction of protein
expression, around 50% of cells transfected with the wild-type STRICA construct were lost
when compared to cells transfected with vector alone or STRICA (C429G) (figure 3.5).

IAPs function to suppress the activity of caspases in both their dormant and active
states (section 1.5.2). In Drosophila, the role of IAPs is critical for cell survival (Wang, S.L
et al., 1999; Hay 2000). In particular, loss of DIAPI in cultured cells by RNAi depletion
results in unrestrained caspase-dependent cell death (Rodriguez et al., 2002; Muro et al.,
2002). Another Drosophila IAP, DIAP2 plays a more enigmatic role that remains to be fully
elucidated. To determine whether apoptosis induced by STRICA overexpression in cell lines
is suppressed by Drosophila 1APs and the viral inhibitor of apoptosis, p35, STRICA was
coexpressed with DIAP1, DIAP2 and p35 expression constructs, together with pCaSpeR-
LacZ in Drosophila SL2 cells. DIAP1 effectively inhibited STRICA activity in these cells,
while DIAP2 and p35 inhibited STRICA activity to a lesser extent as demonstrated by this
assay (figure 3.5).
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Figure 3.5 Ectopic expression of STRICA in cultured cells induces apoptosis

Overexpression of STRICA in cultured SL2 cells induces cell death. Drosophila SL2 cells
were cotransfected with empty vector, pPRMHa3-STRICAfp; g, or STRICA (C429G)rLaG
together with a LacZ reporter construct. Loss of cells was determined by the ratio of blue
cells in copper-induced transfectants to the number of blue cells in uninduced populations.
Where indicated, STRICA expression constructs were cotransfected with DIAP1, DIAP2
and p35 expression constructs. Wildtype STRICA expression results in a 50% loss of
cells, whereas STRICA (C429G) does not induce significant apoptosis. The results, shown

as average percentages = SEM, were derived from three independent experiments.
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3.7 Cell death induced STRICA in 293T cells is morphologically similar to apoptosis
Apoptotic cell death was originally discovered based on the presence of
morphological characteristics distinct from necrotic cell death (Kerr et al., 1972). To
establish that cell death induced by STRICA is consistent with apoptosis, 293T cells were co-
transfected with pcDNA3-p ocSTRICA and pEF-B-gal and stained for B-galactosidase
activity with X-gal 24 hours later. Cells overexpressing STRICA were identified by the
expression and activity of f-galactosidase and were assessed by light microscopy. Cells
overexpressing STRICA displayed morphologies consistent with apoptosis including
cytoplasmic shrinkage and plasma membrane blebbing (figure 3.6). Cells eventually
detached completely and were lost. Therefore, cell death induced by STRICA occurs through
the activity of the highly conserved apoptotic machinery in cells accompanied by common

features of apoptosis.

3.8 STRICA stability is not affected by the proteasome inhibitor MG132

Full-length STRICA is difficult to detect, even when overexpressed in cell lines. A
PEST domain in the prodomain of STRICA is predicted by WWW PESTfind (European
Molecular Biology Network) with a score of +9.73, where a score above +5 is considered
significant. PEST domains cause protein instability, raising the possibility that STRICA is
rapidly degraded via the proteasomal degradation pathway (Rechsteiner and Rogers, 1996).
To determine whether STRICA could be stabilised by inhibiting the proteasomal degradation
pathway, COS cells were transfected in duplicate with pcDNA3 constructs expressing
wildtype STRICA, STRICA (C429G), or STRICA APD. The duplicate transfectants were
treated with 50uM of the proteosome inhibitor, MG132 for 4 hours. Full length, catalytically
active STRICA was barely detectable when immunoblotted with o-FLAG monoclonal
antibody, whereas STRICA (C429G) was easily detected and expressed at high levels (figure
3.7 A). Based on this observation, it was concluded that the inability to detect high levels of

STRICA protein is due to apoptosis induced in cells expressing STRICA. Cell death was due
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Figure 3.6 Morphology of transfected cells expressing STRICA

293T cells were transfected with empty pcDNA3 vector or pcDNA3-STRICA, in a 3:1
ratio with a B-galactosidase expression construct. 18 hours post-transfection, cells were
fixed and stained with X-gal. The morphology of blue cells was analysed by light
microscopy. Compared with viable cells expressing empty pcDNA3 vector, cells
expressing STRICA undergo programmed cell death and display the morphological
features associated with apoptosis including cell shrinkage and membrane blebbing
(indicated by arrows). Cells induced to die by STRICA overexpression detach from the
dish and therefore fewer cells are observed. Cells were visualized under 10X (top panel)

and 20X (lower panel) magnification as shown.
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Figure 3.7 STRICA protein is difficult to detect due to apoptosis

A To determine whether the inability to detect full-length STRICA protein is due to protein
stability, pcDNA3-STRICAgp g, pcDNA3-STRICA (C429G) pLac and pcDNA3-STRICA
APDgpac were expressed in duplicate in COS cells. 24 hours post-transfection, cells were
either left untreated, or treated with S0uM of the proteasome inhibitor, MG132, for 4
hours. MG132 had no effect on STRICA stability. Catalytically inactive STRICA
(C429G) is expressed at high levels, demonstrating that the inability to detect STRICA 1is
due to cell death induced by STRICA overexpression in cells. B Consistent with A,
inhibition of STRICA-induced cell death in COS cells by coexpression with DIAPI
stabilises STRICA to some extent. COS cells were transfected with constructs as
indicated. 24 hours following transfection, cells were harvested, resuspended in protein
load buffer and samples run on a 10% SDS-PAGE gel. All STRICA constructs are C-
terminally FLAG-tagged while DIAPI is tagged with MYC at the C-terminus. A smaller
STRICA product is observed when the wildtype construct is overexpressed, that migrates
at the same rate as STRICA APD. DIAP1 expression is shown in the middle panel by
blotting with a-MYC antibody. Full-length DIAP1 and a smaller migrating cleavage
product are detected by o-MYC Western blotting (lane 5). B-Actin was detected using an
anti-B-Actin antibody and was used as a loading control. Non-specific (NS) bands are

indicated.
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to STRICA’s catalytic activity, since mutation of the catalytic cysteine residue renders
STRICA incapable of inducing apoptosis (figure 3.5). Moreover, wildtype STRICA was

detected in COS cells when coexpressed with the apoptosis inhibitor, DIAP1 (figure 3.7 B).

3.9 STRICA is autoprocessed between the prodomain and large subunit

Many initiator caspases are able to autoprocess when brought together by adaptor
molecules or through oligomerisation (Weber and Vincenz, 2001; Tibbetts et al., 2003).
Coexpression of STRICA with DIAPI prevents cell death and therefore makes it possible to
detect STRICA in cells (figure 3.7 B lane 5). Full-length STRICA and a processed band were
detected by SDS-PAGE when overexpressed in COS cells together with DIAP1 (figure 3.8).
In contrast, overexpression of STRICA (C429G) resulted in the accumulation of the full-
length molecule and the absence of the smaller processed band. The putative caspase
processing site, KQVD presented as a possible cleavage site between the prodomain and large
subunit. The STRICA APD construct expresses a protein from this site to the C-terminus.
Comigration of the processed STRICA fragment with the putative APD mutant suggested that
STRICA was cleaved between the prodomain and large subunit at this potential site, and that
this processing required its own catalytic activity (figure 3.8). STRICA (S119G) is a putative
phosphorylation mutant (discussed in chapter 5). The catalytic cysteine residue is present in

STRICA (S119G).

3.10 Catalytically active STRICA cleaves DIAP1

Overexpression of DIAP1 together with STRICA in COS cells revealed two migrating
bands corresponding to full-length DIAP1 and a smaller-migrating species (figure 3.7 B lane
5 and figure 3.9). MYC-tagged DIAP1 was coexpressed with either empty pcDNA3 vector,
wildtype (wt) STRICA, STRICA (C429G) or STRICA APD. Full-length DIAP1 accumulated
in cells expressing STRICA (C429G), compared with cells expressing wildtype STRICA,

STRICA (S119G) or STRICA APD where the active site is preserved. This demonstrated that
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Figure 3.8 Autoprocessing of STRICA in cultured cells

Overexpression of STRICA in COS cells, together with DIAP1 to prevent apoptosis and
protein degradation, demonstrates a smaller migrating band of the same size as STRICA
lacking the prodomain. STRICA is tagged at the C-terminus with FLAG. Processing to
remove the prodomain of STRICA requires STRICA’s own active site, as this smaller band

is not detected when STRICA (C429G) is overexpressed.
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Figure 3.9 STRICA cleaves DIAP1

A Coexpression of MYC-tagged DIAP1 with catalytically active STRICA in COS cells,
results in the processing of full-length DIAP1 to produce a smaller migrating product.
Coexpression with STRICA APD results in the same processed band and depletion of full-
length protein. However, DIAP1 remains intact when coexpressed with catalytically
inactive STRICA (C429G), implicating the activity of STRICA in the cleavage of DIAPI.
B In vitro translated (IVT) **S-methionine-labelled DIAPI is processed by recombinant
STRICA APD. Bacterial lysates expressing either GST alone or GST-STRICA APD were
incubated with IVT DIAPI. Several DIAPI cleavage products are generated by
recombinant GST-STRICA APD but not by GST alone. #1 and #3 represent two
individual bacterial clones expressing GST-STRICA APD. Cleavage product 1 migrates
similarly to the cleavage product shown in A. The molecular weights of cleavage products

1 and 4 are consistent with cleavage by STRICA at a single site. Two other processed

bands are also observed (cleavage products 1 and 2). The doublet running below the

49kDa marker is non-specific.



DIAPI1 was cleaved to a smaller peptide only when the caspase activity of STRICA was
overexpressed in the cell (figure 3.9 A). Furthermore, recombinant STRICA APD expressed
in bacterial cells as a GST fusion protein, generates DIAP1 cleavage products when incubated
with **S-methinone-labelled DIAP1 (figure 3.9 B), demonstrating that processing of DIAPI
by STRICA is direct. One of the cleavage fragments is consistent in size to the product
observed in transfected cells, demonstrating that cleavage of DIAP1 occurs at the same site in

both transiently transfected cells, and in in vitro cleavage experiments.
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3.11 Discussion

Here, I have reported the identification and preliminary characterisation of the newest,
and final, member of the Drosophila family of caspases, STRICA. STRICA was identified
by a database homology search, and cloned from a Drosophila larval cDNA library. The
resulting 527 amino acid polypeptide contains all the residues conserved throughout the
caspase superfamily as well as a long amino-terminal prodomain rich in serine and threonine
residues.

STRICA is expressed throughout Drosophila development at relatively low levels,
and is detected in tissues that are known to undergo developmental apoptosis. STRICA
localises to the cytoplasm in transfected cells and induces cell death when overexpressed in
SL2 cells and 293T cells. 293T cells expressing STRICA display the morphological features
of apoptosis including cell shrinkage and plasma membrane blebbing. Despite the report that
strica is slightly upregulated in response to the steroid hormone ecdysone (Yee et al., 2002),
exogenous treatment of larval midguts and salivary glands with ecdysone failed to show any
significant upregulation of strica mRNA (data not shown). However this does not rule out the
possibility that strica is developmentally upregulated by ecdysone under physiological
conditions.

Many upstream caspases autoprocess when overexpresed in cells.  Although
processing of STRICA between the large and small subunits has not been detected, even upon
induction of apoptosis (data not shown), a smaller migrating fragment of STRICA migrates
together with a putative minus prodomain mutant of STRICA, suggesting that overexpression
of STRICA in cultured cells results in the processing of the prodomain. It is possible that
further cleavage between the large and small subunits is not required for STRICA function,
once the prodomain is removed. Processing of the prodomain appears to be autocatalytic, as
overexpression of the inactive mutant of STRICA fails to produce the same truncated product.

Although the role of STRICA’s novel prodomain is not well elucidated, it is unable to

mediate dimerisation of STRICA procaspase molecules when expressed as yeast two hybrid
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fusion proteins. Given the lack of homology of this domain to other known prodomains that
contain various protein-protein interaction motifs, the role of the prodomain of STRICA is an
interesting area for further investigation, which may reveal novel mechanisms of caspase
activation and regulation. The inability of the prodomain of STRICA to dimerise suggests
that STRICA activation may require interaction with an adaptor molecule. The lack of any
known protein-protein interaction motifs makes the identification of candidate adaptor
molecules difficult. A yeast two-hybrid screen using STRICA (C429G) as bait was carried
out, screening 1.2 x 10° yeast clones carrying inserts from a Drosophila 21hr embryo cDNA
library. However, no potential interactors were identified by this approach (data not shown).
This does not rule out the possibility that adaptor molecules for STRICA exist, perhaps only
interacting transiently, to induce caspase activation. Given the ability of STRICA to
autoprocess between the prodomain and large subunits, it is possible that using the
catalytically inactive version of STRICA selected against interactions that depend on such
processing.  Alternatively, other mechanisms or post-translational modifications may be
required for STRICA activation.

STRICA induces apoptosis in cells when overexpressed. As a result, STRICA is
difficult to detect in transient transfection assays. The prodomain of STRICA possesses a
putative PEST domain, identified by homology searching, that renders proteins highly
unstable and targets them for degradation, usually via the proteasome pathway (Rechsteiner
and Rogers, 1996). Indeed, STRICA APD is detected more easily than full-length STRICA
suggesting that the prodomain contributes to the instability of STRICA. However, incubation
of transfected cells with the proteasome inhibitor, MG132, has no effect on STRICA stability
suggesting that STRICA may not be targeted for proteasomal degradation. Moreover,
catalytically inactive STRICA accumulates to high levels in cells, despite the presence of the
prodomain and the putative PEST domain, further demonstrating that the inability to detect

full-length STRICA 1is due to STRICA-induced apoptosis. Consistent with this, suppression
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of cell death by coexpression of STRICA with DIAPI1 allows the detection of STRICA by
Western blotting.

Of interest, is the potential processing of DIAP1 by STRICA. When coexpressed in
cultured cells, DIAPI1 is detected as full-length protein, and a smaller migrating band of
approximately 37kDa. The appearance of processed DIAP1 is only observed when
coexpressed with catalytically active STRICA, whether full-length or APD, and is absent
when coexpressed with a single amino acid substitution in the QACKG active site of
STRICA. Additionally, incubation of in vitro translated DIAP1 with bacterial lysates
expressing GST-STRICA APD confirms that STRICA directly cleaves DIAP1 to generate
several processed fragments. Cleavage product 1 (figure 3.9 B) migrates similarly to the
DIAPI cleavage product observed in transiently transfected cells overexpressing DIAPI and
STRICA (figure 3.9 A).

There are several potential caspase cleavage sites in DIAP1. Two of these are EQED
and EALD. The former possible cleavage site is towards the C-terminus of the BIR1 domain,
while the latter site is between BIR1 and BIR2. DRONC cleaves DIAP1 at the VPQE
sequence between the BIR and BIR2 domains (Yan et al., 2004). The substrate specificity of
STRICA has not been determined due to the high insolubility of bacterially expressed
STRICA APD and inactivity on synthetic fluorogenic substrates (data not shown). Although
cleavage following an aspartate residue is probable, cleavage after glutamate cannot be ruled
out. Despite these difficulties, the putative autoprocessed site between the prodomain and
large subunit is KQVD and may represent the preferred consensus for substrate cleavage by
STRICA. The observed cleavage products are consistent with potential processing by
STRICA at EQED and VPQE, however further investigation is required to determine the
exact cleavage sites.

As mentioned above, DRONC cleaves DIAPI1 at glutamate 205 in vitro (Yan et al.,
2004). Such cleavage results in two DIAP1 fragments, the BIR1 domain, and the BIR2-
RING domains. Drosophila cells reportedly exhibit this processing of DIAP1 by DRONC
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constitutively (cited as personal communication by Yan et al. 2004). Given the
multifunctional nature of DIAP1, specific cleavage events may play crucial regulatory roles in
the regulation of DIAP1 and possible feedback on apoptosis signalling pathways in the fly.
With this in mind, cleavage of DIAP1 by STRICA is an interesting area for further
investigation. While direct processing of DIAP1 by STRICA is presented in this chapter, the
site(s) of cleavage remain to be determined. The putative cleavage event may remove the
BIR1 domain completely, or disrupt its function by processing within the domain itself.
Individual BIR domains in DIAP1 have recently been characterised. The BIR1 domain of
DIAP1 was shown to suppress the downstream, effector caspase DRICE (Zachariou et al.,
2003). Perhaps the processing of DIAP1 by STRICA serves to amplify cell death by
removing the inhibition of DIAP1 over downstream caspases. When significant pools of
STRICA molecules are activated, DIAP1 inhibition of apoptosis may be overcome by DIAP1
processing. Given the likelihood that STRICA and DRONC function in different apoptotic
pathways, cleavage of DIAP1 by DRONC and STRICA may occur in different temporal
and/or spatial contexts.

The processing of an IAP by a caspase to produce smaller migrating bands is not
unique to Drosophila. In apoptotic cells, proteolytic fragments of XIAP have been reported
(Deveraux et al., 1999). Cleavage occurs in the linker reg