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Abstract

The nematode worm Caenorhabditis elegans has proved to be an
illuminating model for programmed cell death. Three principal genes are
involved in nematode PCD, ced-3, ced-4 and ced-9: each has proved to have
vertebrate homologues that are critical regulators of vertebrate apoptosis.
Until recently, the molecular functions of CED-4 and CED-9 were largely
obscure.

I have used the yeast Schizosaccharomyces pombe as a naive model system in
which to assay the function of the pro-apoptotic protein CED-4.
Expression of wild-type ced-4 is toxic to S. pombe, while expression of the
point mutant 1258N, which gives rise to a ced-4-null phenotype in the
worm, has no effect, suggesting that the toxicity is the result of a bona fide
activity of CED-4. Mutation of the putative nucleotide-binding P-loop
motif of CED-4 also eliminates the lethal phenotype, demonstrating for the
first time the importance of this domain for CED-4 function.

The anti-apoptotic protein CED-9 is able to rescue S. pombe from CED-4-
induced lethality: the most parsimonious explanation for this observation
is that CED-9 directly binds and inhibits CED-4. This is confirmed by
immunogold labelling of CED-4 visualised by electron microscopy: CED-4
expressed alone is nuclear, but when co-expressed with CED-9 it is found
on mitochondrial and ER membranes, the presumptive location of CED-9.
The physical interaction between CED-4 and CED-9 is further confirmed
by yeast two-hybrid analysis.

In addition, the cloning and characterisation of two C. elegans homologues
of baculovirus Inhibitor of Apoptosis Proteins (IAPs) is described.
Cellular IAP homologues are found in Drosophila and humans and
influence apoptosis in both organisms. The C. elegans IAP homologues do
not inhibit the activity of CED-3 or CED-4 in S. pombe. Knockout of their
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activity in vivo by means of RNA-mediated inhibition reveals no obvious

cell death-related phenotype.
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Chapter One

Introduction

1.1 The function of apoptosis

Apoptosis is a highly coordinated, morphologically stereotypical process
of cell suicide, first described as a distinct form of cell death on the basis of
EM analysis (Kerr et al., 1972). Necrotic death occurs as a result of a gross
physical or osmotic insult; during necrosis the cell swells and lyses,
releasing its contents to the environment and eliciting a local inflammatory
response. Apoptosis, in contrast, involves a coordinated process of cell
shrinkage, chromatin condensation and DNA fragmentation, membrane
blebbing and packaging of the cell into apoptotic bodies. These are
rapidly phagocytosed by neighbouring cells, during which the contents of
the dying cell remain enclosed by membrane and therefore do not provoke
local inflammation. Apoptosis is the means by which an organism can
dispose of unwanted cells quickly and cleanly: each apoptotic event takes
only 30 to 60 minutes to complete.

1.1.1 Apoptosis in vertebrate development

The observation that large numbers of cells die at predictable times during
the development of the vertebrate nervous system has been made a
number of times over the last 100 years (Glucksman, 1951; Saunders, 1966).
It is now clear that apoptosis acts as a sculptor of numerous tissues during
development (Jacobson et al., 1997): in a crude sense in some cases, such as
the oft-cited example of removing the tissue between digits to create hands
and feet rather than paddles: in a more sophisticated sense in the
generation of such complex organs as the nervous system and the immune
system. In each of these latter cases the ultimately highly specific nature of
neuronal circuitry or antigen specificity is generated by the relatively
indiscriminate production of substrate cells followed by environment- and
experience-dependent removal of inappropriate cells by apoptosis.



The major wave of apoptosis in the vertebrate nervous system takes place
just after synaptic connections have been made between afferents and
targets and seems to arise as a result of competition by neurons for a
limited quantity of synaptic contact sites or some other target-derived
factor, such as NGF, that is required for neuronal survival (Barres et al.,
1992; Raff et al., 1993). Neurons that make insufficient contacts with their
target die by apoptosis. Between 50 and 70% of the neuron population is
thereby discarded at this time. The function usually ascribed to this
process is that of quantitative matching between afferents and targets:
populations of cells that are generated independently of one another but
which must become interconnected in a quantitatively invariant fashion in
order to function optimally.

The cell death that occurs during the development of the immune system
is even more dramatic in its extent: for example, during thymic
development, only 5% of the thymocytes originally generated survive the
multiple rounds of selection imposed upon them. Auto-reactive T-cells
are deleted in the thymus by apoptosis at the double positive CD4+ CD8+
stage, thereby preventing auto-immune disease. T-cells that do not react
appropriately to antigen presentation as a result of failure to rearrange the
TCR correctly die ‘by neglect”: also, as it turns out, by apoptosis (Lerner et
al., 1996; Surh and Sprent, 1994).

That apoptosis should prove to be critically important during
development had seemed likely for many years: less obvious, however,
was the revelation over the last 15 years, of its role in protecting the adult
organism from viral infection and from cancer.

1.1.2 Apoptosis in the adult organism

1.1.2.1 Induction of apoptosis to limit virus infection

The induction of apoptosis in virus-infected cells before a productive
infection has taken place (ie, before lysis of the cell and release of progeny
virions) is an important host defense mechnism against invading
pathogens (reviewed in (Tschopp et al., 1998)). Apoptosis can be a direct
response to virus infection, in the case of adenovirus and insect
baculovirus, for example, or it can be triggered in the host cell by the



action of cytotoxic T lymphocytes (CTLs) activated during the anti-viral
immune response. It transpires that CTLs are not murderers of the
infected cell but enablers of their suicide: CTLs use perforin/Granzyme B
or the CD95 signalling pathway to activate the endogenous apoptotic
programme of the infected cell (Jans et al., 1996; Kagi et al., 1994; Shi et al,,
1997).

As one might expect, viruses have evolved a panoply of anti-apoptotic
mechanisms designed to delay apoptosis long enough for productive
infection to take place. Some of these mechanisms employ structural
and/or functional homologues of cellular inhibitors of apoptosis and, as a
result, viruses have proved a fertile hunting ground for leads into how
cells regulate their own apoptotic pahways. Viral anti-apoptotic proteins
include homologues of Bcl-2 encoded by numerous lymphotrophic
herpesviruses and the African swine fever virus (Tschopp et al., 1998) and
the functional Bcl-2 homologue E1Bp19 encoded by adenovirus (Rao et al.,
1992); pox- and herpesviruses-encoded Death Effector Domain-containing
proteins that inhibit CD95 signalling (Bertin et al., 1997; Hu et al., 1997;
Thome and al., 1997); Inhibitor of Apoptosis Proteins (IAPs) encoded by
insect baculoviruses which have multiple insect and vertebrate cellular
homologues (Birnbaum et al., 1994; Clem and Duckett, 1997; Crook et al.,
1993). Other anti-apoptotic proteins encoded by viruses, for which no
cellular homologue has yet been found, include proteins that function to
inactivate cellular p53 (eg adenovirus E1Bp55 (Debbas and White, 1993),
SV40 large T-antigen (Sarnow et al., 1982) and human papillomavirus E6
(Lechner et al., 1992)) or inhibit apoptotic proteases (eg baculovirus p35
(Clem et al., 1991) and poxvirus CrmA (Ray et al., 1992).)

1.1.2.2 Apoptosis as a strategy to restrain carcinogenesis

Cancer is potentially a problem for any multicellular organism of sufficient
size or lifespan. The maintenance of order and architectural integrity
requires that the behaviour of cells within an organism be restrained and
directed by a multiplicity of signals that indicate appropriate times and
places for proliferation, differentiation, migration and death. Cancers
arise from the expansion of cells that have lost the ability to respond
appropriately to these signals and which proliferate without check,
spreading through both the tissue in which they arose and invading



others, eventually killing their ‘host’. It is now clear that apoptosis acts as
a critical restraint on both tumour initiation and tumour progression

One means by which cancer is restrained by apoptosis involves the
deletion of cells that have sustained DNA damage and which may,
therefore, harbour a potentially oncogenic lesion. The p53 tumour
suppressor is a protein responsible for, amongst a confusion of other
functions, triggering apoptosis in dividing cells that have undergone DNA
damage (Levine, 1997). Mice engineered to be null for p53 are, in the
main, developmentally normal but exhibit a 100% incidence of cancer in
the first year of life (Donehower et al., 1992). Moreover, tumours that are
p53 null carry a particularly poor prognosis as they are resistant to
induction of apoptosis by DNA-damaging chemotherapeutic agents.
However, apoptosis is even more deeply bound into mechanisms of cancer
suppression.

For a malignant carcinoma to arise it must clearly acquire multiple
independent mutations that confer different characteristics upon it, such
as the ability to proliferate in the absence of a mitogenic stimulus, the
ability to produce angiogenic factors that will provide it with a blood
supply, the inability to respond to cell surface signals on other cells that
are responsible for contact inhibition. This requirement for accumulation
of multiple independent mutations might be predicted by the observation
that the incidence of cancer is very low in the first 40 years of life (with the
exception of early childhood) and rises exponentially thereafter. The
gradual progression of a tumour from benign to malignant as it acquires
additional mutations has been confirmed as the most plausible working
model by the analysis of tumours in which multiple histological stages
from hyperplasia to malignant carcinoma can be observed. This approach
was the one taken in the seminal work by Fearon and Vogelstein (Fearon
et al., 1987; Fearon and Vogelstein, 1990): the statistical profile that they
compiled of the types of mutations found during the progression of colon
cancer is compelling evidence for the model of multistage carcinogenesis.
Though the relevance of some of the mutations commonly found in
cancers is self-evident (de-regulation of c-myc, for example, which can
drive fibroblasts through the cell cycle in the absence of any mitogenic
stimulus (Eilers et al., 1991)), the nature of the contribution of any one
specific lesion to carcinogenesis is in many cases unclear.



It may be that the difficulty of ascribing an unamiguously pro-
tumourigenic biological function to many of the well-characterised lesions
found in tumours may in fact reflect the ambiguous nature of their
contributions. An early indication of this came with the observation that
overexpression of c-myc drives fibroblasts not only through the cell cycle
but also into apoptosis (Evan et al., 1992). The proapoptotic activity of c-
myc was found to be inseparable, at the genetic level, from its ability to
promote entry into the cell cycle. This cell death can be suppressed by
survival factors such as IGF-1 which do not act as mitogens in these cells,
but not by mitogens such as EGF, suggesting that the cell death is not the
trivial result of conflicting intra- and extracellular signals (Harrington et
al., 1994). In fact it seems that all genes whose deregulated expression can
drive cells from quiescence through S-phase (E2F and adenovirus E1A, for
example) also promote apoptosis (Qin et al., 1994; Rao et al., 1992; Wu and
Levine, 1994). Mutations that remove restraints on cell cycle progression,
such as loss of Rb activity, have similar effects (Howes et al., 1994;
Morgenbesser et al., 1994; Pan and Griep, 1994; Symonds et al., 1994). This
observation immediately suggests an additional restraint upon tumour
progression, and a further layer of complexity to the Vogelstein model: if
all mutations conferring a growth advantage confer a corresponding
propensity to undergo cell death, a mutation that confers a survival
advantage must also be acquired very early in hyperplasia. A clonal
population expanding due to deregulated c-myc expression would be
deleted by apoptosis as soon as its local supply of survival factors became
limiting. This coupling of proliferation to apoptosis provides a fail-safe
mechanism that prevents a single pro-proliferative lesion from driving
tumourigenesis.

That this model has relevance in vivo has been demonstrated in a
transgenic context. The product of the proto-oncogene bcl-2 has been
demonstrated to suppress c-myc-induced apoptosis in vitro (Bissonnette et
al., 1992; Fanidi et al., 1992; Sentman et al., 1991). In vivo, neither c-myc nor
bcl-2 transgenes alone is sufficient to induce tumour formation (Leder et
al., 1986; McDonnell et al., 1989). In contrast, when c-myc and bcl-2 are
both overexpressed in a tissue, they give rise to a greatly enhanced
incidence of malignancies (Vaux et al., 1988) (though these tumours are
monoclonal, ie other additional lesions have been required in their



generation). This is the first example of oncogene cooperation that is well
understood mechanistically: one lesion clearly compensating for the
negative attributes conferred by another.

In fact, the cooperation works both ways in the case of c-myc and bcl-2.
Overexpression of bcl-2 also has negative repercussions for the cell in
terms of tumourigenic potential. Transgenic overexpression of bcl-2 alone
results in a substantial increase in intermitotic time in murine B-cells
(O’Reilly et al., 1996): that is, this survival lesion carries with it a growth
disadvantage that must be overcome by a concommitant pro-proliferative
lesion in order to drive tumour progression. It seems increasingly likely
that many oncogenic lesions interlock in this way, each carrying both
positive and negative attributes that can overcome or be overcome by
corresponding lesions in other genes. While the complexities of these
oncogenic cooperations are still being unravelled, however, it is now
firmly established that apoptosis represents a critical restraint on
carcinogenesis. From a therapeutic standpoint, interest in apoptosis is
intense, since it is now understood that chemotherapeutic drugs work by
inducing apoptosis in their target tumours, and resistant tumours are in
many cases those which can no longer respond to DNA damage by
undergoing apoptosis. In such cases chemotherapy may even be
enhancing the mutation rate within the tumour, thereby generating
genetic diversity and potentially making the cancer even more intractable.

1.2 Molecular analysis of the apoptotic programme
1.2.1 The genetics of programmed cell death in Caenorhabditis elegans

The field of apoptosis was opened up to molecular analysis by genetic
screens of Horvitz and colleagues that identified genes controlling the
pattern of cell death in the nematode worm Caenorhabditis elegans (Ellis,
1986). C. elegans exhibits an absolutely invariant pattern of somatic cell
division and cell death during development: in the hermaphrodite, 1090
somatic cells are born, of which 131 die by programmed cell death,
morphologically indistinguishable from vertebrate apoptosis. The
reproducible nature of these cell deaths permits extremely sensitive
screens for mutations that perturb them. Three groups of genes were
identified, one involved in the specification of which cells die, one in the



execution of the death, and the other in the engulfment of the cell corpses.
It was the characterisation of the second group of genes, those that encode
the basal effector machinery of cell death, which really initiated the
explosion of research in the field of apoptosis.

The basal machinery of cell death, as revealed by Horvitz and colleagues,
comprises proteins encoded by the genes ced-9, ced-3 and ced-4. ced-9
encodes the master negative regulator of cell death: it was first identified
as a gain-of-function (gof) mutation which resulted in the occurrence of
fewer deaths than in the wild-type worm. ced-9 loss-of-function (lof)
mutations are lethal as a result of widespread additional cell deaths
(Hengartner et al.,, 1992). lof mutations in ced-3 and ced-4 have the
complementary phenotype: a null allele of either gene completely
abolishes all cell deaths in the developing worm, even in a ced-9 lof
background (Yuan and Horvitz, 1990). A simple model suggested itself,
whereby CED-3 and CED-4 constitute a killing machine that is held in
check by CED-9 in those cells that survive.

The molecular nature of these interactions has recently been elucidated, as
described in part in this thesis and in the literature by a large number of
independent groups (Chinnaiyan et al., 1997; Irmler et al., 1997; James et
al., 1997; Seshagiri and Miller, 1997; Spector et al., 1997; Wu et al., 1997),
and it can be summarised as follows. CED-9 physically interacts with
CED-4, tethering it to mitochondrial and ER membranes, which is the
presumptive location of CED-9 in the cell. CED-4 in turn associates with
CED-3, a protease which is the effector of the death programme, thereby
activating it. When CED-9 is complexed with CED-4, CED-4 is prevented
from activating CED-3. A mutant of CED-9 that is unable to suppress
unscheduled deaths during worm development is unable to bind CED-4 in
vitro.

The unprecedented interest that surrounded these findings arose from the
fact that two of the three principal nematode cell death genes have each
proved to be homozygous to a large family of vertebrate homologues, all
of them implicated in cell death. CED-3 is the prototype caspase (Yuan et
al., 1993), proteases that appear to constitute the true effector arm of the
apoptotic process and homologues of which have been found to be
involved not only in vertebrate, but also in Drosophila cell death (Fraser



and Evan, 1997; Nicholson and Thornberry, 1997; Song et al., 1997). CED-9
is a member of an extensive family of homologues, the prototype of which
is the proto-oncogene product and inhibitor of mammalian apoptosis, Bcl-
2 (Hengartner and Horvitz, 1994). Recently a long-sought-after
mammalian homologue of CED-4 (Yuan and Horvitz, 1992), Apaf-1, has
been identified through a biochemical screen for caspase activators (Zou et
al., 1997), and it is presumably the first of many. The simple, but by no
means finally elucidated, interactions between the C. elegans death
proteins therefore have direct relevance for the more baroque complexities
of the vertebrate death programme.

1.3 Caspases: the effectors of apoptosis

CED-3 shares significant sequence homology with mammalian caspase-1
(ICE - Interleukin-18-converting enzyme) and the observaton that both
CED-3 and ICE/caspase-1 induce apoptosis when over-expressed in Rat-1
fibroblasts (Miura et al., 1993; Yuan et al., 1993) suggested that these
proteases might form part of a death programme conserved between
nematodes and vertebrates. ICE/caspase-1 was originally identified as the
enzyme responsible for the proteolytic processing of the pro-inflammatory
cytokine pro-Interleukin-18, and characterised as a cysteine protease with
the unusual preference for an aspartic acid residue at the substrate P1
position (Cerretti et al., 1992; Thornberry et al., 1992). The implication that
CED-3 might also be a cysteine protease was subsequently confirmed in
vitro (Xue et al., 1996).

Caspase-1 is synthesised as a 45 kDa zymogen that is dormant in the
cytoplasm until activated by an unknown proteolytic mechanism in
response to various inflammatory challenges. Activation is the result of
cleavage of the proenzyme at a number of Asp residues to give rise to an
active form composed of two subunits, 20 kDa and 10kDa. Since cleavage
after a P1 Asp is the signature of caspases, it seems likely that caspase-1
auto-activates or is activated by some other family member.

It is now clear that caspase-1 does not have a critical non-redundant
function in apoptosis and that its primary role appears to be in
inflammation, through the proteolytic maturation of IL-18 and interferon-
v-inducing factor (Nicholson and Thornberry, 1997). However, the



discovery of the homology between CED-3 and caspase-1 prompted a
vigorous search for other family members that has so far identified 10
human and 2 Drosophila homologues, subsequently redesignated caspases,
for Cysteine Asp-directed proteases (Alnemri et al., 1996), the majority of
which appear to play a role in apoptosis (Figure 1.1). While all retain a
preference for Asp at P1, caspases differ in their preference for residues
immediately N-terminal to the P1 position.

1.3.1 Evidence for the involvement of caspases in apoptosis

The genetic evidence in the nematode indicates that programmed cell
death absolutely requires the activity of the CED-3 caspase: a number of
the ced-3 point mutations that completely abolish developmental cell death
affect highly conserved catalytic residues (Yuan et al., 1993). The evidence
that implicates mammalian caspases in apoptosis, whilst more
fragmentary and indirect, is nonetheless compelling en masse.

Two classes of caspase inhibitor have been used to demonstrate a
requirement for caspase activity in many apoptotic systems: the viral
proteins crmA (Ray et al., 1992) and p35 (Clem et al., 1991) and synthetic
peptide inhibitors based on the preferred substrate sequences of known
caspases. Both crmA and p35 act as caspase substrates which have a slow
‘off-rate’ following cleavage, i.e. they act essentially as irreversible
inhibitors with a stoichiometry of 1:1 (Bump et al., 1995; Xue and Horvitz,
1995). CrmA is a potent inhibitor of only a subset of caspases, those that
recognise the substrate sequence LVAD, which includes caspase-1 and
caspase-8. p35, in contrast, is an inhibitor of all caspases so far
characterised. Expression of p35 in vivo in the nematode prevents all
programmed cell death (Sugimoto et al., 1994), as might be expected; the
same is true, also, for Drosophila melanogaster (Hay et al., 1994), indicating a
requirement for caspase activity for cell death in this organism.
Expression of p35 is also able to suppress neuronal cell death caused by
NGF withdrawal (Gagliardini et al., 1994; Martinou et al., 1995; Rabizadeh
et al, 1993) and apoptosis induced by CD95 and TNFR ligation in
mammalian cells (Beidler et al., 1995). CrmA expression directed
transgenically to murine T-cells in vivo prevents CD95-induced apoptosis
(Smith et al., 1996), suggesting a role for a crmA-inhibitable caspase or
caspases in this process.



Synthetic inhibitor peptides designed with the substrate specificities of
individual caspases in mind should in principle permit the sensitive
dissection of the contribution of individual caspase activities to the
apoptotic programme. If synthesised as aldehydes (-cho) these peptides
act as reversible inhibitors, as fluoromethylketones (-fmk) they irreversibly
modify the catalytic cysteine. Widely used to date are the peptides YVAD,
derived from the pro-IL-18 cleavage site (Thornberry et al., 1992), and
DEVD from the cleavage site of the caspase-3 substrate poly(ADP-
ribose)polymerase (Nicholson et al., 1995). Addition of YVAD.cho or a
derivative zVAD.fmk (Slee et al., 1996) to mammalian cells in culture
inhibits all detectable chromatin condensation and DNA cleavage when
apoptosis is triggered in a variety of ways, including by DNA damaging
agents, over-expression of dominant oncogenes (eg c-myc) or over-
expression of proapoptotic members of the Bcl-2 family (eg Bak)
(McCarthy et al., 1997; Xiang et al., 1996). Perhaps most convincingly,
synthetic peptide inhibitors are able to eliminate all apoptotic activity from
cytoplasmic lysates. Lysates made from apoptotic cells are assayed for
their ability to induce chromatin condensation, a ubiquitous feature of
mammalian apoptosis, in nuclei purified from non-apoptotic cells. This
chromatin-condensing activity is completely lost following addition of
caspase inhibitors to the lysates (Lazebnik et al., 1995).

Knockout experiments have also indicated that caspases are involved in
apoptosis. The large number of caspases so far identified suggests the
existence of some degree of functional redundancy. As might therefore be
expected, the knockout mice so far generated ( knockouts of caspases -1, -2
and -3) have not supplied evidence for the absolute requirement of any
single caspase for apoptosis, with the possible exception of the caspase-3
knockout mouse (Kuida et al., 1996). Caspase-3 knockout mice do exhibit
a dramatic developmental defect that can be traced back to a deficiency in
apoptosis: failed neuronal apoptosis leads to substantial alterations in
brain structure in these animals, overall brain mass is larger than in wild
type animals and they exhibit a variety of hyperplasias in neural tissue.
However, other organ systems are completely indistinguishable from their
wild type counterparts; for example, ex vivo, caspase-3 null lymphocytes
show wild type responsiveness to diverse apoptotic stimuli. These results
suggest that caspase-3 plays a non-redundant role in neuronal apoptosis

10



but that in other tissue types its activity can be substituted by another
caspase.

Finally, the circumstantial evidence that caspases become activated during
apoptosis and that many proteins that undergo proteolysis during
apoptosis are cleaved at Asp residues by caspases also contributes to the
overall picture that caspases are required for apoptosis.

1.3.2 Caspase structure

All caspases so far identified share a similar domain structure to that
described for ICE/caspase-1. Each is synthesised as an inactive zymogen
that is subsequently activated by proteolysis, releasing a prodomain and
giving rise to a mature enzyme consisting of two subunits. The larger
subunit carries a characteristic QACxG pentapeptide encompassing the
catalytic cysteine residue. While there is evidence that control of caspase-2
activity is regulated to some extent at the level of splicing and cellular
proteins have been found that regulate the activity of the active proteases
(Deveraux and al., 1997; Deveraux et al., 1998), it seems that in the main
caspase activity is regulated at the level of the conversion of inactive
zymogen to active enzyme. The means by which this step is regulated is
therefore a major focus of interest and is far from understood.

All caspases share with ICE/caspase-1 the same unusual requirement for
an Asp residue at the substrate P1 position, with a more variable
requirement for the three residues amino-terminal to the Asp, and no
specificity as to sites carboxyl-terminal to the cleavage site. The sites at
which caspases are cleaved during their maturation conform to caspase
cleavage consensus sites, suggesting both that auto-activation might occur
and that caspases could exist in hierarchies of trans-activation. However,
since pro-caspases exhibit negligible proteolytic activity compared with
the mature enzymes, the means by which auto-processing or a proteolytic
caspase cascade could be initiated must still be explained.

X-ray stuctures have been solved for human caspase-1 (Walker et al., 1994;
Wilson et al., 1994) and human caspase-3 (Rotonda et al., 1996) in complex
with tetrapeptide inhibitors, and reveal very similar overall structures.
Residues in caspase-1 making key contacts with the inhibitor (R179, Q283,
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R341 and 5347 and the catalytic diad C285-H237) are conserved in all
known caspases. Differences exist most importantly in the P4-binding
pocket and explain the specificities of the enzymes for different
tetrapeptide substrates. Caspase-1 has an active site that can accomodate
the large side chain of tyrosine at the P4 position, while caspase-3 has a
much smaller P4-binding pocket that makes multiple contacts with the
Asp residue at the P4 position of its substrate, explaining its preference for
a DxxD substrate sequence. The mature active enzymes consist of a
tetramer of two p20 and two p10 subunits, apparently arising through the
association of two pro-enzyme molecules and their subsequent processing,
so that the large subunit of one molecule associates with the small subunit
of the other and vice versa. This model is favoured because co-expression
in COS cells of two mutant pro-caspase-1 molecules, one with a mutant
p10 and one with a mutant p20, gives rise to caspase-1 activity, where
either expressed alone does not (Gu et al., 1995).

1.3.3 Mechanisms of caspase activation

1.3.3.1 Trans-processing

The observation that sites at which caspases are cleaved during
maturation to their active form conform themselves to caspase substrate
sites suggested the possibility that caspases could exist in hierarchies, in
which a small amount of initiating caspase activity would trigger a
cascade of proteolytic activation of the same or other caspases, resulting in
rapid amplification of the initiating activity. In this model one might
expect that ‘apical’ caspases would be functioning essentially as signalling
molecules, transmitting an apoptotic signal via downstream ‘amplifier’
caspases to ‘effector’ caspases responsible for cleavage of the ultimate
cellular substrates (reviewed in (Fraser and Evan, 1996)). While such roles
probably overlap considerably, such a scheme is borne out by the elegant
experiments of Nagata and colleagues (Enari et al., 1996), indicating that
following CD95 ligation, the first activity detectable in lysates of W4
murine lymphoma cells is a YVAD-cleaving (ie caspase-1-like) activity,
which is required for the generation of the subsequently appearing DEVD-
cleaving (ie caspase-3-like) activity. The DEVD-activity is in turn required
for the ability of those lysates to induce chromatin condensation in
purified nuclei.
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The picture that emerges is that caspases playing the ‘amplifier’ and
‘effector” roles are those with short prodomains, such as caspase-3 and
caspase-6, and are exclusively activated by proteolytic processing carried
out by more upstream, “apical’ caspases. These tend to be caspases with
long prodomains, such as caspases -2, -8 and -9, which are activated by
recruitment, via their prodomains, to a caspase activating complex, thus
giving rise to an initial low level of caspase activity in the cell that serves
to prime the amplification cascade (Boldin et al., 1996; Duan and Dixit,
1997; Faleiro et al., 1997; Hsu et al., 1996; Li et al., 1997; Muzio et al., 1996).

1.3.3.2 Caspase activating complexes

DISCs associated with the TNFR superfamily

The TNF Receptor superfamily are type I membrane receptor proteins
whose activation following ligand binding can promote diverse cell fates,
including proliferation, NF-xB activation and apoptosis (reviewed in
(Baker and Reddy, 1996)). The ligands for these receptors are synthesised
as type II membrane-bound proteins that are cleaved by a membrane-
bound metalloprotease to release the soluble trimeric ligand. Ligation of
the receptor by the ligand induces multimerisation of the receptor, and it
has been demonstrated that activation of the TNFR family member CD95
is dependent on this multimerisation (Takahashi et al., 1996). Homology
between family members is largely restricted to their extracellular
domains, with the exception of a rapidly burgeoning sub-family of the
TNEFR superfamily comprising those that contain a region of homology
within their cytoplasmic domains referred to as the Death Domain (DD).
This subfamily of ‘death receptors’ includes CD95 (Itoh et al., 1991),
TNFR1 (Heller et al., 1990; Loetscher et al., 1990; Schall et al., 1990), Apo-3
(also known as Wsl-1, DR3, TRAMP and LARD (Chinnaiyan et al., 1996;
Marsters et al., 1996)), TrailR1 (a.k.a. DR4 and Apo2 (Pan et al., 1997)),
TrailR2 (DR5 (Pan et al., 1997; Schneider et al., 1997; Screaton et al., 1997;
Sheridan et al., 1997)) and CAR-1 (Brojatsch et al., 1996). Their designation
as ‘death receptors’ is perhaps a misleading specification - for example,
some are also capable of activating NF-kB, which has a number of ill-
defined roles that appears to include inhibition of apoptosis in some
circumstances. However, all are capable of inducing apoptosis upon
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ligand binding, and this activity requires the death domain (Itoh and
Nagata, 1993; Tartaglia et al., 1993).

The path leading from death receptor oligomerisation to induction of
apoptosis has proved to be surprisingly direct. CD95 and TNFR1 are the
best-studied examples: in both cases a combination of yeast two-hybrid
and biochemical analysis has unravelled at least part of the death
signalling pathway. Ligand-binding induces the recruitment, via the DD,
of a complex of adaptor proteins that themselves contain DDs. CD95
recruits the adaptor molecule FADD (Boldin et al., 1995; Chinnaiyan et al.,
1995), while TNFR1 recruits TRADD (Hsu et al., 1995), FADD (Hsu et al.,
1996), RIP (Stanger et al., 1995) and RAIDD (Duan and Dixit, 1997). FADD
and RAIDD contain further motifs designated Death Effector Domains
(DEDs) which in turn recruit certain long prodomain caspases to the death
inducing signalling complex (DISC) (Figure 1.2).

The FADD DED recruits caspase-8 via one of two homologous DEDs
contained within the caspase-8 prodomain (Boldin et al., 1996; Muzio et
al., 1996), either directly to the CD95 DISC, or with TRADD as an
intermediary, to the TNFR1 DISC. RAIDD contains a different class of
DED, which recruits caspase-2 via its homologous prodomain DED to the
TNFR1 complex. In each case there is a direct physical connection
between receptor complex and caspase. It is thought that recruitment
results in the bringing of two or more caspase molecules together in close
proximity and their activation by an intermolecular mechanism, giving
rise to the hypothetical low level of ‘apical’ caspase activity that is
subsequently amplified by cleavage of other pro-caspase molecules. This
supposition is supported by the observations that procaspases
autoactivate when expressed at sufficiently high levels, that the
prodomain of caspase-1 is essential for its dimerisation and activation
(Van Criekinge et al., 1996), and most recently that induction of
oligomerisation of recombinant caspase-8 pro-enzymes carrying
heterologous oligomerisation domains is sufficient to bring about auto-
activation (Martin et al., 1998; Yang et al., 1998).

CED-4/Apaf-1 as caspase activators
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Transgenic experiments in the nematode suggested the possibility that
CED-4 might act upstream of CED-3 in the apoptotic pathway (Shaham
and Horvitz, 1996), and a molecular explanation for this has recently
emerged. CED-4 is unable to induce apoptosis when over-expressed in
insect cells, but the apoptosis induced by CED-3 over-expression is
dramatically accelerated in a CED-4 background, coincident with
accelerated processing of pro-CED-3 to the mature active enzyme
(Seshagiri and Miller, 1997). The suggestion that CED-4 promotes CED-3
auto-activation was confirmed using purified proteins in vitro(Chinnaiyan
et al., 1997), and the process shown to require the CED-3 prodomain, as
truncated CED-3 is not cleaved in the presence of CED-4. It may be that
this process is functionally homologous to the recruitment of caspases to a
complex leading to their auto-activation described above: part of the role
of CED-4 may be to bring pro-CED-3 molecules into sufficiently close
proximity for auto-proteolysis to occur. An analogous system clearly
exists in mammals. Apaf-1 was recently cloned through a biochemical
screen for factors required for the activation of caspase-3 in cell lysates,
and found to be partially homologous to CED-4 (Zou et al., 1997). In the
presence of only dATP, cytochrome c and the factor Apaf-3, Apaf-1 is able
to promote processing of pro-caspase-3. The subsequent identification of
Apaf-3 as the large pro-domain caspase-9 (Li et al., 1997) suggests that in
fact Apaf-1 promotes auto-processing of the apical caspase-9 which, once
active, cleaves the small-prodomain, downstream caspase-3.

1.3.4 Caspase substrates

Clearly caspases cannot bring about the death of a cell only by cleaving
each other: ultimately their effects must be the result of their cleavage of
other cellular substrates. It seems that caspases do not bring about
wholesale destruction of cellular constituents: rather, a discrete and
limited set of proteins act as caspase substrates during apoptosis. The
majority of cleavage events so far identified appear to be negative events,
in the sense that they inactivate proteins involved in homeostatic and
repair mechanisms (for example, poly(ADP-ribose)polymerase (PARP),
the catalytic subunit of DNA-dependent protein kinase, a subunit of DNA
replication complex C, the p53 inhibitor mdm?2) or in cellular architecture
(lamins, actin, non-erythroid spectrin, focal adhesion kinase) (reviewed in
(Nicholson and Thornberry, 1997).) It is unlikely that cleavage of any
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single protein is required for cell death to occur: certainly this is the case
for PARP and lamin A, probably the most extensively studied caspase
substrates to date (Lazebnik et al., 1994; Lazebnik et al., 1995; Lazebnik et
al., 1995). PARP knockout mice exhibit no deficiency in cell death(Wang,
1997), while expression of an uncleavable mutant of lamin A somewhat
delays but does not prevent nuclear or cytoplasmic events of apoptosis
(Rao et al., 1996). Probably more critical for the execution of apoptosis,
however, are the minority of cleavage events so far characterised that
activate substrates which then themselves actively contribute to the
apoptotic phenotype.

Accumulation of sterol at the plasma membrane and redistribution of the
membrane phospholipid phosphatidylserine from the inner to the outer
leaflet of the plasma membrane are markers of dying cells that stimulate
phagocytosis of the corpse by neighbouring cells (Martin et al., 1995).
Sterol regulatory element-binding proteins (SREBP-1 and -2) are activated
by caspase cleavage during apoptosis, and phosphatidylserine
redistribution can be blocked by caspase inhibitors (Wang et al., 1996),
though no specific cleavage event has been shown to induce it.

P21-activated kinase 2 (PAK2) becomes activated during apoptosis as a
result of caspase-mediated cleavage between the amino-terminal
regulatory domain and the carboxyl-terminal catalytic domain, releasing a
constitutively active PAK2 fragment (Rudel and Bokoch, 1997). Jurkat
cells expressing dominant negative PAK2 undergo the nuclear changes of
apoptosis in response to CD95 ligation with normal kinetics, and with
accelerated exposure of phosphatidylserine in the outer leaflet of the
plasma membrane, but do not exhibit the morphological changes
characteristic of apoptotic cells. They do not undergo membrane blebbing
or form apoptotic bodies, but remain as intact rounded cells, suggesting
that active PAK2 may play a role in cytoskeletal changes that occur during
apoptosis.

The most unambiguous contribution of a single caspase substrate to the
apoptotic process is that of mouse ICAD (human DFF (Liu et al., 1997))
which is an inhibitor of and usually exists in a complex with the caspase-
activated deoxyribonuclease (CAD). The biochemical signature of
apoptosis is the cleavage of chromosomal DNA into oligonucleosomal
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fragments, unequivocally resulting in the genetic death of the cell. The
identity of the nuclease that is responsible has only recently been
discovered, by means of biochemical fractionation of live cell lysates for
factors that could cause DNA fragmentation after treatment with caspase-
3 (Enari et al., 1998; Sakahira et al., 1998). The DNA degradation activity
(CAD) was found to elute as a single peak. When purified from cells
activated by CD95 ligation, this activity could be inhibited by a fraction
from normally growing cells (ICAD). CAD was shown to be a 343 amino
acid protein with DNase activity and carrying a nuclear localisation signal.
In healthy cells CAD is restrained in the cytoplasm and its activity
inhibited by its chaperone ICAD. The human homologue of ICAD, DFF,
has been shown to be cleaved by caspase-3 and treatment of the CAD-
ICAD complex with caspase-3 in vitro results in the release of the DNase
activity , suggesting that in vivo caspases activated by apopotic stimuli
cleave ICAD, allowing CAD to enter the nucleus and degrade
chromosomal DNA.

The overwhelming weight of evidence is, therefore, that caspases
represent the effector arm of the apoptotic machinery and that their
coordinate activation leads in turn to the coordinate dismantling of the
dying cell. While the specificities of individual caspases for cleavage of
one another and of other cellular substrates, known and unknown, remain
to be elucidated, the broad outline of their collective contribution is clear.
Once sufficient caspase activity is present in a cell, it seems likely that
there is no going back. The focus on how apoptosis is regulated therefore
moves to upstream events; those mechanisms by which extracellular
signals and the internal environment of the cell are collated and result in
initiating or failing to initiate caspase activation.

1.4 The CED-9/Bcl-2 family of apoptotic regulators

bcl-2 was first cloned as an oncogene over-expressed in follicular
lymphoma as a result of a #(14:18) translocation that places it under the
control of the immunoglobulin heavy chain promoter (Tsujimoto et al.,
1984). Ectopic expression of Bcl-2 protein inhibits apoptosis induced by a
wide variety of stimuli, including withdrawal of trophic factors,
overexpression of dominant oncogenes and DNA damage (Bissonnette et
al., 1992; Fanidi et al., 1992; McDonnell et al., 1989; Sentman et al., 1991;
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Strasser et al., 1991; Wagner et al., 1993). Its oncogenic activity has been
linked to its ability to inhibit apoptosis and hence cooperate with
oncogenes that promote proliferation and concommitantly promote cell
death. The observation that the nematode inhibitor of cell death CED-9
shares sequence homology as well as functional homology with Bcl-2
(Hengartner and Horvitz, 1994; Vaux et al., 1992) was the first indication
that the apoptotic machinery was conserved throughout the metazoa. Bcl-
2 proved to be the founder member of an extensive family of loosely
homologous mammalian proteins, all involved in regulating cell death in
either a positive or negative way.The large number of proteins belonging
to the Bcl-2 family are characterised by their possession of one or more of
the four BH (for Bcl-2 Homology) domains. Most also carry a carboxyl-
terminal transmembrane anchor. Bcl-2 family proteins can be split
broadly into two groups on the basis of function: some suppress apoptosis
(Bcl-2, Bcl-Xr, Bel-W, Mcl-1 and A1) while others promote it (Bax, Bak,
Bad, Bik, Bid and Hrk) (reviewed in (Kroemer, 1997; Reed, 1997).)

The molecular functions of Bcl-2 family members defied analysis for
nearly 10 years and even now are far from understood. An early
observation was that the proteins can homo- and heterodimerise with one
another (Oltvai et al., 1993; Yin et al., 1994), prompting the question of
which activity - pro- or anti-apoptotic - was the primary function of these
proteins. That is, did the pro-apoptotic members have a killing function
that was neutralised by the binding of their anti-apoptotic homologues, or
was suppression of apoptosis the primary function that was titrated out by
binding to the pro-apoptotic members? It seems increasingly clear, in fact,
that while susceptibility to apoptosis is indeed regulated by the
dimerisation and hence titration of anti-apoptotic Bcl-2 family proteins
against pro-apoptotic ones, the two classes actually have independent,
mutually antagonistic functions.

1.4.1 The structure of Bcl-2 family proteins
The three-dimensional structure of Bcl-X[, an anti-apoptotic protein
homologous to Bcl-2, has been solved by crystallographic and NMR

methods (Muchmore et al., 1996). It consists of seven alpha helices, two
predominantly hydrophobic helices surrounded by 5 amphipathic helices.
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The BHI1, -2 and -3 domains are clustered on one side of the molecule
creating a hydrophobic cleft which is the binding site for other Bcl-2 family
members. Between the first two helices there is a very substantial
unstructured loop that apparently constitutes a regulatory domain -
phosphorylation of the equivalent region of Bcl-2 reduces its activity
(Haldar et al., 1995). Deletions of the loop in both Bcl-X1, and Bcl-2
increase their anti-apoptotic activity (Chang et al., 1997).

Unexpectedly, the Bel-X[, structure resembles that of bacterial toxins such
as the membrane insertion domains of diptheria toxin and the pore
forming colicins A and E1. These proteins also contain hydrophobic
helices of about 30 A (the length required to span a membrane)
surrounded by amphipathic helices: it is thought that at acidic pH the
helix bundle opens up, facilitating the insertion of the central helix pair
into the membrane, and that oligomerisation of two or more helix pairs
results in the formation of a transmembrane channel. Solution of the
structure of Bcl-X[, therefore prompted investigation of whether Bcl-2
family members are able to form pores in membranes.

Observations of dye and ion efflux from synthetic liposomes and
conductance across planar bilayers have demonstrated that Bcl-Xr,, Bcl-2
and Bax can form channels in a pH sensitive manner (Antonsson and al.,
1997; Minn et al., 1997; Schendel et al., 1997). The central hydrophobic
helices of Bcl-2 are required for its channel-forming ability and the most
consistent conductance state observed would be explained by a pore
formed by a four helix bundle, ie a Bcl-2 dimer. While the central a5 and
06 helices are largely hydrophobic, one face of the helices has hydrophilic
residues that presumably line the aqueous lumen of the channel.
However, the pH at which Bcl-X1, and Bcl-2 are able to form pores is rather
low (pH 4), and it is difficult to envisage a model that would explain the
opposing effects of the two classes of Bcl-2 homologues if both exert their
action by forming transmembrane pores. One possibility is that Bcl-2/Bcl-
XL and Bax might have different specificities, conducting ions or proteins
that have opposing effects on apoptosis. Alternatively, the observation
that Bax forms pores much more readily than Bcl-2 or Bcl-XL at
physiological pH, and that in these circumstances channel formation is
inhibited by Bcl-2 (Antonsson and al., 1997), might reflect more accurately
the functions of the proteins in vivo.
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1.4.2 Bcl-2 family proteins and the role of mitochondria during
apoptosis

Immunogold labelling of EM sections and biochemical fractionation have
indicated that Bcl-2 is found on the ER and outer mitochondrial
membranes, and is enriched at sites where the inner and outer
mitochondrial membranes abut (Chen-Levy et al., 1989; Krajewski et al.,
1993; Monaghan et al., 1992). This observation has always been assumed
to have some significance and the mitochondrial permeability transition
that is almost invariably an early event in apoptosis (Kroemer et al., 1998)
has been thought to be a possible target for Bcl-2 family function. More
recently it has been demonstrated that cytochrome ¢, a protein usually
located on the outer surface of the inner mitochondrial membrane doing
the important but fairly mundane task of shuttling electrons between
systems III and IV of the electron transport chain, is released from
mitochondria into the cytosol upon the induction of apoptosis, where it
participates in the activation of caspases (Kluck et al., 1997; Kluck et al.,
1997; Liu et al., 1996).

Mitochondrial permeability transition (PT) results from the opening of the
megapore, a large (2.9nm) channel in the inner mitochondrial membrane
(Marchetti et al., 1996; Zamzami et al., 1995). It is conceivable that Bcl-2
family members could participate in or regulate megapore opening,
perhaps by conducting ion fluxes that influence megapore formation.
However the significance of PT is unclear: specifically, whether it is a
result or a cause of the apoptotic process. Certainly it has been reported
that cytochrome c release can occur in the absence of PT (Bossy-Wetzel et
al., 1998), and it is this step - the release of cytochrome c into the cytosol -
that seems to be a critical step down the apoptotic pathway. Addition of
cytochrome ¢ to non-apoptotic lysates induces activation of caspases and
chromatin condensation; microinjection of cytochrome c into healthy cells
likewise induces apoptosis (Kluck et al., 1997; Li et al., 1997; Yang et al.,
1997). It seems that Bcl-2 family members are able to regulate this step.
When mitochondria from healthy cells are added to cytoplasmic extracts
from apoptotic cells, their cytochrome c is released (Kluck et al., 1997).
Pre-incubation of the mitochondria with recombinant Bcl-2 prevents this
release, while simultaneous addition of Bcl-2 and mitochondria to the
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lysates does not, indicating that Bcl-2 must be physically associated with
mitochondria to inhibit the release of cytochrome c.

Persuasive evidence that pro-apoptotic members of the Bcl-2 family also
act on mitochondria is derived from several studies in the unicellular
eukaryotes Saccharomyces cerevisiae and Schizosaccharomyces pombe. In both
yeasts, ectopic expression of Bax or Bak is toxic, while expression of Bcl-2
or Bcl-X[, is not (Greenhalf et al., 1996; Ink et al., 1997; Jurgensmeier et al.,
1997; Tao et al., 1997; Zha and al., 1996). The genome of S. cerevisiae has
been completely sequenced (Nature, 1997) and appears not to contain Bcl-
2 homologues, suggesting that the pro-apoptotic moleules have an
intrinsic activity and are not exerting their effect through neutralisation of
an anti-apoptotic homologue. The toxicity induced by Bax in S. cerevisiae
is accompanied by release of cytochrome c into the cytosol (Manon et al.,
1997), suggesting that Bax is able actively to promote this process. Most
intriguingly, Bax is not toxic to S. cerevisiae that do not have a functional
mitochondrial respiratory chain (Manon et al., 1997) and it has recently
been demonstrated that Bax requires a functional F1Fg ATP-ase to exert its
toxic effects (Matsuyama et al., 1998).

It now seems likely that a primary role for Bcl-2 family proteins is in the
regulation of cytochrome c release from mitochondria, so allowing
cytochrome ¢ to act as a co-factor in a caspase-activating complex.
However, the consequent dogma that Bcl-2 proteins act upstream of
cytochrome c release has already been challenged. Two groups have
reported that Bcl-2 can block apoptosis downstream of cytochrome ¢
release. One study employed transiently transected Bax to bring about
cytochrome c release and apoptosis: co-transfection of Bcl-2 inhibited the
apoptosis, but cytochrome c translocation to the cytosol was unaffected
(Rosse et al., 1998). The other approach involved microinjecting
cytochrome ¢ into the cytosol: high levels of Bcl-2 blocked most of the
resulting deaths (Zhivotovsky et al., 1998). Clearly, therefore, Bcl-2 is
capable of suppressing cell death in other ways as well as at the level of
cytochrome c release. The most important of these is presumed to be via
its interaction with a homologue or homologues of the proapoptotic
nematode protein CED-4.

1.4.3 Bcl-X[, forms a ternary complex with Apaf-1 and caspase-9
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The C. elegans caspase CED-3 is activated through physical interaction
between the pro-CED-3 zymogen and CED-4. There seems to be no other
route by which CED-3 can become active: ced-4 null and ced-3 null
phenotypes are the same, i.e. no programmed cell deaths occur in these
animals (Yuan and Horvitz, 1990). As described in this thesis, and
independently elsewhere (Chinnaiyan et al., 1997; James et al., 1997;
Spector et al., 1997; Wu et al., 1997), the Bcl-2 homologue CED-9 is able to
physically interact with and restrain the activity of CED-4, presumably
rendering it unable to promote CED-3 activation. An elegant biochemical
study by Wang and colleagues has indicated that some caspases are
activated by a similar mechanism in mammals (Zou et al., 1997), and it has
subsequently been shown that such activation can similarly be restrained
by Bcl-2 family members.

As previously described , dATP and cytochrome c act as cofactors in the
activation of caspase 9 by Apaf-1 (Li et al., 1997). Apaf-1 is homologous at
its amino-terminus to CED-4 but, unlike CED-4, carries at its carboxyl
terminus extensive WD repeats that are thought to be an additional
regulatory element, possibly an inhibitory domain whose influence is
mitigated by interaction with cytochrome c. By analogy with the
nematode ‘apoptosome’ complex of CED-3, CED-4 and CED-9, it was
assumed that a Bcl-2 family member would be found that interacted with
and inhibited the activity of the Apaf-1/caspase-9 complex. Bcl-X[, has
now been shown to form a ternary complex with Apaf-1 and caspase-9
(Pan et al., 1998), suggesting that one method by which it inhibits
apoptosis is at this level of directly inhibiting caspase-9 activation. Bcl-2
family members would therefore be regulating the activity of this complex
at two levels: controlling release of the co-factor cytochrome c that
contributes to the caspase-activating complex, and directly inhibiting
activity of the complex via a physical association with it.

1.4.4 Induction of apoptosis by BH3 domains
A profusion of evidence indicates that ‘full length” pro- and anti-apoptotic
members of the Bcl-2 family, such as Bax and Bak, and Bcl-2 and Bcl-XL,

respectively, have independent functions that influence the likelihood of
any cell to undergo apoptosis. It is clear also that, as originally thought,
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Bcl-2 proteins are able to influence one another’s activity by means of
heterodimerisation. Mutational analyses indicate that a 50-residue peptide
of Bak, encompassing only its BH3 region, is necessary and sufficient for
its ability to kill cells and to bind to Bcl-X[, (Chittenden et al., 1995), and
that Bax similarly requires only its BH3 domain for heterodimerisation
(Zha et al., 1996). The minimal Bak BH3 domain has been further tracked
down to a 16-residue peptide which binds tightly to Bcl-XL, (Sattler et al.,
1997).

The structure of Bcl-X1, complexed with the minimal Bak BH3 peptide has
been solved (Sattler et al., 1997) and indicates that the Bak peptide adopts
an o-helical conformation and fits into a hydrophobic cleft formed by
residues in the BH1, BH2 and BH3 domains of Bcl-X1,. It has been shown
that this minimal peptide is capable of inducing apoptosis in Xenopus
lysates (Cosulich et al., 1997), a phenomenon which requires both the
cytosolic fraction and the heavy membrane, mitochondria-containing
fraction of the lysates. Addition of the BH3 peptide accelerated
cytochrome c release from mitochondria, suggesting that the BH3 domain
might be complexing with, and removing from circulation, anti-apoptotic
Bcl-2 family members, so liberating active Bax- or Bak-like proteins. A
single amino acid change that abolishes the binding of the peptide to Bcl-
XL also eliminates its ability to induce apoptosis. Complex formation does
not transform Bcl-2 into a pro-apoptotic molecule: addition of recombinant
Bcl-2 and the peptide at a stoichiometry of 1:1 had no effect on the lysates.
While acceleration of cytochrome c release appears to be the crucial factor
determining apoptotic activity of these lysates, BH3 domains may also
work at the level of disrupting the inhibitory association of Bcl-2 and Bcl-
X1, with Apaf-1. It has been demonstrated that Bax and Bak, as well as the
BH3-containing molecule Bik, are able to prevent Bcl-Xt, binding to CED-
4.

In conclusion, a number of activities have been ascribed to Bcl-2 family
proteins. The relevance of many of these to the ability of Bcl-2 proteins to
regulate apoptosis remains unclear. In contrast, the relevance of the
interaction between anti-apoptotic Bcl-2 family members and CED-4,
resulting in suppression of CED-4-mediated caspase activation, is
unambiguous. Further research is required to understand how this
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activity can be reconciled with other functions of the Bcl-2 family to
provide a coherent picture of how these proteins regulate apoptosis.

1.5 How does signalling impinge on the ‘apoptosome’ to
bring about or inhibit apoptosis?

It is not clear how pro-apoptotic stimuli, such as DNA damage or
dominant oncogene expression, impinge on the basal apoptotic machinery
of Bcl-2 family proteins, Apaf-1 and caspases and thereby initiate
apoptosis. Only in the case of CD95 and TNFR1 signalling has a path from
extracellular signal to caspase activation been clearly elucidated and it
seems likely that even this paradigm will ultimately prove not to be so
simple. It has been demonstrated already that Bcl-XL can inhibit CD95-
induced apoptosis downstream of caspase-8 activation (Srinivasan et al.,
1998), suggesting that caspase-8 may not directly cleave other caspases but
may instead feed into caspase activation via promotion of cytochrome c
release or activation of the Apaf-1/caspase-9 complex. As in the case of
pro-apoptotic stimuli, the mechanisms of action of survival signals are also
far from understood. Apoptosis, including that induced ‘directly’ by
CD95 ligation, can be inhibited as a result of signalling through receptors
such the IGF-1, TRK and IL-3 receptors. There are rare examples where a
signalling event results in a change in expression levels of a key apoptotic
player: GM-CSF promotes survival by inducing expression of the anti-
apoptotic Bcl-2 homologue Al, for example (Lin et al., 1993). IGF-1,
however, like most survival factors, inhibits apoptosis in the absence of
protein synthesis (Harrington et al., 1994), and it seems that most of the
effect of survival factors is mediated by post-translational mechanisms.
Some cellular factors have been isolated that seem to play a role in the
suppression of apoptosis. In the following section, I will review signalling
elements so far identified that are thought to impinge, either positively or
negatively, upon the basal apoptotic machinery.

1.5.1 Promotion of apoptosis by DNA damage and expression of c-myc
may proceed via the cell surface

The means by which intracellular events result in the induction of

apoptosis is a curiously ill-understood area of the cell death field. A
number of recent studies have suggested the counter-intuitive mechanism
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whereby internally generated signals act via the cell surface to elicit an
apoptotic response. Apoptosis induced in fibroblasts by overexpression of
c-myc in the absence of survival factors can be inhibited by a dominant
negative FADD molecule or by an antibody that neutralises CD95 ligand
(Hueber et al., 1997), suggesting that c-myc induced death requires the
interaction of CD95 and its ligand at the cell surface. No alteration in
expression levels of ligand or receptor are seen in response to c-myc
activation, however, suggesting that c-myc expression may act to modulate
the response to a continuous low level of autocrine CD95 signalling.

DNAdamaging agents have also recently been shown to induce apoptosis
in a manner that is dependent upon death receptor signalling. Prevention
of CD95-CD95 ligand interactions by a chimaeric CD95-Fc protein
effectively blocks apoptosis induced by etoposide, tenoposide and
ultraviolet B radiation in Jurkat T leukaemia cells (Faris et al., 1998;
Kasibhatla et al., 1998). In this case, induction of apoptosis proceeds via
the up-regulation of CD95 ligand expression induced by activation of the
transcription factors NF-kB and AP-1 (the cFos/cJun heterodimer).
Expression of a non-degradable IxB mutant or a dominant negative
MEKK]1, which inhibit activation of the NF-kB and JNK pathways
respectively, both significantly inhibited stress-induced CD95 ligand
promoter activity and apoptosis. The CD95 ligand promoter contains NF-
kB and AP-1 consensus binding sites and mutation of either site was
sufficient to abolish tenoposide-induced activation of the the promoter.

Such observations have promoted the idea that the death receptors may
represent a more ancient and conserved part of the cell death programme
than previously thought, and that more complex multicellular organisms
may have recruited this pathway for use in the response to intracellular
stresses. Additionally, since growth-factor signalling is able to inhibit
apoptosis induced by c-myc, this hypothesis further suggests that
antiapoptotic signals may be integrated at or immediately downstream of
the death receptors.

1.5.2 Suppression of apoptosis by growth factor signalling
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1.5.2.1 Modulation of apoptosis by proteins that interact with members of
the Bcl-2 family

Bad, a pro-apoptotic member of the Bcl-2 family that has no BH4 or
transmembrane domain, heterodimerises with Bcl-2 and Bcl-X,
presumably through its BH3 domain, inhibiting their protective function
and promoting cell death (Ottilie et al., 1997; Yang et al., 1995). In the
presence of the survival factor IL-3, Bad becomes phosphorylated on two
serine residues embedded within 14-3-3 consensus binding sites,
promoting its interaction with and sequestration by cytosolic 14-3-3
protein (Zha et al., 1996). As a result, Bad is unable to heterodimerise with
Bcl-X1, at the mitochondrial membrane, where it inhibits Bcl-X1, function
and promotes cell death. Further complexity is added by the fact that Bcl-
2 is able to regulate the phosphorylation state of Bad, via its ability to
target Raf-1 kinase to the mitochondrial membrane (Wang et al., 1996),
thus altering the set of cellular substrates that Raf-1 kinase is able to
phosphorylate.

Bag-1 (despite its confusing name, not a Bcl-2 homologue) is another Bcl-2
binding protein that promotes or is the effector of some the anti-apoptotic
activity of Bcl-2. Bag-1 is thought to collaborate with Bcl-2 to promote the
local activation of Raf-1 in a Ras-independent manner (Wang et al., 1996).
Bag-1 can also interact with the cytoplasmic domains of the receptors for
hepatocyte growth factor (HGF) and platelet-derived growth factor
(PDGF), when they are not bound by their ligands: ie, upon withdrawal of
these factors, Bag-1 is sequestered by their receptors and is no longer
available for binding to Bcl-2 (Bardelli et al., 1996).

1.5.2.2 Inhibition of apoptosis by protein kinase B/ Akt

Multiple studies have implicated protein kinase B (PKB)/Akt in the
regulation of cell survival. Expression of activated forms of PKB/Akt or
its activator phosphoinositide 3-OH kinase (PI 3-kinase) protects Cos cells
from DNA damage-induced death (Kulik et al., 1997), neurons from death
induced by withdrawal of IGF-1 (Dudek et al., 1997) or NGF (Philpott et
al., 1997), haematopoietic cells from IL-3 withdrawal (Songyang et al.,
1997) and fibroblasts from apoptosis induced by expression of c-myc in the
absence of survival factors (Kauffmann-Zeh et al., 1997; Kennedy et al.,
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1997). Dominant-negative forms of PKB/Akt are able to induce apoptosis
in some of these systems.

PKB/ Akt is activated in response to treatment of cells with a wide variety
of trophic factors, including PDGF, IGF-1, insulin and NGF, as a result of
the activity of the growth factor-activated lipid kinase phosphoinositide 3-
OH kinase (PI 3-kinase) (reviewed in (Downward, 1998)). The lipid
products of PI 3-kinase bind to PKB/Akt, mediating its translocation to the
plasma membrane and hence its activation by membrane-localised
activating kinases. Once activated, PKB/Akt can phosphorylate multiple
substrates: substrates responsible for the ability of PKB/Akt to inhibit
apoptosis have been much sought after recently. One candidate is Bad, the
pro-apoptotic Bcl-2 family member discussed above. PKB/Akt can
phosphorylate Bad (Datta et al., 1997; del Peso et al., 1997), both in vitro
and in intact cells, creating a 14-3-3 binding site and so inhibiting it from
neutralising the survival-promoting activity of Bcl-2. PKB/Akt suppresses
the induction of apoptosis by overexpressed wild-type Bad, but not a non-
phosphorylatable Bad mutant. It is far from clear, however, that Bad
phosphorylation is the primary way in which PKB/Akt promotes cell
survival. Bad is expressed in a very limited range of tissues and cell lines,
and PKB/ Akt can protect from apoptosis cells that do not express Bad.

1.5.2.3 Inhibition of apoptosis by members of the conserved IAP family

Signalling through TNFR-2 is able to inhibit the apoptotic response that
might otherwise result from subsequent binding of TNF to TNFR-1, a
phenomenon thought to result in part from TNFR-2-mediated activation
of NF-kB and JNK and thence upregulation of unknown survival-
promoting factors. The intriguing discovery of mammalian IAP
homologues in the TNFR-2 signalling complex suggested both that such
mechanisms might be conserved between species as diverse as humans
and Drosophila and also that TNFR-2 may ,in addition, act more acutely to
suppress apoptosis.

The IAPs (Inhibitors of Apoptosis) were first identified in baculoviruses
through a screen to identify genes capable of rescuing the p35 mutant
phenotype of Autographa californica multicapsid nuclear polyhedrosis virus
(AcMNPYV) (Birnbaum et al., 1994; Crook et al., 1993). AcMNPV mutants
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that lack p35 are unable to attenuate the apoptotic response of the cell that
they are infecting. The result is rapid and massive induction of apoptosis
in host cells following infection; the ability of the virus to replicate is
therefore severely compromised (Clem et al.,, 1991). Two genes related to
each other, but not to p35, from Orgyia pseudotsugata MNPV and Cydia
pomonella granulosis virus (CpGV), were found to rescue the mutant
phenotype. Their products, Op-IAP and Cp-IAP, block apoptosis induced
either by AcMNPYV infection or actinomycin D in insect SF-21 cells, and
Op-IAP blocks apotosis induced in mammalian cells by Sindbis virus
infection (Duckett et al., 1996) or caspase overexpression (Hawkins et al.,
1996). This indication that their function might be conserved between
insects and mammals has been further confirmed by the subsequent
discovery of several insect and mammalian cellular homologues, all
capable of influencing apoptosis.

Structure of IAP proteins

IAP proteins are so designated on the basis of their possessing at their
amino-terminus one or more domains approximately 65 residues in
length, termed BIRs (baculovirus IAP repeats). These contain several
absolutely conserved residues including a Cx2Cx15-16Hx¢C motif
suggestive of zinc-binding. In addition, viral IAPs and the majority of the
cellular homologues carry at their carboxyl-terminus a RING finger which
is a type of zinc finger found in a number of other proteins and thought to
mediate principally protein-protein interactions.

Human cellular IAPs include c-IAP1 (also known as hIAP-2/MIHB), c-
IAP2 (hIAP-1/MIHC), X-IAP (hILP/MIHA) (Liston et al., 1996; Rothe et
al., 1995; Uren et al., 1996), and the atypical NAIP (Roy et al., 1995) and
Survivin (Ambrosini et al., 1997). X-IAP and c-IAP-1 and -2 each possesses
three BIRs and a RING finger. Neither NAIP nor Survivin has a RING
finger: NAIP is a very large (>1200 residues) protein with three BIRs:
Survivin is much smaller (142 amino acids) and has only one. All the
human IAPs have been shown to protect cells against apoptosis in some
context. Most interestingly, mutations at the NAIP locus are associated
with spinal muscular atrophy, a disease resulting from inappropriate
apoptosis of neurons in the central nervous system, and survivin
expression has been found to be up-regulated in advanced tumours,
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suggesting that the regulation of cell death by mammalian IAPs can be
critical in some contexts. The two Drosophila IAPs, DIAP1/dILP and
DIAP2 both have RING fingers and contain two and three BIRs
respectively (Duckett et al., 1996; Hay et al., 1995). Overexpression of
either protects cells in the fly retina from naturally occuring
developmental programmed cell death.

Molecular mechanisms of IAP function

Although IAPs, viral and cellular, are all able to inhibit apoptosis,
available evidence suggests that they may not all do so by the same
mechanism. For example, the requirement of the RING finger for the
inhibition varies: the viral IAPs absolutely require both the BIRs and their
RING fingers for their anti-apoptotic function (Clem and Miller, 1994;
Harvey et al., 1997, Hawkins et al., 1996), whereas, in the case of the
cellular Drosophila homologue DIAP1, removal of the RING finger
enhances anti-death activity (Hay et al., 1995), suggesting that in this
molecule the RING finger acts as a negative regulatory domain.

A number of IAP-binding proteins have been identified. Op-IAP has been
shown to interact with the pro-apoptotic Drosophila protein DOOM in a
yeast two-hybrid assay (Harvey et al., 1997). In insect cells, Op-IAP
changes the localisation of DOOM from nucleus to cytoplasm, preventing
apoptosis induced by DOOM overexpression. Both viral and Drosophila
IAPs have been shown to interact with Reaper (Vucic et al., 1997), a 65
amino acid protein with homology to the death domains of mammalian
death receptors which is upregulated in response to DNA damage in the
fly and is a potent inducer of apoptosis when over-expressed in insect cells
in culture or in vivo (White et al., 1996). Co-expression of IAPs inhibits this
apoptosis and, in this case also, Reaper localisation is altered from diffuse
cytoplasmic to punctate and perinuclear. Reaper protein is also stabilised
by this association. However, the roles that DOOM and Reaper play in
induction of apoptosis are not understood, so the exact significance of
these interactions is unclear.

X-IAP can inhibit active caspases
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One IAP interaction that is unambiguous in its significance is the recently
demonstrated inhibition of active caspases-3 and -7 by the mammalian
cellular IAP, X-IAP (Deveraux and al., 1997). X-IAP binds tightly to
recombinant active caspase-3 and caspase-7 but not to the unprocessed
pro-enzymes nor to active caspases 1, 6 or 8. A two-fold molar excess of X-
IAP inhibits 70% of the DEVD-cleaving activity of caspase-3 in vitro, 100%
of caspase-7 activity, and inhibition is dependent upon the BIR domains of
X-IAP. A protein containing the BIRs alone inhibits the active caspases
with a similar potency to the wild-type protein, whereas the RING domain
alone has no effect. In contrast, baculovirus IAPs seem to inhibit apoptosis
induced in 5f-21 cells by over-expression of Sf-caspase-1 by a mechanism
that works upstream of Sf-caspase-1 activation, and are unable to inhibit
the activity of the active enzyme (Seshagiri and Miller, 1997). It is possible,
however, that they are inhibiting the activity of an upstream caspase that
cleaves and activates Sf-caspase-1.

The ability of the mammalian c-IAP1 and c-IAP2 proteins to inhibit active
caspases-3 and -7 has been demonstrated (Deveraux et al., 1998; Roy et al.,
1997) However the inhibition constants (~0.1 pM) compare unfavourably
with those of X-IAP (~0.2 nM for caspase-7) or p35 (1.0 nM). Unlike X-
IAP, the c-IAPs are more efficient caspase inhibitors when their RING
fingers are intact. However, their relative inefficiency at inhibiting
caspases suggests that they may play some other role in suppressing
apoptosis.

IAPs form part of the TNFR-2 signalling complex

Several groups identified c-IAPs 1 and 2 on the basis of sequence
similarity of ESTs to baculovirus IAPs. However, they were in addition
cloned via a biochemical screen for components of the TNFR2 intracellular
signalling complex (Rothe et al., 1995). They bind to TRAF-2 (TNF
Receptor associated factor-2), in an interaction between the BIRs of the
IAPs and the TRAF-N domain of TRAF-2. TRAF-2 is in turn recruited to
the TNFR1 signalling complex via its association with TRADD (Hsu et al.,
1996; Hsu et al., 1995), and to the TNFR2, CD30 and CD40 complexes in
association with its homologues TRAF-1 or TRAF-3 (Hu et al., 1994; Rothe
et al., 1994). Since TNFR1 ligation is capable of inducing apoptosis, and
signalling through TNFR2 and CD30 is able to modulate this response, the

33



association of c-IAPs with these complexes suggests that they may exert
part of their anti-apoptotic effect through these interactions. TRAF-2 is
required for activation of the c-Jun N-terminal protein kinase (JNK) by
these receptors and it also contributes to the activation of NF-kB (Lee et al.,
1997; Rothe et al., 1995). One possibility is that the IAPs promote TRAF-2's
ability to activate NF-xB and that NF-xB, in turn, promotes the expression
of genes that inhibit the ability of TNFR1 to induce apoptosis (Chu et al.,
1997; Opipari et al., 1992). This would tie in with the observation that
exposure to a low level of TNF-o results in reduced sensitivity of that cell
to a subsequent higher dose that would usually induce apoptosis. The
exceedingly complex nature of the signalling pathways both up- and
downstream of JNK and NF-«B, factors that are themselves pleiotropic in
their effects, makes the role of the IAPs in this context difficult to untangle.
Clearly the effects of JNK and NF-xB activation are highly cell type- and
context-dependent: each has been reported independently as having pro-
apoptotic and anti-apoptotic effects (Beg and Baltimore, 1996; Guo et al.,
1998; Kasibhatla et al., 1998; Lee et al., 1997; Liu et al., 1996; Van Antwerp
et al., 1996; Wang et al., 1996). Nonetheless, the existence of the IAPs in
these signalling complexes is suggestive of their ability to modulate
apoptosis via these routes.

In summary, the means by which apoptosis is induced by intracellular
signals or inhibited as a result of intracellular or intercellular signalling
remains largely unclear. With the exception of the PKB/Akt-Bad link, no
continuous molecular pathway can be traced from survival factor to basal
apoptotic machinery, for example. It seems clear that the IAPs are key
apoptotic regulators in diverse organisms, yet their functions and the
means by which they themselves are regulated remain largely unknown.
The multiplicity of IAP homologues and homologues of other elements of
the apoptotic machinery that are present in mammalian cells render
analysis of their functions and interrelationships extremely dificult to
interpret. An alternative approach that may prove fruitful is to look at the
functions of elements of the apoptotic machinery in simpler organisms
such as C. elegans.

1.6 The evolution of apoptosis: can yeasts be useful in the
dissection of the metazoan apoptotic process?
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Dissection of the apoptotic phenotype in mammalian or insect cells is
problematic due to two factors. First, the high degree of redundancy that
exists due to the presence of multiple homologues of each component of
the apoptotic machinery means that inhibition or loss of a single
component is rarely revealing of its usual function in vivo. Second, the
existence of complex positive feedback loops that coordinate apoptosis
usually ensure that the entire apoptotic process occurs, regardless of
where in the loop the process is initiated: ascribing characteristics of the
apoptotic phenotype to particular elements, or ascertaining which
elements are downstream of which others, is therefore very difficult. It is
tempting to explore the use of less complex organisms in dissecting such
complex pathways. C. elegans is an exampleof an organism which appears
to have little redundancy within its apoptotic pathway and which has
proved extremely useful for in vivo analysis via genetics and reverse
genetics. However, a significant constraint on the use of this organism is
that nematode cells cannot be grown or manipulated in vitro. In this
section, I will discuss the rationale behind exploring the use of yeasts as
naive ‘test-tubes’ for the analysis of proteins involved in apoptosis in C.
elegans.

1.6.1 Programmed cell death in unicellular organisms

Apoptosis is utilised by metazoans to remove, quickly and without
initiating an inflammatory resonse, cells that are unwanted or potentially
harmful to the organism. It seems likely that the nation state that is a
complex multicellular organism could not exist without this ultimate
sanction against potentially wayward subjects (Raff, 1992). Apoptosis has
therefore often been assumed to be a product of attaining multicellularity,
acquired shortly after the multicellular state arose. However, one can
imagine scenarios in which the self-sacrifice of a unicellular organism
would benefit its genetically identical neighbours and hence be adaptive;
some bacteria, for example, employ a suicide programme to restrain
bacteriophage infection within a culture (Djordjevic et al., 1997). Over
recent years there have been a number of reports of apoptosis-like
phenomena in unicellular and non-metazoan multicellular eukaryotes.
There has therefore been speculation that a more ancient death
programme existed in the common unicellular ancestor of these organisms
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and the metazoa, and this has been elaborated upon to produce metazoan
apoptosis.

The unicellular ciliate Tetrahymena degrades its macronucleus while
retaining its micronucleus during conjugation (Davis et al., 1992) - clearly a
regulated phenomenon. This macronuclear death involves chromatin
condensation accompanied by digestion of DNA to low molecular weight
oligonucleosomal length fragments. Stalk cell differentiation in
Dictyostelium results eventually in death of the cells, which undergo
cytoplasmic and chromatin condensation (Cornillon et al., 1994). The most
compelling example of an apoptosis-like cell death programme in a
unicellular organism is the developmentally regulated cell death observed
in Trypanosoma cruzi, which exhibits membrane blebbing, chromatin
condensation and margination strongly reminiscent of that seen in
apoptosis, and DNA cleavage into low molecular weight fragments
(Amiesen, 1995).

Most recently, a Saccharomyces cerevisiae cdc48 cell cycle mutant has been
described that exhibits a degree of chromatin condensation and
fragmentation together with clear exposure of phophatidylserine on the
outer leaflet of its plasma membrane (Madeo et al,, 1997). The key
question is whether such overt morphological similarities between the
dying yeast mutant and apoptotic cells indicate that the yeast cells have
activated an endogenous death programme partly homologous to the
metazoan cell death machinery or whether this is simply what yeast can
look like when dying as a result of some cellular catastrophe.

1.6.2 Do yeasts and metazoa share a common cell death machinery?

The lack of complete sequence data for most of the unicellular organisms
mentioned above makes it difficult to speculate on the significance of these
phenomena with respect to metazoan cell death, beyond noting that
chromatin condensation does appear to be a common hallmark of cells
programmed to die. The S. cerevisize genome, by contrast, is completely
sequenced (Nature, 1997), and the question of whether yeast contains
homologues of the basal metazoan cell death machinery can therefore be
directly addressed by inspection.
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The constituents of the basal death machinery in metazoans are well
defined. CEDs -3, -4 and -9 and their homologues are more than adequate
candidates for an apparatus that is capable of orchestrating all the
processes that occur during cell death, ensuring that they occur in a
coordinated and regulated manner. The action of CED-3 and its caspase
homologues on cellular substrates such as ICAD, PAK-2 and cytoskeletal
elements, for example, explains the coordinate DNA fragmentation and
cytoskeletal rearrangements that are characteristic of apoptosis. The best
search efforts of many researchers have failed to yield up any ced-3, ced-4
or ced-9 homologues in S. cerevisiae. Thus, if the ‘apoptosis-like’ phenotype
described in the cdc48 mutant yeast genuinely represents a precursor of
apoptosis, one would have to assume that ceds -3, -4 and -9 evolved later to
regulate and perhaps amplify an already existing cell death programme.
Nonetheless, the absence of endogenous homologues of ced-3, ced-4 or ced-
9 in either S. cerevisiae or the fission yeast Schizosaccharomyces pombe does
not preclude the use of these organisms to analyse their modes of action.
Indeed, the finding that yeasts are naive for such molecules could well be
an advantage.

1.6.3 Dissection of effector mechanisms of the Bcl-2 family in yeasts

A number of groups have used yeasts, both fission and budding, as tools
to examine the functions of the metazoan Bcl-2 family of apoptotic
regulators/effectors. Expression of either Bax or Bak in S. cerevisiae or S.
pombe results in cytotoxicity, with similar phenotypes in each case
(Greenhalf et al., 1996; Ink et al., 1997; Jurgensmeier et al., 1997; Tao et al,,
1997; Zha and al., 1996). Although this killing could merely represent
some form of ‘non-specific’ toxicity, expression of either Bax/Bak mutant
proteins that are unable to induce apoptosis in mammalian cells, or of anti-
apoptotic Bcl-2 family members (including CED-9), does not kill yeasts
suggesting that the observed cytotoxicity has some relevance to Bax/Bak
function in mammalian cells. As in mammalian cells, Bax-mediated
killing in yeast is associated with cytochrome c release from mitochondria
(Manon et al., 1997). Intriguingly, S. cerevisiae that lack functional
oxidative phosphorylation are resistant to Bax-induced killing. The yeast
data strongly suggest, therefore, that Bax and Bak have an autonomous
pro-death function, since in this case they are demonstrably not exerting
their effect by titrating out endogenous anti-apoptotic Bcl-2 homologues.
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Data from S. cerevisiae also suggest the converse scenario, namely that anti-
apoptotic Bcl-2 proteins have functions in addition to neutralising their
pro-apoptotic dimerisation partners. A mutant Bcl-2 that is unable to bind
Bax is nonetheless able to block Bax-mediated cytotoxicity in S. cerevisiae
(Zha and Reed, 1997). This suggests that Bax and Bcl-2 have antagonistic
biological effects that cannot be explained simply by mutual physical
antagonism. Analogous experiments to determine the the ultimate
effector functions of individual Bcl-2 family members in mammalian cells
are difficult to interpret owing to the presence of multiple Bcl-2
homologues that regulate each other’s functions.

The accumulated evidence from such studies suggests that the
mechanisms of action of Bcl-2 proteins in yeasts are relevant to their
functions in mammalian cells. There are two models that could explain
this finding. One is that yeasts contain an endogenous death programme
that is in part homologous to the metazoan cell death machinery;
Bax/Bak-induced cytotoxicity in yeasts would indicate their activation of
conserved elements of the ancestral cell death pathway. An alternative
interpretation is that Bax and Bak are not activating an endogenous death
programme but, rather, are acting upon highly conserved cellular
components that correspond to their homologous apoptotic substrates in
mammalian cells.

Recently, a screen for mutant strains of S. cerevisiae resistant to Bax-
induced death demonstrated a requirement for the FoF1-ATPase for killing
by Bax (Matsuyama et al.,, 1998). While it is unclear how direct the
connection is between Bax and the FoFi-ATPase, this experiment has
provided an intriguing insight into the possible role of Bax during
mammalian apoptosis. The fact that S. cerevisiae lacks homologues of
CED-3 and CED-4 demonstrates clearly that the Bax killing activity
observed is an autonomous pro-death function. A second,
complementary, screen, for mammalian proteins that can suppress Bax-
induced killing of S. cerevisiae isolated the gene BI-1, which encodes an
integral membrane protein that can suppress apoptosis when expressed in
mammalian cells (Xu and Reed, 1998). Clearly, therefore, yeasts have
proved an illuminating model system for the study of the Bcl-2 family,
allowing their functions to be dissected in a eukaryotic context free of
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other family members and additional components of the apoptotic
machinery.

1.7 Aims of this study

The utility of Caenorhabditis elegans as a model for programmed cell death
has been amply confirmed by the identification of homologues of ced-3,
ced-4 and ced-9 that are involved in mammalian apoptosis. Of the three
central players, only the function of CED-4 remained, until recently,
obscure. The contribution of any one molecule to the apoptotic phenotype
has proved difficult to assess in the presence of the rest of the machinery.
Overexpression of Bax, or a caspase, or CED-4, in mammalian cells, for
example, all initiate the same, complete apoptotic process. Ideally, one
would want a system that contained all the substrates of apoptosis -
nucleus, mitochondria, cytoskeleton - but none of the effectors, to which
components could be added one by one to assess their contribution to the
apoptotic phenotype. Yeasts may serve as an imperfect approximation to
such a naive system. The approach of looking at pro-apoptotic members
of the Bcl-2 family in yeast has proved illuminating. Expression in the
absence of their anti-apoptotic homologues revealed unambiguously for
the first time an autonomous pro-death function for these molecules. I
therefore determined to adopt a similar approach to better understand the
functions of CED-4.

In addition, I considered the possibility of using C. elegans to study the
upstream signalling that impinges upon the basal CED-3/CED-4/CED-9
apoptosome. It has been assumed that C. elegans, while a good model for
the functioning of the basal apoptotic machinery, regulates apoptosis
solely at the level of transcription and hence would not serve as an
illuminating model for how extracellular and intracellular signals impinge
on the basal machinery post-translationally to activate or inhibit it.
However, the invariant pattern of somatic cell deaths could as easily be
explained by an invariant pattern of intercellular death signalling as by an
intracellular transcriptional programme. The observation that a point
mutant of ced-9 that has gain-of-function activity suppresses many
normally occurring cell deaths (Hengartner and Horvitz, 1994) indicates
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that CED-9 is present in most cells that ultimately die, and suggests that it
may be inactivated by incoming signals. In addition, it has now been
observed that, unlike somatic cells, cells in the germline of C. elegans do
respond to DNA damaging agents by undergoing apoptosis (S. Milstein,
personal communication) indicating that they are able to initiate apoptosis
in response to signals that are not developmentally hard-wired. 1
therefore searched for nematode homologues of signaling molecules
implicated in regulating mammalian cell death, in the expectation that if
such molecules exist, their impact on the cell death apparatus will be
easier to dissect in worms than in the much more complicated mammalian
context.
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Chapter Two

Materials and Methods

2.1 Reagents

2.1.1 General Reagents

General laboratory chemicals were AR quality or above and were obtained
from BDH, BRL or Sigma. Other reagents were obtained from the
following sources: , Amersham (Rainbow protein markers, radiochemicals,
Hybond N and N+ membranes), Boehringer (glycogen), FMC BioProducts
(SeaKem agarose), Gibco-BRL ( DNA molecular weight markers), Kodak
(XAR-5 film for autoradiography, TMAX400 black and white film and
phenol:chloroform solutions), Millipore (Immobilon-P membrane), NBL
(Acrylamide: N,N'-methylene bisacrylamide solutions) and Pharmacia

(dN'TPs).

2.1.2 Stock Solutions

10X Dropout solution

41

0.03% w/v L-isoleucine
0.15% w/v L-valine

0.02% w/v L-adenine hemisulphate
0.02% w/v L-arginine HCl
*0.02% w/v L-histidine HC1
*0.1% w/v L-leucine

0.03% w/v L-lysine HCI
0.02% w/v L-methionine
0.05% w/v L-phenylalanine
0.2% w /v L-threonine
*0.02% w/v L-tryptophan



0.03% w/v L-tyrosine
*0.02% w/v L-uracil
* omitted as required

Edinburgh Minimal Medium 14.7 mM K hydrogen pthallate
(EMM) 1.5 mM NapHPOg4
93.5 mM NH4Cl
111 mM glucose
2.6 mM MgClp.6H20
0.1 mM CaCl2.2H0
1.3 mMKCl
0.28 mM NapSO4
4.2 uM pantothenic acid
81.2 uM nicotinic acid
55.5 uM inositol
40.8 nM biotin
809 nM boric acid
237 nM MnSO4
139 nM ZnSO4.7H20
74 nM FeClp.6H2O
24.7 nM molybdic acid
60.2 nM KI
16 nM CuSO4.5H20
476 nM citric acid

FSB 100 mM KCl
50 mM CaCl;
10% Redistilled glycerol
10 mM KOAc

6 x GLB TBE plus:
0.25% w/v bromophenol blue
0.25% w/v xylene cyanol
30% v /v glycerol

LB 1% w/v bacto-tryptone

0.5% w/v yeast extract
1% w/v NaCl
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M9 Buffer

NGM Agar

EtOH

NZY media

PAGE-RB

PBSA

10 x RN A buffer
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(1.5-2 % w/v agar if needed for
plates)

0.3% w/v KH2PO4
0.6% w/v NapHPOg4
0.5% w/v NaCl

0.1% v/v 1 M MgSO4

0.3% w/v NaCl

1.7% w/v agar

0.25% w/v peptone

0.1% v/v cholesterol @ 5mg/ml in

1 mM CaClp

1 mM MgSO4

2.5% v /v 1M potassium phosphate
pH®6

0.5% w/v NaCl

0.2% w/v MgS0O4.7H20

0.5% w/v yeast extract

1% NZ amine (casein hydrolysate)
NaOH to pH 7.5

(for top agar, add 0.7% w/v agarose)
(for plates, add 1.5% w/v Difco agar)

20 mM Trizma base
190 mM glycine
0.1% w/v SDS

pH 8.6

1% w/v NaCl

0.025% w/v KC1

0.14% w/v NapHPO4
0.025% w /v KHPOy4, pH7.2

0.2 M MOPS, pH 7.0
50 mM NaOAC



10 mM EDTA, pH 8.0

S Basal 0.1 M NaCl
0.05 M potassium phosphate (pH 6)
0.1% v/v cholesterol @ 5mg/ml in
EtOH

SD synthetic medium 0.67% w /v Difco yeast nitrogen base
without amino acids
10% 10X dropout solution
(1.5-2 % w/v agar if needed for
plates)

SM bulffer 0.58% w/v NaCl
0.2% w/v MgS04.7H20
0.05M Tris-HCl pH 7.5
0.002% w /v gelatin

S Medium 1% v /v potassium citrate pH6
1% v/v trace metals solution
0.3% v/v 1M CaClp
0.3% v/v 1 M MgSOq
in S Basal

1xSSC 150 mM NacCl
15 mM Sodium Citrate
pH 7.5 (adjusted with NaOH)

1xTBE 89 mM Trizma base
89 mM boric acid
2mM EDTA

TBS 25 mM Tris Cl, pH 8.1
144 mM NaCl

TE 10 mM Tris Cl, pH 7.5 or pH 8.0
1mM EDTA
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Trace Metals Solution

WBB

X-gal stock solution

Yeast STOP buffer

YE medium

YPD medium

Z buffer

5 mM disodium EDTA
2.5 mM FeSO4.7H>0O

1 mM MnCl2.4H>O

1 mM ZnS04.7H>0O
0.1 mM CuSO4.5H20

20 mM Trizma base
190 mM glycine
20% v /v methanol

2% 5-bromo-4-chloro-3-indolyl-£-
galactopyranoside (X-gal)
in N,N-dimethylformamide

0.9% w/v NaCl
1 mM NaN3

10 mM EDTA
50 mM NaF

0.5% w/v yeast extract
3% w/v glucose

2% w /v peptone

1% w/v yeast extract

(1.5-2 % w/v agar if needed for
plates)

1.61% w/v NagHPO4,.7H70
0.55% w/v NaH2PO4.H70O
0.075% w/v KCl

0.0246% w/v MgS04.7H20

2.1.3 Enzymes, Kits and Libraries obtained commercially

Alkaline phosphatase, from calf intestine (CIP) Boehringer



Altered Sies II mutagenesis kit Promega

BioTaq polymerase Bioline

DNase 1, RNase free Boehringer

ECL solutions Amersham

Geneclean II glassmilk kit Bio 101 Inc

Matchmaker Two-Hybrid System Clontech

Multiprime DNA labelling kit Amersham

Pfu polymerase Stratagene

Proteinase K Boehringer

Qiagen maxiprep columns Qiagen

Restriction endonucleases New England

Biolabs

RiboMax transcription kit Promega

RNase A Sigma

Sequenase kit US Biochemicals

T3 RNA polymerase Promega

T4 DNA ligase New England

Biolabs

T7 RNA polymerase Promega

Uni-ZAP XR C. elegans library Stratagene

2.1.4 Strains and genotypes

2.14.1 E. coli:

DH5a F-psi80d, lacZM15, endAl, recAl, hsdR17,
(rk'my”), supE44, thi-1 k~ gyrA96, rel Al
(lacZY A-argF)U69

ES1301 mutS lacZ53, mutS201::Tn5, thyA36, rha-5, metbl,
deoC, IN(rrnD-rrnE)

JM109 supE, thi-1, A(lac-proAB), [F- traD36,
proAB, lacliZAM15]

XL-1 blue (Stratagene) recAl, endAl, gyrA96, thi-1, hsdR17,
supE44, relAl, lac, [F- proAB, lacliZAM15,
Tn10 (tetr)]

2.1.4.2 S. pombe:
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strain 567

2.1.4.3 S. cerevisiae:

HF7¢

trpl-
LYS::GALI-

2.1.44 C. elegans:

N2

ced-3(n717)

2.1.5 Plasmids

auxotrophic for uracil, leucine and adenine

MATa, ura3-52, his3-200,lys2-801, ade2-101,
901, leu2-3, 112, gal4-542, gal80-538,
HIS3, URA3::(GAL417mers)3-CYC1-lacZ

wild type Bristol laboratory strain

homozygous for a point mutation that alters
the catalytic QACRG active site pentapeptide
of CED-3, eliminating its caspase activity.
Described in(Yuan et al., 1993)

2.1.5.1 Cloning vectors and expression plasmid

pBSKS+
pALTER

pGBT9

pGAD424

(Stratagene) AMPT marker.
(Promega) TETT® marker.

(Clontech)

DNA-binding domain hybrid cloning vector,
used to generate fusions of a protein with the
GAL-4 DNA-binding domain. AMPT marker.

(Clontech)

Activation domain hybrid cloning vector, used
to generate fusions of a protein with the GAL4
activation domain. AMPT marker.
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pMBS36URA (laboratory of Dr Paul Nurse)
S. pombe expression vector, placing gene of
interest under the control of the thiamine-
repressible nmt-1 promoter, (maximum
strength), and carrying a uracil selection
marker. AMP? marker.

pREP41LEU laboratory of Dr Paul Nurse
S. pombe expression vector, placing gene of
interest under the control of the thiamine-
repressible nmt-1 promoter, (medium strength),
and carrying leucine selection marker. AMP*
marker.

2.1.5.2 Plasmids containing cDNAs received from outside sources

p35pBSKS+ is a 1.1 kb fragment containing the ~950bp AcMNPV p35
OREF cloned into the EcoR1 site of pPBSKS+. Received from Prof. L. Miller,
described in (Clem et al., 1991).

csh2p20p10-LB is a 900bp fragment encoding the mature subunits of the
CSH-2 C. elegans caspase homologue, cloned into the Ascl and Fsel sites of
a modified pBSKS+ vector. Received from Dr. M. O. Hengartner.

csh2FL-LB is a 1.6 kb fragment encoding the full length CSH-2 C. elegans
caspase homologue, cloned into the Ascl and Fsel sites of a modified
pBSKS+ vector. Received from Dr. M. O. Hengartner.

csh3p20p10-LB is a 900bp fragment encoding the mature subunits of the
CSH-3 C. elegans caspase homologue, cloned into the Ascl and Fsel sites of
a modified pBSKS+ vector. Received from Dr. M. O. Hengartner.

pB30 is the 1.4 kb ced-9 cDNA cloned into the EcoR1 site of pBSKS+.

Received from Prof. H. R. Horvitz, described in (Hengartner and Horvitz,
1994).
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pS241 is the 1.8 kb ced-4L cDNA cloned into the Spel and BamH]1 sites of
pSL1190. Received from Prof. H. R. Horvitz, described in (Shaham and
Horvitz, 1996).

p 1.1 and p2.2 contain the 3’ and 5" halves respectively of the ced-4 cDNA,
cloned into the EcoR1 and EcoR1/Pst1 sites of pBSKS+. Received from Dr.
Sheela Vyas, described in (Yuan and Horvitz, 1992).

PGEX4T-1-XIAP encodes a GST-XIAP fusion protein. Received from Dr
J.C. Reed and described in (Deveraux and al., 1997).

ced-3pBSKS- is the ced-3 cDNA cloned into the Smal site of pBSKS-. It
was received from Prof. H. R. Horvitz and is described in (Yuan et al.,,
1993).

ced-3mutpCDNAS3 is a ced-3 cDNA harbouring a point mutation that gives
rise to a CED-3 protein with a substitution of alanine for the catalytic
cysteine, cloned into the BamH1 site of pCDNA3. Received from Dr. V.
Dixit, described in (Chinnaiyan et al., 1997).

cpp32-pMBS36URA is the pMBS36URA vector containing the CPP32
(caspase-3) ORF and was obtained from Dr. M. Kruiderling.

GFP5 encodes a mutant thermostable green fluorescent protein. It was
obtained from D. J. Pines and is described in (Siemering et al., 1996).

pVA3 encodes a murine p53/GAL4 DNA-binding domain hybrid in
pGBT9. Supplied as a positive control with the MATCHMAKER Two-
Hybrid System (Clontech).

pTD1 encodes an SV40 large T-antigen/GAL4 activation domain hybrid

in pGAD3F. Supplied as a positive control with the MATCHMAKER
Two-Hybrid System (Clontech).

2.1.5.3 Constructs generated for this thesis

ced-4 constructs:
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ced-4pBSKS+ was generated by splicing together fragments of the ced-4
cDNA derived from pl.1 and p2.2 and a PCR product that encompasses
the ATG of the ced-4 OREF, to create the full length ced-4 ORF+3'UTR
(hereafter referred to as the ced-4 cDNA). The sequence of the clone was
verified manually. The cDNA can be excised from pBSKS+ Pstl (5) and
EcoRV (3’). The cDNA was excised from ced-4pBSKS+ and cloned into
pGBT9 and pGAD424 Smal Sall to create ced-4pGBT9 and ced-
4pGAD424. The cDNA was excised Smal, EcoRV and cloned into the
EcoRV site of pBSKS+ to create ced-4aspBSKS+. The cDNA was excised
from ced-4aspBSKS+ Sall, Smal and cloned into the Sall and Smal sites
of pMBS36URA and pREP41LEU to create ced-4arc83 and ced-4REP41.

HAced-4aspBSKS+ encodes full length CED-4 with an N-terminal HA tag
and was generated using ced-4aspBSKS+ as a template for PCR with the
primers 71024 and 66286. The cDNA was excised from HAced-
40spBSKS+ and cloned into pMBS36URA and pREP41LEU with Sall
Smalto create HAced-4arc83 and HAced-4REP41.

ced-4pALTER is the ced-4 cDNA cloned into pALTER with Smal Sall.
The mutagenic oligos 69104 and 68346 were used to induce base pair
substitutions that result in cDNAs encoding CED-4 proteins with the
mutations K165Q and I258N respectively (K165QpALTER and
I258NpALTER). The cDNAs were excised from pALTER and cloned into
pMBS36URA Sall Smal to create K165Qarc83 and 1258Narc83. A 1.6kb
Bgl-2 fragment of K165QpALTER replaced the corresponding region of
HAced-4arc83 to create HAK165Qarc83

A PCR product encoding GFP without a STOP codon and with Sall ends
that would create an in-frame N-terminal fusion with ced-4 was generated
from a GFP template using the primers 76949 and 76950 and cloned into
the Sall site of HAced-4REP41 to create GFPced-4REP41. The sequence of
the PCR product was verified manually.

ced-4Larc83 contains the ced-4L cDNA derived from pS241 cloned into the
Sall and Smal sites of pMBS36URA.

ced-3 constructs:
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The ced-3 cDNA from ced-3pBSKS- was cloned into pREP41LEU in two
stages, the 3’ Sall Smal fragment followed by the 5’ Sall fragment, to
create ced-3FLREP41. A PCR product generated from the template ced-
3pBSKS- with the primers 77404 and 77405 that encoded only the mature
subunits of CED-3 (ced-3Apro encoding residues 224-504) was cloned into
pREP41LEU BamH1 Smal to create ced-3AproREP41. The sequence of the
PCR product was verified manually.

A PCR product generated from the template ced-3pBSKS- with the
primers 77323 and 77324 that encoded only the prodomain of CED-3 (ced-
3PRO encoding residues 1-223) was cloned into pGBT9 and pGAD424
BamH1 Pstl to create ced-3PROpGBT9 and ced-3PROpGAD424. The
sequence of the PCR product was verified manually.

ced-3c>aREP41 contains the ced-3mut cDNA from ced-3mutpCDNA3
cloned into the BamH1 site of pREP41LEU. ced-3c¢>apGBT9 and ced-
3c>apGAD424 contain a 1.2 kb 5" EcoR1 BamH]1 fragment of ced-3mut
cDNA and a 200 bp 3’ EcoRI fragment of ced-3PROpGBT9Y, to create in-
frame two-hybrid fusions with the full length CED-3c>a protein.

ced-9_constructs:

The ced-9 cDNA was excised from pB30 Xhol Smal and cloned into the
Sall and Smal sites of pMBS36URA to create ced-9arc83. pB30 was used
as a template to generate a PCR product encoding CED-9 without its trans-
membrane domain which was cloned into pGBT9 and pGAD424 EcoR1
Smal to create ced-9pGBT9 and ced-9pGAD424. The primers used were
76734 and 76926, and the PCR product was sequenced manually.

hip-1 constructs:

The 897 bp hip-1 ORF was generated by RT-PCR using the primers 80674
and 81993, and cloned into pBSKS+ Pstl BamH]1 to create hip-1pBSKS+.
The ORF was completely sequenced manually. The ORF was excised from
hip-1pBSKS+ and cloned into pMBS36URA Sall BamH1 to create hip-
larc83. The ORF was excised from hip-1pBSKS+ by partial digestion with
EcoR1 and complete digestion with BamH1 and cloned into the EcoR1 and
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BamH]1 sites of pGBT9 and pGAD424 to create hip-1pGBT9 and hip-
1pGAD424.

hip-2 constructs:

The 468 bp hip-2 ORF was generated by RT-PCR using the primers 80676
and 80677, and cloned into pBSKS+ Pstl BamH1 to create hip-2pBSKS+.
The ORF was completely sequenced manually. The ORF was excised from
hip-2pBSKS+ and cloned into pMBS36URA Sall BamH]1 to create hip-
2arc83. The ORF was cloned into pGBT9 and pGAD424 EcoR1 BamH]1 to
create hip-2pGBT9 and hip-2pGAD424.

Other constructs:

pREP41-LB contains a stuffer fragment cloned into the Xhol and BamH1
sites which contains an Ascl site at its 5" end and an Fsel site at its 3’ end -
it was generated to facilitate the cloning of csh-2 and csh-3 cDNAs into the
PREP41 expression plasmid. csh-2p20p10, csh-2FL and csh-3p20p10 were
cloned into pREP41-LB Ascl Fsel to create csh-2p20p10REP41, csh-
2FLREP41 and csh-3p20p10REP41.

caspase-3REP41 contains the cpp32 (caspase-3) ORF from
cpp32pMBS36URA cloned into pREP41LEU Sall BamH1.

p35arc83 contains the p35 c¢cDNA from p35pBSKS+ cloned into
pMBS36URA Xhol Smal.

X-IAParc83 contains the X-IAP ORF generated by PCR using pGEX4T-1-
XIAP as template and oligos 92541 and 92904 as primers, cloned into the
Xhol BamH]1 sites of pMBS36URA.

2.1.6 Oligonucleotides used for mutagenesis, PCR and sequencing

ced-4 sequencing primers

68800 GTGGATCGAGTGATC
69103 GGTGGAGCATGTCACGTC
71936 CGACGTCAAGCTTCTG
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71937 CCACGTGACGCATTG

ced-4 PCR primers

66286 CCTATCGAGCATTTGTCGGG

66287 AAACTGCAGATGCTCTGCGAAATCG

71206 AAAAGTCGACACCATGGCTTACCCATATGACGTCCCAGACTACGCTAT

GCTCTGCGAAATCGAATGCCGCGCTTTGAGCAC

ced-4 mutagenic oligonucleotides (5" phosphorylated)

68346
69104

GCCCAACGATTTGTTTCTTCTTGAAC
CAATTACTGATTGTCCGGATCCAG

GFP sequencing primers

76969 CCAACACTTGTCACTAC

76970 GAGGGAGACACCCTC

76971 CACAACATCGAAGAC

GFP PCR primers

76949 AAAGTCGACACCATGAGTAAAGGAGAAGAACTTTTCACTGG
76950 TTTGTCGACGTATAGTTCATCCATGCCATG

ced-9 sequencing primers

76972
76973
76974
76975

AGTAGGCAGGCTTCG
TTGCCGTGTGGAGTG
GATCAATGTCCAATG
GAACACAATCGGAGC

ced-9 PCR primers

76734
76926

AAAAAGCTTGAATTCATGACACGCTGCACGGCGGAC
TTCCCGGGTCACTTCCGGCGTCCCACTTTTTCAG

ced-3 sequencing primers

77751
77752
77753
77754
77755
77756

TCGACACACGCAAAG
GTTCAGCAAGTGTGG
GGCGAACGTCGTGAC
TCACACGGAGAAGAG
CAAGGACAATCTTACC
CGTTCTCGATCGCGT
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77757 GCTGTCGAATTCGAG

77758 GGAACGGTTCGCGAG

ced-3 PCR primers

77323 AAAGGGATCCGTATGATGCGTCAAGATAGAAGGAG
77324 TTTCTGCAGTTATGCATCGACAAAGTTCATATCCTC
77404 AAAGGATCCACCATGCCAACCATAAGCCGTGTTTTCGAC
77405 AAACCCGGGTTAGACGGCAGAGTTTCGTGCTTCC

hip-1 sequencing primers

81045 TTTGTCATGATTGGAG
81046 GCTGACGCCACCAGG
81047 CTCGCCAAAGCTGGA
81048 AGTGCATCCTGCGAT
81049 GGTTGATTGACGAACTC
93586 CAAAGCGTTCGGCAG

hip-1 PCR primers

80674 AAACTGCAGACCATGCCATATACATTCGAGAACTC
81993 AAAGGATCCAACAGGTCGGGGAGGGAGGC
hip-1R2 AATCGTGATTCTTGCTCCCAG

hip-2 sequencing primers

81050 GCCGGATTTTACTGC
81051 AAGCTCGATGACTCG
93587 GTCTCTATCATATTC
93588 CTGATGCTCTCTTCG

hip-2 PCR primers

80676 AAACTGCAGACCATGGCACCCGGGACCAAAAAAAAGTC
80677 AAAGGATCCTTATTTGCCGCGGCGGCTGTTAG
hip-2R2 CAGCTGATCGAAGAGAGCATC

X-IAP PCR primers

92541 TTTCTCGAGACCATGACTTTTAACAGTTTTGAAGGATC
92904 TTTGGATCCCATGCCTACTATAGAGTTAGA

Nested SL-1-based primers
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AAP-SL-1  GCCACGCGTCGACTAGTACGTTTAATT
AAP AAGAATTCGCCACGCGTCGACTAGT

2.2 Nucleic Acid Methods
2.2.1 General DNA manipulations

Protein was removed from aqueous solutions of DNA by extraction with
phenol:chloroform:isoamyl alcohol. An equal volume of TE-buffered
phenol:chloroform:isoamyl alcohol was added and the sample mixed on a
vortex mixer prior to centrifugation at 10,000 x g for 1 min. The upper,
aqueous phase was re-extracted as necessary. Excess phenol was removed
by extraction with chloroform. For precipitation, the DNA was brought to
0.3 M NaOAc, pH 5.2, 70% v/v EtOH and incubated on dry ice for 10 min.
For precipitation of small amounts of DNA (<100ng), 1 ug glycogen was
added as a carrier. The precipitated DNA was recovered by centrifugation
at 10,000 x g, 4°C for 10 min. The supernatant was discarded and the
pellet was washed once with 70% v/v EtOH. DNA was redissolved in
H>O and stored at -20°C. DNA was quantitated by its absorbance. An
appropriate dilution of DNA was made in HyO and the absorbance at 260
nm measured using a UV Spectrophotometer. The concentration was
calculated using the formula: [nucleic acid] = (A2¢0)(dilution)(X), where
Apgp is the absorbance at 260 nm and 3. = 50 ug/ml for double stranded
DNA (dsDNA) or 33 pug/ml for single stranded DNA (ssDNA). DNA was
stored at -20°C.

2.2.2 Bacterial transformation

A single colony was picked from a freshly streaked LB plate and used to
innoculate 5 ml of LB. This was subsequently incubated overnight at 37°C
with agitation (200-300 rpm). 0.5 ml of this culture were used to
innoculate 50 ml of LB and was subsequently incubated at 37°C with
agitation (200-300 rpm) until the OD55( of the culture reached 0.45-0.55
(approximately 4-7 x 107 cells/ml). The culture was very rapidly chilled to
around 0-4°C by swirling on dry ice, poured into pre-chilled 50 ml
polypropylene centrifuge tubes and incubated on ice for 10 min. The cells
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were pelleted by centrifugation at 900 x g for 10 min at 4°C and as much as
possible of the supernatant removed and discarded. The bacterial cell
pellet was resuspended in 20% of the initial culture volume of FSB by
gentle pipetting and incubated on ice for 10 min. The cells were pelleted
again as above and resuspended in 8% of the original volume of FSB. The
cells were transferred in 200 pl aliquots into microfuge tubes that had been
pre-chilled on dry ice for flash-freezing. The frozen aliquots were stored
at -70°C until needed.

To transform the competent bacteria with DNA, they were initially thawed
by incubation on ice for 10 minutes. Up to 10 pl of DNA solution were
added to the bacteria and gently mixed by agitation. The mixture was
incubated on ice for 30 minutes and heat-shocked at 37°C for 2 minutes.
The mixture was incubated on ice for 2 minutes following heat-shock
before plating onto LB plates containing the appropriate antibiotic (100
pg/ml ampicillin, 10 pug/ml kanamycin or 10 pg/ml tetracycline). Plates
were allowed to dry for 10-30 min at room temperature and then
incubated at 37°C for 10-16 hr.

2.2.3 Plasmid minipreps

Individual colonies were innoculated into 1.5 ml of LB containing the
appropriate antibiotic (100 pg/ml ampicillin, 10 pg/ml kanamycin or 10
ng/ml tetracycline) and incubated for a minimum of 6 hours at 37°C with
agitation (200-300 rpm). The resulting culture was centrifuged in a
microfuge tube for 15 seconds at 13,000 rpm in a microfuge. The bacterial
pellet was resuspended in 100 pl of TE by vortex mixing. 200 pl of 0.1%
w/v SDS, 0.2 N NaOH was added and the tube inverted gently three
times. 150 pl of 3 M NaOAc, pH 5.2, was added, the contents again mixed
and the resulting precipitate removed by centrifugation in a microfuge for
10 minutes at 13,000 rpm. The supernatant was transferred to a fresh
microfuge tube and the DNA was precipitated with 1 ml ice-cold EtOH.
The precipitated DNA was recovered by centrifugation for 10 minutes at
13,000 rpm in a microfuge. The supernatant was removed and discarded
and the DNA pellet was allowed to dry at room temperature. The dry
pellet was resuspended in 100 pl of TE containing RNase A at a
concentration of 100 ug/ml. 5 pl was taken for analytical restriction
enzyme digests.
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2.2.4 Plasmid maxipreps

Individual colonies were innoculated into either 200 ml (for plasmids with
a high-copy number origin eg. pUC) or 500ml (for plasmids with a low-
copy number origin eg. pBR322) of LB containing the appropriate
antibiotic and incubated for a minimum of 16 hours at 37°C with agitation
(200-300 rpm). The bacteria were harvested by centrifugation and the
plasmid DNA was isolated using a Qiagen plasmid purification kit in
accordance with manufacturer’s instructions. The final pellet of purified
plasmid DNA was dissolved in ddH2O.

2.2.5 Digestion with restriction endonucleases

Analytical digests were performed using 0.5 to 1 pg of DNA and a 5 to 10
fold excess of restriction enzyme in a total incubation volume of 20 pl.
Buffers used were those supplied by the enzyme manufacturer. Digestion
was usually complete after incubation for 1 hr at the appropriate
temperature (usually 37°C). Gel loading buffer (6 x GLB) was added to
give final concentrations of 0.04% w/v bromophenol blue, 0.04% w/v
xylene cyanol, 5% v/v glycerol and the sample subjected to gel
electrophoresis on an agarose gel.

Preparative digests were performed in a similar way except that 4 ug of
DNA were used.

2.2.6 Purification of DNA fragments by agarose gel electrophoresis

DNA fragments were resolved on agarose gels of various concentrations
prepared in 1 x TBE. DNA size markers were loaded in adjacent lanes.
Gels were stained with EtBr by including 0.5 ug/ml EtBr in the agarose gel
and DNA fragments visualised using UV fluorescence.

DNA fragments were recovered from agarose gels using a Geneclean kit
according to manufacturers instructions. The gel slice containing the
desired DNA fragment was incubated at 55°C in the presence of Nal and
TBE modifier (4.5 volumes Nal : 0.5 volumes TBE modifier : 1 volume of
gel) until it had melted. 10 ml of Glassmilk was added to the DNA
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solution and incubated on ice for 5 minutes. The Glassmilk was recovered
by centrifugation in a microfuge (30 seconds, 13,000 rpm), washed twice in
New Wash Buffer, and resuspended in 20 ml ddH2O. The DNA was
eluted from the Glassmilk by heating for 5 minutes at 55°C. The Glassmilk
was removed by centrifugation (30 seconds, 13,000 rpm) and the eluate
containing the DNA was transferred to a new tube.

2.2.7 Ligation of DNA

DNA fragments for ligation were prepared by restriction digestion of
plasmid DNA or PCR-generated fragments and purified by elution from
agarose gels (see above). If the restricted ends of the vector were
compatible in the absence of insert, they were dephosphorylated with calf
intestinal alkaline phosphatase (CIP) (2 units in a 20 pl digestion mix) prior
to purification of the vector DNA using a Geneclean kit, as described
above. For compatible, sticky ended ligations, 50-100 ng of vector was
combined with 5-10 fold molar excess of insert in 1 x ligase buffer in a total
volume of 20 pl, to which 10 units of T4 DNA ligase was added. The
reaction was incubated for at least 20 minutes at RT and 10 pl used to
transform 200 pl of competent bacteria. For ‘blunt’ ligations, the reaction
was set up in the same way, but was incubated at 16°C overnight.

2.2.8 Oligonucleotide preparation

Oligonucleotides were synthesised by the ICRF Oligonucleotide Synthesis
Service and supplied as an ethanol precipitate. This was centrifuged at
13,000 rpm in a microfuge, air-dried and resuspended in ddHO at a
concentration of 1 mg/ml. The oligo stock solution was stored at -20°C.

2.2.9 General PCR methods

All reagents for experiments involving polymerase chain reaction (PCR)
were autoclaved or supplied sterile by the manufacturers and kept
serarately from other reagents. PCR reactions were carried out in a final
volume of 100 pl containing 1X NHy Buffer (Bioline), 1.5 mM MgClp, 100
uM of dNTPs, 0.5 uM primers, 1-10 ng of template and 1-2 units of Taq
DNA polymerase (Bioline). 40-50 pl of mineral oil was layered over the
top to prevent evaporation. The template was melted for 1 min at 94°C
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followed by an annealing step for 30 sec at various temperatures (see
results for details) and primer extension for various times at 72°C using a
thermal cycling dri-block (Techne). Thermal cycling was repeated 15-35
times.

The PCR products were purified using a Geneclean kit (see above for
method) before restriction digestion and cloning.

First strand synthesis for RT-PCR was performed on 7 ug total mixed stage
C. elegans RNA and primed with 0.5 pg random hexamers. The reverse
transcriptase used was Superscript (Life Technologies) and the reaction
was performed according to the supplied protocol. 1 ul of the completed
reaction was used as template for PCR.

2.2.10 DNA sequencing

DNA templates were sequenced manually. Double stranded supercoiled
plasmid DNA was used as the template. DNA derived from plasmid
maxiprep was considered sufficiently pure for sequencing directly. DNA
from plasmid minipreps was treated with 10 pg/ml boiled RNase A for 30
min at 37°C, phenol: chloroform extracted until no interface material was
evident, chloroform extracted once and precipitated with EtOH.

Manual sequencing was performed using the dideoxy chain termination
method. 2-3 ug of DNA dissolved in 20 pl TE was mixed with 5 ul 1M
NaOH, 1 mM EDTA and the DNA denatured for 5 min at RT. The sample
was neutralised by the addition of 2.5 pl 2 M NH4OAc, pH 4.6 and
precipitated with 60 pl EtOH. The DNA was recovered by centrifugation,
washed in 70% EtOH, and annealed with 10 ng of primer. Sequencing
rections were carried out according to the protocol in the Sequenase
manual (US Biochemicals) and the sequence resolved on 6% w/v
acrylamide:bisacrylamide [19:1], 48% w/v urea gel in 1 x TBE.

2.2.11 In vitro mutagenesis
2 ug of ced-4pALTER was alkaline denatured, neutralised and EtOH

precipitated as for DNA sequencing (see above). The denatured plasmid
was resuspended in 1 x annealing buffer (200 mM Tris-HCI pH 7.5, 100
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mM MgClp, 500 mM NaCl) and oligos 68346 or 69104 (15 ng), TetKO (1.1
ng) and AmpRepair (1.1 ng) were added. Annealing and polymerisation
were carried out according to instructions in Altered sites II manual. The
products were transformed into ES1301 mutS competent cells (Promega)
which were incubated for 18 hr at 37°C with agitation (200-300 rpm) in LB
containing 100 pg/ml ampicillin. The bacteria were harvested by
centrifugation and a standard miniprep protocol was carried out to purify
the plasmid DNA. The purified DNA was transformed into JM101
competent bacteria and the transformed bacteria plated onto LB agar
plates containing 100 pg/ml ampicillin and incubated overnight at 37°C.
Individual colonies were subsequently innoculated into 2 ml LB
containing 100 pg/ml ampicillin and incubated for 18 hr at 37°C with
agitation (200-300 rpm). DNA was purified from these cultures by
standard miniprep procedures and analysed by manual sequencing.

2.2.12 RNA isolation

S. pombe: Cells were collected by centrifugation at 1500 rpm, 20°C for 5
minutes, resuspended in ice-cold yeast STOP buffer, collected by
centrifugation in a bench-top microfuge at 6000 rpm for 30 seconds and
the pelletted cells were flash frozen in an ethanol-dry ice bath and stored
at -70°C until required. Samples were then thawed on ice, resuspended in
TriZOL (GibCo BRL) reagent up to a total volume of 300 pl (at least 50%
v/v TRIzol), and agitated vigorously for 30 minutes in the presence of 1
m] acid-washed glass beads. The mixture was then transferred to a 15 ml
polypropylene tube, 2 mls of TRIzol reagent were added and the
procedure for RNA extraction followed according to manufacturer’s
instructions. RNA was resuspended in ddH20.

C. elegans: Embryos and worms were collected by centrifugation at 1000
rpm, 5°C for 2 minutes and washed several times in cold M9 buffer until
the supernatant no longer appeared cloudy. Pellets were then
resuspended in TRIzol up to a final volume of 300 pl and disrupted
mechanically and the RNA extracted as descibed above.

2.2.13 Gel electrophoresis of RNA and Northern blotting
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RNA was fractionated by electrophoresis through denaturing agarose gels
prior to Northern blotting. Gels were prepared by melting an appropriate
amount of agarose in water, cooling to approximately 60°C, and adding
1/10th volume of 10 x RNA buffer and formaldehyde to 1.85% w/v final
concentration. The sample was prepared by mixing 5.5 ul of RNA (up to
15 pg), 1 ul 10 x RNA buffer, 3.5 pl formaldehyde and 10 pl de-ionised
formamide and heating to 65°C for 5 min. 1/10 volume of 50% v/v
glycerol, 1 mM EDTA, pH 8, 0.25% w/v bromophenol blue, 0.25% w/v
xylene cyanol was added to the sample before loading. Electrophoresis
was carried out at 100-150 mA with the gel submerged in 1 x RNA buffer.

RNA was transferred onto Hybond N (Amersham) by capillary action.
Before transfer gels were rinsed twice for 30 minutes in 10 x SSC to remove
the formaldehyde. After transfer RNA was cross-linked to the membrane
by exposing the nylon filter to 1.5 J/cm2 of UV irradiation at 254 nm
(Stratalinker, Stratagene).

2.2.14 Synthesis of dsSRNA for RNA-I

RNA was synthesised using the RiboMax kit (Promega) according to the
manufacturer’s instructions. hip-1pBSKS+, hip-2pBSKS+ and pB30 were
linearised with appropriate restiction enzymes that cut the plasmids
uniquely within the polylinker immediately 5" or immediately 3’ of the
cDNAs. Run-off transcription with T7 or T3 RNA polymerase was used to
generate sense and anti-sense transcript for each cDNA. The transcripts
were precipitated according to the protocol provided and resuspended in
ddH20 at 1 mg/ml. The sense and anti-sense transcripts for each cDNA
were mixed and heated to 60°C for 5 minutes and allowed to cool slowly
to room temperature to promote the formation of sense/anti-sense
duplexes, before microinjection into worms as described below.

2.2.15 Preparation of library filters
Preparation of plating cultures: 50 mls LB broth supplemented with 0.2%
v/v maltose and 10 mM MgSO4 was inoculated with a single colony of

XL1-Blue MRF strain and grown overnight with shaking at 30°C. Cells
were pelleted for 10 minutes at 2000 rpm and resuspended in 10 mM
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MgSO4 to give a final ODggg of 0.5. Cells were stored at 4°C and used
within 3 days.

Plating of library: The library was titred. 200,000 pfu were mixed with
600 pl of the plating culture, incubated for 15 minutes at 37°C and mixed
with 6.5 ml of NZY top agar at 48°C, and plated on to 25 cm2 NZY plates.
4 plates were prepared in this way, to screen a total of 8 x 10% pfu. The
plates were incubated for 12 hours at 37°C, refrigerated for 2 hours at 4°C
and then transfered to Hybond N+ fiters (Amersham). The first transfer
for each plate was left for 1 minute, the duplicate for 2 minutes.
Orientation marks were made with a needle. The filters were laid on 3MM
paper saturated in 0.5 M NaOH, 1.5 M NaCl], rinsed in 2 x SSC and probed
as described below.

Secondary and tertiary screening: Positive plaques were cored from the
plates using a Pasteur pipette, incubated in 1 ml SM buffer with 20 pl
chloroform. Serial dilutions of this suspension were plated on to 10 cm
NZY plates and filters prepared as described above.

2.2.16 Generation of [32P]-labelled DNA probes

50 ng of DNA fragments purified as described above were used to make
probes. The DNA was diluted in ddH2O to give a final volume of 23 pl
and boiled for 5 minutes before rapid cooling on ice. 30 uCi [32P}-dCTP
was added to the melted DNA fragment and the probe made using the
Multiprime DNA labelling kit (Amersham) according to manufacturer’s
instructions. Following a 1 hr incubation at 37°C, the probe was
precipitated by addition of ammonium acetate to a final concentration of 1
M, along with 2 pg of glycogen (Boehringer) and 4 volumes EtOH. The
probe was recovered by centrifugation in a microfuge at 13,000 rpm. The
supernatant was discarded and the probe resuspended in CHURCH.
Immediately prior to the addition of the probe it was boiled once more for
5 minutes.

2.2.17 Probing of filters

All filters (whether Northern blot or library filters) were probed in the
same manner. The filters were pre-hybridised at 60°C for 30 minutes in 20
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ml CHURCH. The CHURCH buffer was changed immediately prior to
addition of the probe prepared as described above. Hybridisation with
DNA probes made as described above was carried out in 15 ml CHURCH
at 60°C for at least 18 hours. Filters were then washed twice for 15
minutes with 2 x SSC, 0.1% SDS and once for 15 minutes with 0.5 x SSC,
0.1% SDS, at 60°C, wrapped in Saran-wrap and placed against Kodak X-
AR film with an intensifying screen at -70°C.

2.3 Protein techniques
2.3.1 One dimensional SDS-polyacrylamide electrophoresis of proteins

Yeast proteins were isolated with TRIzol reagent according to the
manufacturer’s instructions, after mechanical disruption of the yeast cell
walls with acid-washed glass beads as described above for RNA isolation.
Protein pellets were resuspended in an equal volume of RSB and 15 pl
subjected to electrophoresis.

One dimensional SDS polyacrylamide gel electrophoresis (PAGE) was
conducted as described by (Laemmli, 1970). The resolving gel consisted of
10% acrylamide:bisacrylamide [37.5:1] in 0.375 M Tris-Cl, pH 8.6, 0.1%
(w/v) SDS, 0.125% (v/v) TEMED and 0.02% (w/v) ammonium
persulphate (APS). This was poured so as to fill about 70% of the space
between two vertical glass plates separated by 0.75 mm (small gels,
BioRad MiniProtean II). The resolving gel was overlayed with water-
saturated butan-2-ol until polymerised. The butanol was removed by
rinsing with water and a stacking gel consisting of 3%
acrylamide:bisacrylamide [37.5:1], 0.125 M Tris-Cl, pH 6.8, 0.1% (w/v)
SDS, 0.1% (v/v) TEMED, and 0.2% (w/v) APS, was cast on top of the
resolving gel. Samples were loaded under running buffer (PAGE-RB) and
the gels electrophoresed at 150V (constant) for 1-4 hr, or until the
bromophenol blue dye reached the bottom of the gel. Samples for SDS-
PAGE were prepared in 0.125 M Tris-Cl, pH 6.8, 2% (w/v) SDS, 10% (v/v)
b-mercaptoethanol, 0.001% (w/v) bromophenol blue and boiled for 3 min
prior to loading. Gels were fixed and stained by submersion in 50% (v/v)
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methanol, 7.5% (v/v) glacial acetic acid, 0.5% (w/v) PAGE blue 83 (BDH).
Gels were destained in 30% (v/v) methanol, 10% (v/v) glacial acetic acid.

2.3.2 Immunoblotting of proteins

Proteins were transferred to Immobilon-P (PVDEF, Millipore) by
electroblotting. The gel and blotting membrane were equilibrated in
Western blotting buffer (WBB) for 10-20 min at RT. PVDF membranes
were pre-wetted in methanol before use.

The gel was placed onto the transfer membrane taking care to exclude any
air bubbles and sandwiched between two pieces of Whatman 3MM
chromatography paper on fibre supports. The complete assembly was
placed in a submerged blotting cassette and proteins electroeluted onto the
membrane at 50 V (constant) for 1 hr. Cooling was supplied by inclusion
of an integral ice block cooling unit. After transfer the membrane was
rinsed with TBS and either used immediately or wrapped in Saran wrap
(Dow Chemicals) whilst still damp and stored at -20°C.

Detection of immobilised proteins was performed as follows. In order to
block non-specific binding of antibodies, the membrane was incubated for
30-60 min in TMT (TBS containing 2% w/v nonfat dried milk and 0.5%
v/v Tween 20). The membrane was then incubated in a 1/500 dilution of
the monoclonal antibody 12CA5 prepared in TMT for 2 hr at room
temperature. Membranes were then washed three times with TMT. The
bound primary antibody was detected by incubating the membrane in a
1/1000 dilution of horseradish peroxidase-conjugated donkey anti-mouse
Ig Incubation was continued for 1 hr at room temperature and the
membranes washed three times in TMT followed by rinsing in TBS
containing 0.5% Tween 20. The membranes were treated with ECL
reagent (Amersham) for 1 min at room temperature, the excess ECL
reagent removed by blotting and the membranes wrapped in Saran wrap
and exposed to Kodak XAR-5 film.

2.3.3 Electron microscopy and immunogold labelling

Electron microscopic analysis was performed by Mr. Steve Gschmeissener
in the ICRF Electron Microscope Unit. To produce sections for
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morphological analysis, yeast cells were prepared using conventional
cryo-morphology methods wth the addition of a 1% osmium tetroxide
step after the initial aldehyde fixation. For immunolocalisation analysis,
cryosections were prepared and labelled using the three-stage method of
(Slot et al.,, 1991). Sections of Lowicryl HM20 were prepared by
progressive lowering of temperature (Armbruster et al., 1982) and labelled
as above. HA-tagged CED-4 was detected by overnight incubation at 4°C
of sections with appropriately diluted anti-HA monoclonal antibodies
12CA5 and 16B2. Binding of anti-HA monoclonal antibodies was detected
by incubation for 30 minutes at 25°C with a 1/200 dilution of rabbit anti-
mouse IgG1 (Nordic) followed by incubation for 30 minutes at 25°C with
protein A conjugated to 10 nm gold (Utrecht University) at a dilutionof
1/50.

2.4 S. pombe techniques
2.4.1 Transformation

A single colony of S. pombe strain 567 was used to inoculate 20 ml of YE
medium. The culture was grown at 30°C with shaking until the ODsg5 was
between 0.5 and 1.0. Cells were pelleted by centrifugation at 1500 rpm,
5°C for 5 minutes, washed once in ice-cold water and once in ice-cold 1 M
sorbitol and finally resuspended in 200 pl of ice-cold sorbitol. 40 pl
aliquots were added to pre-chilled microfuge tubes containing 100 ng of
plasmid DNA and incubated on ice for five minutes. The samples were
rapidly transferred to chilled 2 mm electroporation cuvettes and
electroporated at 2250 V, 25 pF, 200 Q using a BioRad GenePulser 1I
electroporator. The cells were rapidly resuspended in 1 ml 1 M sorbitol
and 400 pl of the suspension plated onto EMM plates containing the
appropriate supplements to permit the growth only of transformants.

2.4.2 Induction of the nmt-1 promoter on plates and in liquid culture
Transformants were streaked out on appropriate selective EMM plates

containing 5 pg/ml thiamine. After incubation for one day at 30, the
colonies were replica-plated successively on two consecutive days to EMM
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* In each case, multiple independent transformants were assessed by replica
plating, before representative clones were further analysed in liquid culture
as described. All figures in Chapters 3, 4,5 and 7 that include yeast cell
growth and viability data are representative examples of experiments that
were repeated at least twice, and the results of which agree with those

derived from the previous replica plating experiments.

In the figures referred to above, 'cell number' should read 'cell number
x105/ml'. A viability score of 10 indicates that 100% of the cells in the

culture were viable.




plates providing the same selection but without thiamine and containing
the vital dye phloxine B at 5 pg/ml. Growth and uptake of the vital dye
were monitored.

Representative colonies from the original master plate were then
inoculated into liquid EMM medium containing the appropriate
supplements and thiamine, and grown to log phase, whereupon they were
washed extensively (at least 5 times) with medium lacking thiamine,
diluted to an ODsgs of 0.0125 in this medium and incubated with shaking
at 30°C or 25°C. After 5 generations (12 hours at 30°C or 16 hours at 25°C)
the nmt-1 promoter becomes derepressed. At this point the growth and
viablity of the culture began to be measured at intervals of 2 to 4 hours.
Growth was measured by determining cell number per unit volume by
means of a Coulter counter, or by monitoring ODsgs. Viability was
determined by plating aliquots of the culture onto plates supplemented
with thiamine and was calculated as the number of colonies that arose
over the growth reading for that timepoint.

See additional notes on facing page.*

2.4.3 Visualisation of DAPI-stained and CED-4GFP-expressing S. pombe
cells

5 ul yeast culture was dropped onto a microscope slide and covered with a
coverslip. Cells were visualised using a Nikon Microphot fluorescence
microscope, with an excitation wavelength of 360 nm (UV) for DAPI-
stained cells and 480 nm (blue) for GFPCED-4-expressing cells.

2.4.4 Pulsed field gel electrophoresis of S. pombe chromosomal DNA

150 ml of a mid-log phase culture of S. pombe cells was washed twice in
CSE (20 mM citrate/phosphate pH 5.6, 40 mM EDTA, 1.2 M Sorbitol), then
resuspended in 10 ml CSE with 15 mg Zymolyase-20T and incubated at
37°C for one hour. Cells were pelleted and resuspended at 6 x 108 cells/
ml in TSE (10 mM Tris HCI pH 7.5, 45 mM EDTA, 0.9 M Sorbitol). The
suspension was warmed to 37°C, an equal volume of melted 1% LGT
agarose (BioRad) in TSE added and the mixture dispensed in 100 pl
aliquots into a plug mould. Once set, the cells in the plugs were lysed by
incubating the plugs in 0.25 M EDTA, 50 mM Tris HCI pH 7.5, 1% SDS for
90 minutes at 55°C. The plugs were then transferred to 1% lauryl

66



sarcosine, 0.5 M EDTA pH 9.5, 0.5 mg/ml Proteinase K and incubated at
55°C for 48 hours. Plugs were equilibrated before loading by giving them
three 10 minute washes in TE, then loaded into slots in a 0.6% agarose gel
(chromosomal grade - BioRad) in TAE in a CHEF pulsed field apparatus
(BioRad) and run at a voltage gradient of 1 V/cm for 72 hours. Ethidium
bromide was used to stain the gel after running.

2.5 Yeast two-hybrid analysis
2.5.1 Transformation of S. cerevisiae

A single colony of HF7c cells was inoculated into 20 ml YPD medium and
incubated at 30°C with shaking until the culture reached stationary phase.
This culture was then used to inoculate 300 ml YPD to an ODggg of 0.2,
which was incubated with shaking at 30°C for 3 hours. Cells were than
collected by centrifugation at 2,200 rpm for 5 minutes at room
temperature, washed in 50 mls HO and finally resuspended in 1.5 ml
TE/0.1 M lithium acetate pH 7.5. 100 ng of each type of plasmid DNA
mixed with 10 pl 10 mg/ml sonicated salmon sperm carrier DNA were
added to 100 pl aliquots of the competent yeast cells and mixed well. 600
ul of a solution of 40% w/v PEG 4000, 0.1 M lithium acetate in TE was
added to each tube, mixed by vortexing and incubated at 30°C for 30
minutes. 70 pl DMSO was then added, the solution mixed gently and
heat-shocked at 42°C for 15 minutes. The cells were then collected by
centrifugation at 13000 rpm for 5 seconds, resuspended in 0.3 ml TE and
plated onto SD plates supplemented with 10X dropout solution containing
the appropriate nutrients to permit growth only of transformants.

2.5.2 Testing for an interaction between two proteins

HF7c carries two GAL-4 activated reporters that are expressed only when
the two GAL-4 hybrid proteins interact: the HIS3 gene and a gene
encoding 8-galactosidase. Interaction should therefore allow his-
auxotrophic HF7c cells to grow on medium that is not supplemented with
histidine and should endow them with 8-galactosidase activity.
Transformed HF7c were therefore plated in duplicate onto media with and

67



without histidine. Those colonies growing on the histidine-supplememted
plates were assayed after 4 days for 8-galactosidase activity. Z-buffer/X-
gal solution was prepared as follows: 100 ml Z-buffer, 0.27 ml 8-
mercaptoethanol, 1.67 ml X-gal stock solution. Sterile Whatman filters
were laid over the plates containing the transformant colonies and
carefully peeled off, then submerged in liquid nitrogen for 10 seconds,
allowed to thaw at room temperature and then laid onto another filter
presoaked in Z-buffer/X-gal solution. The filters were incubated at 30°C
for up to 6 hours and checked periodically for the appearance of blue
colour that would indicate the presence of 88-galactosidase activity.

2.6 C. elegans techniques
2.6.1 Maintenance of C. elegans

Worms were maintained at 21°C on NGM agar plates carrying a lawn of
OP50, a leaky uracil-requiring strain of E. coli. They were transferred
between plates by means of a ~32 gauge platinum wire pick, sealed into
the end of a glass Pasteur pipette. For bulk growth for the purposes of
extracting RNA, worms were grown in S Medium containing 7 g/1 OP50
bacteria which had been grown previously in LB and collected by
centrifugation at 3000 rpm for 10 minutes. The worms were grown at 21°C
and shaken at ~250 rpm for approximately five days, or until the culture
began to clear. Worms and embryos were then pelleted and either
processed immediately to yield mixed-stage RNA which was used as a
substrate for RT-PCR, or the culture was synchronised so that RNA from
different developmental stages could be isolated for Northern analysis.

2.6.2 Synchronisation of worm cultures

Alkaline hypochlorite (1 M NaOH, 30% v/v bleach) was made up freshly
for each synchronisation. A pellet of 3 to 5 ml packed worms was treated
with 40 ml alkaline hypochlorite solution. Worms were resuspended in
the solution and vortexed once every minute for 10 seconds. After 2
minutes progress was checked once every minute under a dissecting
microscope. As soon as the adult worms were disrupted and most of the

68



embryos released from them (approximately 5-8 minutes) the embryos
were recovered by centrifugation at 3500 rpm for 2 minutes and washed
twice with 50 ml M9 buffer before being resuspended in 500 ml S Medium
and incubated overnight with shaking at 21°C. After ~18 hours the culture
was supplemented with OP50 bacteria to a final concentration of 7 g/1,
allowing the L1 stage worms to begin to grow. Progress of the
synchronised culture through the life cycle was monitored periodically
under a dissecting microscope, and at appropriate times aliquots were
removed for RNA isolation.

2.6.3 Microinjection of hermaphrodite worms for RNA-I

Agarose pads for micrinjection were made by dropping a melted solution
of 2% agarose in water onto a 24 x 60 mm coverslip, laying another
coverslip on top and allowing the agarose to set. The top coverslip was
then removed and the pad allowed to dry out overnight. Young adult
hermaphrodites were immobilised on an agarose pad and covered with a
thin layer of Voltalef 3x oil to prevent dehydration. Microinjection needles
were made using a needle puller and loaded with 0.1 ul of the dsRNA
solution by capillary action. Worms were injected in the syncytial ovary
using an Eppendorf microinjector and Zeiss Axiovert 100 inverted
microscope. They recovered in 10 ul M9 buffer and were retrieved using a
mouth pipette and capillary tube. Phenotypes arising from the RNA-I
were assessed by examining live worms and embryos, immobilised on 5%
agar pads in 10mM sodium azide, using Nomarski optics on a Zeiss
Axioplan microscope with X65 oil immersion objective lens.
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Chapter 3

Expression of ced-4 adversely affects growth
and viability of Schizosaccharomyces pombe

3.1 Introduction

ced-4 was one of the three genes originally identified by Horvitz and
colleagues as encoding the basal effector machinery of cell death in the
nematode (Ellis, 1986; Yuan and Horvitz, 1992). As discussed in Chapter
One, the relevance of the nematode model to metazoan cell death in
general has been amply demonstrated by the isolation of apoptosis-
regulating vertebrate homologues of the other two members of the triad,
ced-9 and ced-3 (Hengartner and Horvitz, 1994; Yuan et al., 1993).
Substantial progress has been made in understanding the molecular basis
of ced-9 and ced-3 function as a result of exhaustive study of their
vertebrate homologues in mammalian tissue culture systems. Until very
recently no homologue of CED-4 had been found, though, by analogy with
CED-9 and CED-3, it seemed reasonable to assume that vertebrate
homologues of CED-4 would eventually prove to be central to the control
of vertebrate apoptosis. It therefore seemed clear that the lack of
understanding of CED-4’s function constituted a key area of ignorance in
the field of cell death. Unfortunately, as yet, no nematode cell culture
system exists and attempts to analyse the functions of the three gene
products by means of directed overexpression in vivo have proved difficult
to interpret. One course of action which might illuminate the function of
CED-4 and its hypothetical vertebrate homologues was to express CED-4
in a heterologous system.

A drawback of analysing apoptotic effectors and regulators in mammalian
tissue culture is the all-or-nothing nature of the apoptotic process. Unlike
the cell division cycle, which has a multitude of internal checkpoints (S
phase does not commit the cell irrevocably to M phase, for example),
apoptosis, once triggered, proceeds rapidly and without check to
completion. Analysing the contribution of one effector molecule, such as
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Bak or caspase-3, to the vertebrate apoptotic process is very difficult. A
high degree of redundancy in the system means that the loss of a single
component rarely has any effect. In addition, positive feedback loops, that
probably exist to promote the swift execution of apoptosis once it is
initiated, ensure that overexpression of a single component typically
results in the complete apoptotic phenotype. In no case so far studied has
expression of a single component of the apoptotic machinery resulted in a
partial phenotype (e.g. induction of nuclear events without cytoplasmic
blebbing, for example.)

The molecular explanation for the functions of the CED-9/ Bcl-2 family
has proved particularly hard to elucidate for the above reasons. As
discussed in Chapter One, a key area of debate concerned which of the
opposing functions of the Bcl-2 family - activation or suppression of
apoptosis - was the ‘primary’ one. S. cerevisiae has no homologues of Bcl-2,
yet the expression of the pro-apoptotic Bcl-2 homologues Bax and Bak is
toxic to these cells. A mutant of the anti-apoptotic Bcl-2 that is unable to
bind Bax is still able to rescue S. cerevisiae cells from Bax-induced
cytotoxicity (Zha and Reed, 1997). This observation was the first clear
indication that, in fact, both pro- and anti-apoptotic Bcl-2 proteins have
independent functions, and that the function of one class is not simply a
result of its ability to dimerise with and thereby neutralise the other. It
suggested, in addition, that the toxicity induced by Bax and Bak in yeast
corresponds in some part to the contribution of these molecules to the
vertebrate apoptotic process, which one might be able to see in
mammalian cells in the absence of the rest of the cell death machinery.

Further investigation has revealed that Bax-induced toxicity in yeast has
features in common with Bax-induced death in mammalian cells (Manon
et al.,, 1997, Xu and Reed, 1998). On a more practical level, the
phenomenon has permitted a series of very illuminating screens for yeast
mutants and mammalian cDNAs that can suppress it (Ink et al., 1997;
Matsuyama et al.,, 1998; Xu and Reed, 1998). Such screens result in the
isolation of genes that are involved only with Bcl-2 family contributions to
apoptosis, rather than more general suppressors of apoptosis that might be
found via a similar screen in mammalian cells. Crucially, of course, such
screens are also much more feasible in the experimentally and genetically
tractable yeasts. It therefore seemed that a similar approach might
illuminate the then obscure functions of the pro-apoptotic nematode
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protein CED-4 and perhaps ultimately permit screens for proteins that
modify the effects of CED-4.

3.2 Expression of ced-4in S. pombe

Schizosaccharomyces pombe is an attractive system for analysing the effects
of potentially lethal gene products due to the existence of a tightly
regulated inducible expression system (Maundrell, 1990). The nmt-1
promoter (no message in thiamine) is tightly repressed when thiamine is
present in the growth medium. Five generations after thiamine
withdrawal (approximately 12 hours at 32°C or 16 hours at 25°C) the nmt-1
promoter becomes derepressed and promotes the high level transcription
of a cDNA cloned immediately downstream of it. In addition, mutant
nmt-1 promoters have been created that promote transcription less
effectively, allowing genes to be expressed at different efficiencies if
desired.

The ced-4 ORF was cloned into the vector pMBS36URA, placing it under
the control of the full-strength nmt-1 promoter. S. pombe strain 567was
transformed with this construct (ced-4arc83) by electroporation.
Transformants were plated out and selected on the basis of their ability to
grow on EMM lacking the supplement uracil, and maintained under this
selection throughout the experiments described here. Six representative
transformants were streaked out on this medium and allowed to grow for
24 hours before expression from the nmt-1 promoter was induced by
replica-plating to similar plates that lacked thiamine and were
supplemented with the vital dye phloxine B. The inability of
transformants to grow on this medium and the fact that the colonies
turned a dark pink colour, indicating that the yeast cells were unable to
exclude the vital dye, suggested that expression of ced-£ is toxic to the
yeast cells. To look at the kinetics of the ced-4-induced effect, a
representative transformant was grown to log-phase in liquid culture in
the presence of thiamine, washed thoroughly with medium lacking
thiamine and finally resuspended in medium either containing thiamine
or without thiamine at a final OD595 of 0.0125. This ensures that the

72



9 "ccC

3CcC!
62
- 1> S
01172
1
1
?CC
2c 2 2" ?2A ?) 01
&# (
c S
C |
2" ?)
&# (
, - $+ # . | #
54 1 6" ' 6 6 " I1"1-"
6" " ot 4 % ' ?2) "
" | " " " 4 3"
6" ' 6 ! " , ) ! )
Lo I * ' " 1
| " | "o 't " 4’

B3



cultures are in mid log-phase (ODsgs approximately 0.4) at the point that
the nmt-1 promoter becomes derepressed. Cells were grown at 32°C, 200
rpm and 12 hours after thiamine withdrawal cultures began to be
monitored for growth and viability. Concentration of cells in the culture
was measured using a Coulter counter. Viability of the culture was
assessed by plating an aliquot of the culture onto plates supplemented
with thiamine, thus repressing expression from the nmt-1 promoter and
halting the lethal expression, and counting the number of colonies which
eventually grew up. This number, as a proportion of the concentration of
cells in the culture at that time, gave a measure of the long-term
clonogenicity of cells in that culture. Using these criteria, expression of
ced-4 dramatically inhibited growth and reduced viability of S. pombe cells
(Figure 3.1).

3.3 S. pombe cells expressing ced-4 exhibit disrupted nuclei

The phenotype of cells expressing ced-4 was examined using light and
electron microscopy. Cells were stained with the DNA minor groove-
binding fluorochrome DAPI and examined using fluorescence microscopy
to assess the integrity of the chromatin. The nuclei of wild-type S. pombe
cells appear as coherent, uniformly-staining organelles (Figure 3.2a). In
contrast, the nuclei of cells expressing ced-4 exhibit a dramatically
disrupted, punctate pattern of DNA staining (Figure 3.2b). In addition the
cells, including the nuclei, are considerably larger than wild-type cells.
This phenotype was further examined by electron microscopy. Two
unusual features were found to be present in the majority of ced-4-
expressing cells (Figure 3.3). Whilst the cytoplasm of these cells appears
relatively normal, there is an accumulation of cytoplasmic lipid droplets
which are rarely seen in wild-type cells. In addition, the disruption of the
nucleus that was inferred from abnormal patterns of DAPI staining with
fluorescence microscopy was confirmed by EM. The nuclei of ced-4-
expressing cells contain condensed matter distributed patchily within the
nucleus and this may correspond to the punctate DNA staining observed
by fluorescence microscopy of DAPI-stained cells.

The pattern of condensed matter observed in the nuclei of ced-4-expressing
cells was suggestive of condensed chromatin. Chromatin condensation is
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a ubiquitous feature of metazoan apoptosis. The possibility that another
nuclear feature of apoptosis was occurring, namely fragmentation of
chromosomal DNA, was examined by separating the yeast DNA using
pulsed field gel electrophoresis. Even 18 hours after the onset of ced-4
expression, when no viable cells remained in the culture, chromosomal
DNA in these cells remained organised as intact chromosomes (Figure
3.4). This result indicates that CED-4 is not capable of promoting DNA
fragmentation in these cells.

3.4 ced-4-expressing cells exhibit a different phenotype to those
expressing bak or ced-3

To examine the possibility that S. pombe cells engage an endogenous death
programme in response to an insult such as expression of ced-4, and that
the phenotype seen is therefore not the direct effect of ced-4 expression, the
phenotypes of cells expressing other pro-apoptotic genes were examined.
Both the pro-apoptotic Bcl-2 family member Bak and the nematode
caspase CED-3 are toxic to S. pombe (Figure 3.4). In both cases, however,
the phenotypes exhibited by the dying cells are very different to that
which results from expression of CED-4. The most immediate and
penetrant characteristic in each case is disruption and vacuolisation of the
cytoplasm. At very late timepoints (24 hours after induction), nuclear
disruption has been observed in cells expressing Bak (Ink et al., 1997;
Jurgensmeier et al., 1997) - however it seems unlikely that this is a primary
effect of Bak expression and is probably rather a result of the
disintegration of a cell which is no longer viable.

3.5 Summary and discussion

CED-4 is toxic to S. pombe and gives rise to a phenotype in the dying cells
that is suggestive of a ubiquitous feature of apoptosis, namely chromatin
condensation. Other characteristics of S. pombe expressing CED-4 are their
increased size and the accumulation of lipid in their cytoplasm. The fact
that this phenotype is distinct from those resulting from the expression of
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other toxic components of the apoptotic machinery such as Bak and CED-
3, suggests that the phenotype is the direct result of CED-4 activity and is
not generated by an endogenous cell death programme in the yeast.
However, the possibility remains that the toxicity arises as a result of non-
specific interference of this foreign protein with a critical yeast function,
and that it does not reflect the bona fide physiological role of CED-4 in vivo.
To address this possibility I next created point mutants of CED-4 and
assessed their ability to kill S. pombe cells.
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Chapter 4

CED-4 point mutants 1258N and K165Q do not
affect growth or viability of S. pombe

4.1 Introduction

Expression of a biologically inactive point mutant of CED-4 in yeast would
begin to address the question of whether the phenotype resulting from
CED-4 expression is a product of the usual physiological activity of CED-4
or whether it is the result of non-specific interference of CED-4 in some
vital yeast function that is not related to its function in the nematode.
Unfortunately, little is known about domains of CED-4 that are required
for its activity in vivo. Until very recently, no homology had been found
between CED-4 and any other protein. When the sequence of CED-4 was
first published, it was noted that the protein contains regions conforming
rather imperfectly to the EF hands of calcium binding proteins (Yuan and
Horvitz, 1992), however the physiological significance of these motifs
remains to be demonstrated. A number of independent mutations in
CED-4, isolated through a genetic screen for perturbations in the pattern of
nematode developmental cell death, were found to result in a ced-4-null
phenotype: these included a number of C-terminal truncations produced
by premature stop codons and the point mutation resulting in the
substitution of isoleucine 258 with asparagine. In an attempt to identify
other residues critical for CED-4 activity, the CED-4 protein sequence was
searched using the PROMOT database for the presence of recognised
functional motifs. The intention was to assess the effects of mutations
within any such motifs on the activity of CED-4 in S. pombe.

4.2 The biological CED-4 mutant I258N does not affect growth or
viability of S. pombe cells
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The ced-4 ORF was altered by in vitro mutagenesis as described in chapter
two to create a sequence encoding CED-4 with the I258N substitution
described above. This ORF was cloned into the full strength nmt-1 vector
PMBS36URA to create 1258Narc83, and the effect of the mutant protein on
the yeast cells assessed as described for CED-4 in chapter 3. Unlike wild-
type CED-4, expression of 1258N had no effect on either the growth or the
viability of S. pombe cells (Figure 4.1a and b). To ensure that this was not
the result of lack of expression of the mutant gene, Northern analysis was
carried out to assess the levels of the respective transcripts two hours after
expression should have been induced (Figure 4.1c and d). The mutant
transcript was in fact expressed at higher levels than the wild-type
transcript, possibly due to the fact that viability of CED-4-expressing cells
is already being adversely affected at this point and they may therefore be
less capable of supporting transcription. No anti-CED-4 antibody was
available to assess relative levels of wild-type and mutant proteins in these
cells, and the possibility therefore remains that the lack of effect of I258N is
merely the result of some inherent instability in the mutant protein.

4.3 CED-4 contains regions that conform to the P-loop nucleotide-
binding consensus

Searching the CED-4 sequence with the PROMOT motif database
indicated that CED-4 contains regions conforming to the Walker
nucleotide-binding P-loop consensus (Saraste et al., 1990), suggesting that
CED-4 might require nucleotide-binding for function. Residues 159 - 166
(GRAGSCGKS, conforming to the consensus A/GXXXXGKS/T) surround
the putative critical nucleotide-binding lysine, residue 165 (Figure 4.2). It
has been shown that substitution of the invariant nucleotide-binding
lysine residue within this motif substantially impairs the nucleotide-
binding capacities of other P-loop-containing proteins (Kang et al., 1997).
The P-loop consensus was therefore an obvious potential site in which to
introduce mutations that disrupt CED-4 functionality.
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4.4 The CED-4 P-loop mutant K165Q does not affect growth or viability
of S. pombe cells

The ced-4 ORF was altered by in vitro mutagenesis to create a sequence
encoding CED-4 with a substitution of glutamine for the P-loop lysine 165
(K165Q). This ORF was cloned into the full strength nmt-1 vector
PMBS36URA to create K165Qarc83, and the effect of the mutant protein on
the yeast cells assessed as described for CED-4 in chapter 3. In contrast to
CED-4, K165Q had no effect on either the growth or viability of S. pombe
cells (Figure 4.3 a and b). To ensure that this was not a result of lack of
expression of the mutant gene, ORFs encoding CED-4 and K165Q tagged
N-terminally with the haemagluttinin epitope (HACED-4 and HAK165Q)
were created. N-terminal HA tagging of CED-4 was shown not to alter its
effect on yeast cells (see chapter 5). Levels of expression of wild-type and
mutant HA-tagged proteins were shown to be similar two hours after
induction (Figure 4.3 c), indicating that the lack of effect of K165Q on the
yeast cells was indeed the result of the point mutation.

4.5 Summary and discussion

It is possible that the effects of CED-4 on S. pombe cells described in the
previous chapter are not a reflection of its physiological role in vivo. To
address this possibility, the effect of expressing a point mutant of CED-4
that is known to have no biological activity in vivo was examined. Unlike
wild-type CED-4, the mutant I258N had no toxic effects in S. pombe,
suggesting that the activity of CED-4 in S. pombe does correlate with its
role in C. elegans. While the mutant transcript was found to be expressed
at the same or higher levels than the wild-type transcript, levels of the
respective proteins were not assessed. It is therefore possible that I258N is
unable to kill either C. elegans or S. pombe cells as a trivial result of inherent
instability of the mutant protein. If this is the case then the inability of
I258N to kill yeast cells would have no bearing on whether CED-4 kills
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yeast in a way that is relevant to the proapoptotic function of CED-4 in C.
elegans.

Motif searching indicated that CED-4 had a potential nucleotide-binding
capability. A point mutant that would be expected to abrogate this
hypothetical activity was created and expressed in S. pombe. The validity
of this approach is, of course, slightly compromised by the fact that this
mutant has not been shown to be without biological activity in C. elegans.
The P-loop point mutant K165Q was found to be unable to kill yeast cells.
In this case it has been demonstrated that the mutant protein is expressed
at similar levels to the wild-type protein. This observation does give
weight to the notion that CED-4 is not killing S. pombe cells through some
non-specific interference with a vital yeast function, since a point mutant
might be expected to interfere with the same components. Additionally, it
gives the first indication of a possible activity for CED-4, namely
nucleotide binding. That CED-4 is able to bind nucleotides and requires
this activity for its ability to promote caspase activation has subsequently
been demonstrated by another laboratory (Chinnaiyan et al., 1997).
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Chapter 5

CED-9 protects S. pombe cells against CED-4-
induced lethality and alters the localisation of
CED-4 by means of a direct physical interaction

5.1 Introduction

The observation that the CED-4 point mutants 1258N and K165Q are
without killing activity in S. pombe cells suggested that the toxicity induced
in these cells by CED-4 may be related to the proapoptotic activity of CED-
4 in vivo. To further characterise the activity of CED-4 in S. pombe, the
localisation of CED-4 in the dying yeast cells was determined by means of
immunogold labelling of electron microscope sections. In addition, the
ability of known suppressors of apoptosis such as p35 and CED-9 to block
the toxic effects of CED-4 in this context was examined.

5.2 HACED-4 affects yeast growth with the same kinetics as CED-4

An ORF encoding full length wild-type CED-4 with an N-terminal
haemagluttinin epitope tag (HACED-4) was generated by PCR and cloned
into the full-strength nmt-1 vector pMBS36URA. The comparative effects
of HACED-4 and CED-4 on S. pombe cells were assessed as described in
chapter three. HACED-4 was found to inhibit growth (Figure 5.1) and
decrease viability of S. pombe cells with the same kinetics as CED-4,
suggesting that the presence of the tag did not inhibit the activity of the
protein. It therefore seemed reasonable to assume that the ultrastructural
localisation of HACED-4 within a yeast cell would correspond to that of
the native CED-4 protein.
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5.3 HACED-4 has a nuclear distribution in S. pombe cells

S. pombe cells expressing HACED-4 were examined five hours after
- induction of HACED-4 expression. Cells were embedded in Lowicryl
HM20 and cryosections stained with the monoclonal anti-HA antibody
12CAS as a first layer reagent and 10 nm gold-conjugated protein A as
final layer reagent, as described in chapter two. HACED-4 protein was
found to be located almost exclusively in the nucleus (Figure 5.2 a, b and
c): specifically, the condensed matter that had previously been observed to
be present in the nuclei of CED-4 expressing cells (Figure 3.3) was very
densely stained. Cells expressing untagged CED-4 (Figure 5.2 d) did not
stain with 12CAS5, indicating that the stain was specific to the HA epitope
and was not the result of non-specific staining of the condensed matter in
the nucleus.

5.4 CED-9 but not p35 is able to protect against CED-4-induced lethality
in S. pombe

Two known suppressors of apoptosis, CED-9 and the caspase inhibitor
p35, were examined for their abilities to suppress the toxicity induced by
CED-4. In addition, the CED-4 point mutants previously described and
the anti-apoptotic splice variant of CED-4, CED-4L (Shaham and Horvitz,
1996), were also assessed to see if they could suppress the effects of wild-
type CED-4. Potential inhibitors of CED-4’s activity were cloned into the
full strength nmt-1 vector pMBS36URA and should therefore have been
expressed at approximately a ten-fold higher level than CED-4, which was
in the vector pREP41LEU and was therefore expressed from the medium
strength nmt-1 promoter. Between four and six representative
transformants of each type were assessed for growth and viability by
replica plating onto plates without thiamine and supplemented with the
vital dye phloxine B. Their ability to grow and to exclude the vital dye
was assessed by eye two days after replica plating.
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