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ABSTRACT

Caspases are cysteine proteases whose activity is required for the execution 
of cell death in all multicellular organisms. The morphology of Drosophila 
cells undergoing cell death is identical to that observed in other organisms, 
suggesting that Drosophila  also have a caspase-containing cell death 
m achinery; however, until recently no Drosophila  caspases had been 
identified. Here I describe the first cloning and characterisation of a 
Drosophila caspase.

I have used a degenerate PGR approach to clone a novel D rosophila  
melanogaster caspase, which I called drICE. drICE contains all the residues 
required for caspase activity. Expression of full-length drICE sensitises the 
S2 D rosophila  cell-line to induction of apoptosis by etoposide and 
cycloheximide treatment; expression of an N-terminally truncated form of 
drICE, p30drICE, mimicking the proteolytic rem oval of the prodom ain 
during caspase activation, induces apoptosis in S2 cells. This requires 
p30drICE caspase activity. drICE is proteolytically activated during S2 cell 
apoptosis as would be predicted if drICE is part of the Drosophila cell death 
m achinery.

drICE auto-processes when expressed in E. coli, and the resulting protein has 
DEVD-cleaving substrate specificity. The purified active enzyme has two 
subunits and cleaves lamin DmO and baculovirus p35 in vitro.

Lysates of S2 cells undergoing apoptosis contain a caspase activity that can 
cleave p35, lamin DmO and drICE in vitro and can activate chrom atin 
condensation in added HeLa nuclei. drICE is required  for all these 
activities, suggesting that it has both a role as a necessary 'effector' caspase 
and as an upstream caspase: whether this is an 'amplifier' or an 'apical' role 
is unclear.

The cloning of drICE described in this thesis should allow genetic screens to 
identify either upstream regulators or downstream targets of drICE; these in 
turn should illuminate caspase function in general.
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Chapter 1

Introduction

1.1 The role of apoptosis

1.1.1 Apoptosis is neat cell suicide

A poptosis was first described as a morphologically distinct form of cell 
death on the basis of EM analysis of tissue sections (Kerr et ah, 1972). A cell 
undergoing necrotic death swells, its mitochondria stop functioning and the 
cell ultimately lyses, releasing its contents and eliciting a local inflammatory 
response. During apoptosis, however, a cell shrinks, its organelles remain 
in tact and, while its outer m em brane forms 'b lebs', the cell rem ains 
m em brane-enclosed throughout, thus limiting any inflammatory response. 
In addition, chromatin becomes condensed and genomic DNA is cleaved, 
ultimately into nucleosome fragments of 140-200 bp in size. Finally, the cell 
fragm ents into m em brane-enclosed 'apoptotic bodies' which are rapidly 
phagocytosed by neighbouring cells or macrophages. In this w ay the cell 
dism antles itself, destroys its genetic information and its debris is disposed 
of cleanly.

1.1.2 Apoptosis in development

The 'mess-free' nature of apoptosis allows for the disposal of large numbers 
of unw anted cells or for the deletion of harmful or dangerous cells w ithout 
eliciting any global effects on the organism (Raff, 1992). 'Unwanted' cells 
arise in multiple developmental contexts and apoptosis can be employed in 
two rather different ways during development.

First, it can act as a developmental 'sculptor', chiselling and sanding away at 
less refined structures to give rise to the final form (reviewed in (Jacobson et 
ah, 1997)). The most commonly cited examples of such a role are those of



interdigitation and closure events, such as soft palate and neural tube 
closure, in which apoptosis is required for the removal of excess cells to 
allow complete closure.

Secondly, apoptosis is used to dispose of cells that have failed to pass 
through some form of developm ental checkpoint or selection. In the 
developing rat brain, for example, many more oligodendrocytes arise than 
actually make connections; those that fail to do so are deleted by apoptosis 
(Barres et al., 1992). This model of generation of excess cells followed by 
selection of a small proportion of successful cells requires there also to be a 
rapid and efficient disposal system for the chaff: apoptosis.

The developing immune system contains many examples of different roles 
for apoptosis, such as the deletion of T-cells that fail to rearrange their TCRs 
correctly (Surh and Sprent, 1994). It also provides an excellent example of 
apoptosis being used to delete potentially harm ful cells. During thymic 
development, only 5% of T-cells ever survive the multiple selections placed 
on them one of which is the negative selection of auto-reactive T-cells. These 
cells, which could lead to profound auto-immune disorders, are deleted in 
the thymus by apoptosis at the double positive CD4+ CD8+ stage (Lerner et 
al, 1996).

The role of apoptosis in development, that of deleting unnecessary, 'faulty' 
or potentially harm ful cells, has been well established. Equally important, 
however, is the crucial part that apoptosis plays in protecting the adult 
organism against both viral infection and cancer.

1.1.3 Apoptosis in the adult organism

1.1.3.1 Apoptosis as an anti-viral strategy

One of the key mechanisms by which a host limits the spread of viral 
infection is by apoptosis of the infected cells before a productive infection 
can occur (reviewed in (Thompson, 1995). This can occur either by the host 
cell dying as a direct consequence of viral infection (for example, following 
adenovirus infection (Rao et a l,  1992)) or by cytotoxic T-cells (CD8+) 
detecting and killing the infected cell. Following detection of viral antigen 
on a infected cell MHC, the CD8+ cells kill in two ways, either via 
Granzyme B /perforin  or via a CD95 signalling pathw ay (Kagi et a l,  1994),. 
Both mechanisms activate the infected cell's endogenous cell death pathway, 
killing the infected cell and hence limiting viral infection.



Viruses have in turn  evolved anti-apoptotic strategies w hich include 
expression of bcl-2 homologues (eg. adenovirus E1B19 (Rao et a l ,  1992)), 
inhibition of p53 (eg. SV40 Large T-antigen (Sarnow et a l, 1982) and HPV E6 
(Lechner et al, 1992)), inhibition of CD95 signalling (eg. HSV E8 (Bertin et al., 
1997) and viral FLIPs (Thome and al., 1997)) and inhibition of apoptotic 
proteases (eg. baculovirus p35 (Clem et al, 1991) and cowpox crmA (Ray et 
al, 1992)).

1.1.3.2 Apoptosis and cancer

1.1.3.2.1 Cancer and multicellularity

Cancer is a genetic disease of m ulticellular organisms. In order for a 
m ulticellular organism to survive, there m ust be tight control over cell 
num ber in all tissues so that the architecture of the organism  can be 
m aintained (discussed in (Raff, 1992)). Cell num ber is itself regulated by 
both the rate at which cells proliferate and the rate at which they die. To 
achieve homeostasis these rates must be the same. Genetic m utations that 
increase the rate of proliferation or that decrease the rate of cell death will 
result in a net increase in cell number and, consequently, a loss of order and 
architectural integrity. This inappropriate expansion of cells within a tissue 
can lead to cancer and ultimately to the death of the organism.

Multicellular life requires order and the requirement for order necessitates a 
way of maintaining order. The problem of cancer is therefore simple to 
state: how can a m ulticellular organism ensure that the correct cells are 
present in the correct tissue at the correct number? One answer to this 
problem is also simple: kill them if they are the wrong cells, kill them if they 
are in the wrong place, kill them if they begin to proliferate incorrectly and 
kill them even if there is a risk that they might have sustained a heritable 
mutation. In this model, the ultimate sanction of the organism against the 
cell is apoptotic death and the death of an individual cell may paradoxically 
be essential for the survival of the organism.

So, the question has now become: how does the organism kill the 'faulty' 
cells, thereby preventing cancer, while leaving the other cells alone? How 
can the organism perm anently be on the look-out for m utated cells? How 
can it 'see' them? The answer is that it does not.



1.1.3.2.2 Death is the default

There are two ways of ensuring that only the correct cell-type is in a 
particular tissue. The first is to find and delete cells that for whatever reason 
are in the wrong place. The other is to have cells 'set up ' in such a way that 
they can only survive in the correct location.

All prim ary cell-types so far studied in vitro are absolutely dependent on the 
presence of cytokines for their survival (Raff, 1992). Removal of cytokines 
results in death by apoptosis (Harrington et al., 1994a). The particular 
cytokines required for survival are different for different cell-types and the 
in vivo im plication is that a particular cell-type can only survive in its 
particular cytokine environment, that is, in the correct tissue (Harrington et 
al., 1994b). Were cells to migrate somehow to a different tissue, they would 
lose these essential survival factors and die. Death is therefore the default 
option for a cell, whereas survival requires active signals which can only be 
supplied in its correct tissue. The problem of 'correct cell in correct place' 
is therefore solved.

1.1.3.2.3 Multiple interlocking mutations are required for carcinogenesis

One of the main problems in understanding cancer is the following: why do 
cells appear to need to undergo so many mutations to give rise to a tumour? 
If all that is required  for a tum our is for cell num ber to increase 
uncontrollably, then any mutation that either massively increases the rate of 
proliferation or that massively decreases the rate of cell death should alone 
be sufficient to drive tumorogenesis. This appears not to be the case.

Two experim ental approaches have been used to look at tum our 
progression in vivo with a view to determining the steps required for tum our 
formation.

The first approach to determine the molecular steps involved in tum our 
progression is to analyse tum ours taken from a tissue w here m ultiple 
histological stages from hyperplastic to malignant carcinoma can be clearly 
distinguished. These staged tumours can be used to build up a statistical 
profile of the types of m utation observed at these different stages. This 
approach w as pioneered by Vogelstein using colonic carcinoma as the 
m odel and  led to the m ost com pelling evidence for m ultistage  
carcinogenesis (Fearon and Vogelstein, 1990). In this model, m ultiple 
independent m utations are required for tum our progression, all of which



have some poorly-defined cumulative effect. The molecular and biological 
basis for this cumulative effect or cooperation is largely unknown.

The alternative approach has been a transgenic approach in w hich 
oncogenes whose over expression either results in deregulated proliferation 
(eg. c-myc  (Leder et al., 1986)) or in suppression of cell death (eg. hcl-2 
(McDonnell et al., 1989)) have been targeted to particular tissues and tum our 
progression monitored. In all cases so far studied, other m utations have 
been required for tum our progression: that is, no single gene when over 
expressed has ever been shown to be sufficient for tum our formation.

W hile it is heartening to have experim ental confirm ation that single 
m utations are not sufficient to drive tum our formation (if they were, then 
cancer w ould be an insurm ountable problem for m ulticellular organisms), 
the question is still why they are not sufficient.

The answer appears to be that the processes of proliferation and cell death, 
survival and growth arrest are fundamentally linked in such a way that any 
m utation that confers some growth advantage to a cell carries w ith it an 
inseparable and deleterious disadvantage (Harrington et ah, 1994b). This 
means that while tumour cells must accumulate lesions that allow them to 
proliferate in a deregulated manner and lesions that allow them to suppress 
apop tosis , they cannot acquire such m uta tions in d iv id u a lly  and 
independently , bu t m ust acquire several different m utations alm ost 
sim ultaneously.

This model of interlocking 'Jekyll and Hyde' mutations is radically different 
to the Vogelstein model of multistage carcinogenesis. The Vogelstein model 
suggests that cells must acquire multiple mutations to form a tum our, each 
of which gives a minor advantage to the cell and these minor advantages 
together cumulatively result in a tumour. Each individual m utation giving 
a growth advantage to the cell in the soma results in clonal expansion and a 
subsequent advantageous mutation in any of the clonal progeny of the initial 
m utated cell gives rise to the next clonal expansion and so on. This model 
for m ultistage carcinogenesis suggests that cancer is rare because so many 
m utations are required for a tumour to form.

The model of interlocking 'Jekyll and Hyde' mutations suggests instead that 
tumours are rare because any single m utation that gives a cell an advantage 
is also deleterious. This alternative model suggests that at least two near 
sim ultaneous m utations are required in the same cell for progression of 
tum orogenesis. W hereas in the Vogelstein model a single m utated cell



expands in the soma to give rise to a clonal population of m utant cells, any 
one of w hich could sustain  the next advantageous m uta tion , the 
'interlocking m utations' model requires both m utations to occur not only in 
the same cell, but also that they occur within a relatively short time of each 
other. The probability of this happening is very low, hence the low 
incidence of cancer. Several examples will illustrate this more clearly.

The first example of the interdependent nature of cooperating oncogenic 
mutations illustrates the link between cell proliferation and cell death. All 
genes whose deregulated expression can drive cells from quiescence 
through S-phase (for example CDC25 (Galaktionov et al., 1996), c-myc (Evan 
et a l,  1992) and others) also drives them down an apoptotic pathway. In a 
'no rm al', regulated  cell cycle (that is, a norm al som atic cell in its 
appropriate environment), while expression of these genes is essential, the 
death pathw ay is suppressed by survival signals. The result is that the cell 
divides rather than dying (H arrington et a l ,  1994a). However, w hen 
expression of these genes is deregulated by mutation, cell cycle progression 
may be induced in the absence of any survival factors, resulting in cell 
death. Therefore, any m utation that increases the propensity of a cell to 
proliferate, also increases its propensity to die. Thus, such a m utation is 
likely to be deleterious. Cells that sustain a m utation that results in 
deregulated cell cycle progression (eg. over expression of c-myc) m ust 
therefore also sustain a second lesion that suppresses cell death (eg. over 
expression of bcl-2).

The second example concerns 'survival lesions', that is, m utations in genes 
that confer a survival advantage to the cell. The paradigm  for such a gene is 
bcl-2, over expression of which suppresses death induced by a wide variety 
of upstream  triggers (Sentman et al., 1991), including deregulated expression 
of c-myc (Bissonnette et al,  1992; Fanidi et al., 1992). In a transgenic context, 
bcl-2 over expression cooperates well with c-myc over expression to give rise 
to tum ours (Vaux et al., 1988). So, if over expression of c-myc and bcl-2 can 
give rise to tum ours and over expression of c-myc alone is deleterious, could 
tum ours arise instead from an initial over expression of bcl-2 followed by a 
subsequent c-myc lesion? This too is selected against since transgenic over 
expression of bcl-2 alone in B-cells in mice leads to a substantial increase in 
intermitotic time (O'Reilly et al., 1996). Such survival lesions therefore also 
carry with them a growth disadvantage, that of delaying entry to the cell 
cycle.



Finally, even m utations in signalling pathways that can drive survival in 
cells can be deleterious. Expression of the oncogene TrkA, which encodes 
the high affinity NGF receptor (reviewed in (Parada et al., 1992)), can 
suppress apoptosis induced by m ultiple triggers in fibroblast cell-lines 
w hen activated by treatm ent with its ligand, NGF (E. Ulrich; unpublished 
observation). Over expression of NGF, or constitutive activation of its 
receptor might be expected to have solely beneficial consequences for a cell 
during tum our progression, but this turns out not to be the case. While 
treatm ent of TrkA-expressing fibroblasts with NGF in culture initially 
delays apoptosis, prolonged treatm ent (as would occur in a m utated cell) 
u ltim ately enhances apoptosis induced by various triggers (E. Ulrich; 
unpublished observation), which again might be deleterious in vivo.

The model that an individual oncogenic lesion causes m ultiple biological 
effects, some of which may be deleterious (eg. cell cycle arrest or apoptosis) 
p a rtly  explains w hy m ultip le  m utations are requ ired  for tum our 
progression. Oncogenes are suggested to 'cooperate' in tum our formation 
since the deleterious functions of one oncogene are suppressed by functions 
of another oncogene. This model of interlocking oncogenic m utations is 
very different to the Vogelstein multistage carcinogenesis m odel which 
suggests that each oncogenic lesion confers some advantage to a cell, but not 
a sufficient growth advantage to form a tumour; multiple oncogenic lesions 
in the same cell have some ill-defined cumulative effect which in total 
results in a tumour.

One of the implications of the interlocking nature of proliferation, death and 
grow th arrest is that the customary distinction betw een 'oncogene' and 
'tum our suppressor gene' is substantially blurred. If deregulation of any 
oncogene is actually deleterious to the cell, then this is a tum our suppressor 
function just as surely as induction of apoptosis by p53 following DNA 
damage is a tum our suppressor function (Lane, 1992). In both cases, this 
tum our suppressor function is an inherent activity of the wild-type protein. 
The distinction is simply in the nature of mutations that occur in these genes 
during tum ori genesis.

In the case of p53, loss of w ild-type activity results in loss of tum our 
suppressor activity and causes no negative effect on the cell (Donehower et 
al., 1992). In the case of an oncogene, wild-type activity is required for cell 
proliferation (Evan and Littlewood, 1993). The only way of inhibiting the 
tum our suppressor function of an oncogene is not by m utating the oncogene 
itself, but by sustaining a second independent m utation in a cooperating



oncogene. For a tum our suppressor, a single m utation can lead to loss of 
tum our suppressor function (eg. dominant negative point m utations in p53 
(Gannon et al., 1990; Lane and Benchimol, 1990)) whereas for an oncogene a 
second, independent, near-simultaneous cooperating m utation m ust occur. 
The reason that tum our suppressors are so frequently m utated in tum ours 
may be simply that they are easy to mutate w ithout any negative selection; 
oncogenes are frequently m utated or over-expressed in tum ours because 
they are required for tumour growth.

Apoptosis therefore plays an absolutely critical role in the suppression of 
cancer and can be perhaps thought of as the ultimate 'tum our suppressor'. 
The understanding of the mechanism for the obligate link between the cell 
cycle and cell death (increase cycle, increase death; increased survival, 
decreased cycling), is perhaps one the most interesting areas in apoptosis 
and should lead not only to a greater understanding of cancer, but also may 
suggest potential cancer therapies.

However, in order to gain a deeper understanding of the regulation and 
mechanisms of apoptosis, it is necessary to identify some of the molecular 
components of the 'apoptotic machine'. In the same way as many of the key 
advances in cell cycle research came as the result of genetic studies of the 
'sim pler' m odel systems of fission and budding yeasts, so progress in 
apoptosis came from genetic screens in a 'sim pler' system: the nem atode 
worm.

1.2 The genetics of cell death in C. elegans

The precise p a tte rn  of cell division and cell death  that occurs in 
development of the adult nematode is identical for all worms: 1090 cells are 
born and 131 die by apoptosis, or programmed cell death (PCD). The PCDs 
observed in nem atode developm ent are m orphologically identical to 
m am m alian apoptosis. The precise reproducible nature of these deaths 
allowed Horvitz and colleagues to conduct sensitive genetic screens to 
identify m utants in which the pattern of death was somehow perturbed 
(Ellis, 1986).



This led to the identification of three groups of genes. The first, including 
ces-1 and ces-2, is involved in specifying which cells die (Ellis and Horvitz,
1991). The second is involved in the disposal and phagocytosis of the cell 
corpse and encode cell surface proteins and include the genes ced-1, ced-2 
and ced-5 to ced-10 (Ellis et al, 1991). The third, and most interesting for the 
field of apoptosis comprises those genes that appear to constitute the basal 
machinery of death and comprise ced-9, ced-4 and ced-3 (Hengartner et al., 
1992; Yuan and Horvitz, 1990).

1.2.1 The C. elegans cell death machinery

ced-9 encodes the master regulator of the killing machine (Hengartner et ah,
1992). Gain-of-function (gof) mutations in ced-9 result in fewer deaths than in 
the w ild-type worm, whereas loss-of-function (lof) ced-9 m utants show 
w idespread and massively increased cell death. The configuration of cell 
death  regulation in the worm  is therefore identical to the postulated 
organisation in mammalian cells; that is, the machine is constitutively active 
unless held in check by negative regulation ('Death is the default').

ced-3 and ced-4 have very different m utant phenotypes to that exhibited by 
ced-9. lof m utations of either gene completely abolish all cell deaths in the 
developing worm (Yuan and Horvitz, 1990). In addition, lof ced-3 or ced-4 
mutations also suppress the additional PCD seen in a ced-9 lof worm.

The model that can therefore be drawn up is that of a killing machine which 
requires both CED-3 and CED-4 which is held in check by CED-9 in cells 
that survive (Fig 1.1a). The molecular explanation for this model has only 
recently emerged and has a satisfying simplicity to it.

More recent transgenic experiments from the Horvitz lab suggested that 
over expression of CED-3 alone could induce some PCD in the absence of 
CED-4 and so both CED-3 and CED-4 were perhaps not absolutely required 
for PCD (Shaham and Horvitz, 1996). Further, the experiments indicated 
that CED-9 could only suppress CED-3-mediated cell death in the context of 
a wild-type ced-4 allele. This le d to the tentative model that CED-4 kills via 
CED-3 and that CED-9 protects via CED-4 (Fig 1.1b).

Some aspects of this model have recently been confirmed by a large num ber 
of independent groups, whose data can be summarised as follows. CED-9 
physically interacts with CED-4 causing its relocalisation within the cell to 
m itochondrial and ER-associated membranes (the presum ed localisation of
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Fig 1.1a Model for genetic hierarchy of control over PCD in C. elegans 
of ced-9, ced-3 and ced-4 (1991)
This model proposes that CED-9 inhibits a cell death machinery which 
requires both CED-3 and CED-4. This model was based on solely genetic 
data.

ced-9 ced-4 ced-3 DEATH

Fig 1.1b Modified model based on transgenic and biochemical data (1997)
This model proposes that CED-3 is the sole death effector and that CED-4 is 
a CED-3 activator. CED-9 protects against PCD by interacting with CED-4.
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CED-9) (Chinnaiyan et ah, 1997; James et ah, 1997; Spector et ah, 1997; Wu et 
ah, 1997). Biological m utants of CED-9, that is, those that do not suppress 
death during worm  development, fail to bind CED-4. Further, Vishva 
Dixit's lab (Chinnaiyan et ah, 1997) showed that the CED-9:CED-4 complex is 
physically associated w ith CED-3 and this interaction requires the N- 
terminus of CED-4. The suggestion is that CED-4 may be required for CED- 
3 activation, while CED-3 itself is the final effector of cell death.

The model suggested by Horvitz's transgenic experiments appears to have 
been largely confirmed by the biochemical and molecular data summarised 
above, and so part of the way in which the key components of the apoptotic 
machine (CED-9, CED-3 and CED-4) interact and regulate each other seems 
to be fairly well-characterised in the nematode. The im portant question is 
therefore how relevant the nematode cell death machine is to the cell death 
machinery of other organisms and, if the machinery is conserved, how it is 
regulated.

1.2.2 The cell death machinery is conserved

The cloning of the genes encoding CED-9 and CED-3 was a critical 
breakthrough in cell death research (Hengartner and Horvitz, 1994; Yuan et 
ah, 1993). Both were found to be homologous to mammalian proteins (CED- 
9 to the Bcl-2 family, CED-3 to caspases) which were subsequently shown 
also to be involved in the regulation and execution of apoptosis. While no 
homologues of CED-4 have been identified so far (Yuan and Horvitz, 1992), 
the identification of mammalian CED-9 and CED-3 homologues confirmed 
that the cell death machinery of C. elegans was conserved. This opened the 
field of mammalian apoptosis research to molecular biology, which has lead 
to a rapid pace of progress. In the next two sections, I will discuss what is 
now known about the CED-9 homologues in the Bcl-2 family, and the CED-3 
homologues, the caspases.
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1.3 The Bcl-2 family of apoptotic regulators

1.3.1 hcl’2 is an anti-apoptotic oncogene and is homologous to ced-9

bcl-2 was first cloned as an oncogene which had undergone a t(14;18) 
translocation in follicular lymphoma (Tsujimoto et al., 1984). The oncogenic 
action of Bcl-2 was subsequently shown to be due to its anti-apoptotic 
activity (reviewed in (Korsmeyer et al., 1990)). Expression of Bcl-2 delays 
apoptosis following a variety of triggers including expression of dom inant 
oncogenes (eg. c-myc) and DNA damage (Bissonnette et ah, 1992; Fanidi et ah, 
1992; McDonnell et ah, 1989; Reed et ah, 1988; Sentman et ah, 1991; Strasser et 
ah, 1991; W agner et ah, 1993); bcl-2 also cooperates w ith c-myc  to form 
tumours in vivo (Vaux et ah, 1988).

The discovery that the protein encoded by the C. elegans anti-apoptotic ced-9 
gene had homology with Bcl-2 was the first to suggest that the cell death 
machinery was conserved between humans and nematode (Hengartner and 
Horvitz, 1994). This was confirmed with the finding that expression of Bcl-2 
could partially substitute for CED-9 in the nematode (Vaux et ah, 1992).

bcl-2 is now known to be the founder member of a family of homologous 
mammalian genes, whose products all appear to regulate apoptosis. In this 
section, I will describe what is currently known about the molecular biology 
and mechanism by which the Bcl-2 family regulate mammalian cell death.

1.3.2 The Bcl-2 family contains both pro- and anti-apoptotic members

Following the discovery of the CED-9:Bcl-2 hom ology, m uch attention 
focussed on Bcl-2, and this le d to the identification of m ultiple related 
mammalian proteins (reviewed in (Moroy and Zornig, 1996)). While these 
all share regions of hom ology (the so-called Bcl-2 H om ology or B H - 
domains), they have different biological functions. Bcl-2 itself, along with 
several other members including Bcl-XL (Boise et ah, 1993), act as anti- 
apoptotic proteins, suppressing cell death induced by m any triggers 
including cytokine withdrawal, DNA damage and expression of dom inant 
oncogenes. However, BA X  (Oltvai et ah, 1993), BAK  (Chittenden et ah, 1995b; 
Kiefer et ah, 1995) and several others act as pro-apoptotic genes, expression
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of which sensitises cells to apoptosis and antagonises the anti-apoptotic 
effect of proteins like Bcl-2.

It is not yet clear whether the pro-apoptotic family members have a 'killing 
function' which is blocked by the anti-apoptotic members, or w hether the 
anti-apoptotic members have a 'survival function' which is antagonised by 
the pro-apoptotic members, or whether both sets have independent but 
m utually  antagonistic functions. Which ever w ay the pro- and anti- 
apop to tic  functions are configured, p rogress has been m ade in 
understanding some molecular aspects of the Bcl-2 family.

1.3.3 Members of the Bcl-2 family can homo- and heterodimerise

The finding that one of the key gain-of-function m utations in ced-9 {nl950) 
resulted in a glycine to glutamic acid mutation in one of the conserved BH- 
dom ains raised interest in the function of this domain. The subsequent 
cloning and characterisation of the pro-apoptotic gene B A X  (Oltvai et al.,
1993) show ed that BAX could heterodim erise w ith Bcl-2 and that this 
required the integrity of the BHl and BH2 domains. This ability to both 
heterodim erise (eg. also BAK with Bcl-XL (Chittenden et al., 1995a)) and 
homodimerise (eg. BAX with itself, but not Bcl-2 w ith itself) has specificity 
and appears to be true for many family members (Sato et ah, 1994). The 
domains required for this heterodimerisation may be different for different 
m em bers (eg. there have been reports that BAK requires BH3 for 
dimérisation with Bcl-XL (Chittenden et ah, 1995a)). Most importantly, it is 
not clear w hat biological significance dimérisation has for these molecules, 
nor whether this is regulated in any way during apoptosis.

1.3.4 The Bcl-2 family are membrane associated proteins

The identification at the C-term inus of Bcl-2 of a hydrophobic stretch 
resembling a transmembrane domain has led to the finding that Bcl-2 and 
other family members are membrane associated (Chen and Cleary, 1990; 
Hockenbery et ah, 1990; Krajewski et ah, 1993; Nguyen et ah, 1994; Nguyen et 
ah, 1993). They localise to many intracellular membranes including the ER, 
outer mitochondrial membrane and nuclear membrane. Deletion of the C- 
term inal hydrophobic region of Bcl-2 reduces its anti-apoptotic activity, 
confirming the functional importance of this region (Nguyen et ah, 1994).
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The significance for its m em brane association has been unclear until 
surprising results emerged from analysis of the X-ray structure of Bcl-XL.

1.3.5 Bcl-XL has structural homology with bacterial pore-forming proteins

The s tru c tu re  of Bcl-XL w as recently  solved using  bo th  X-ray 
crystallography and NMR (Muchmore et ah, 1996), and is intriguing. The 
core of the protein is a globular alpha-helical structure with the exception of 
a 60 amino acid region which is completely disordered (both as a crystal and 
in solution). Deletion of this unstructured loop enhances the anti-apoptotic 
activity of Bcl-XL and it has been suggested that it may be a target for 
potential post-translational regulation of Bcl-XL activity (Chang et ah, 1997). 
More surprising  still, the structure bore significant hom ology to the 
structure of certain bacterial pore-form ing toxins and this suggested a 
potential significance for the membrane association of the Bcl-2 family 
proteins.

Using synthetic liposomes, it has been subsequently shown by a num ber of 
groups that several family members have an in vitro pore-form ing activity 
(eg. Bcl-XL (Minn et ah, 1997) and BAX (Antonsson et ah, 1997)). This has 
further been connected to the regulation of m itochondrial m em brane 
potential by the finding that Bcl-2 can prevent cytoplasmic lysates of 
apoptotic cells from inducing mitochondrial apoptotic events (collapse of 
membrane potential and cytochrome c release). Bcl-2 can only inhibit these 
events if it is physically associated with the mitochondria themselves (Kluck 
et ah, 1997).

1.3.6 Bcl-2 and the regulation of mitochondrial function during apoptosis

M uch interest has focussed recently on the role of m itochondria in the 
execution of apoptosis. It has long been known that the collapse of 
mitochondrial potential is an early event in apoptosis (Marchetti et ah, 1996; 
Vayssiere et ah, 1994) but there has been no mechanism to account for it, nor 
has the significance of the collapse been clear. The recent discovery that 
cytochrom e c (norm ally a m itochondrial protein) is p resen t in the 
cytoplasmic extracts of apoptotic cells and that it is required for their ability 
to induce chromatin condensation suggested that cytochrome c release from 
m itochondria is a key step in the apoptotic pathw ay (Liu et ah, 1996). 
A ddition of cytochrome c to non-apoptotic lysates causes the CED-3
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hom ologues (caspases) to become activated and induces chrom atin 
condensation (Kluck et al., 1997; Yang et al, 1997). Furtherm ore, w hen 
m itochondria from 'healthy ' cells are added to cytoplasmic extracts of 
apoptotic cells, their cytochrome c is released. Pre-incubation of these 
m itochondria with Bcl-2 prevents this release and this requires direct 
physical association of Bcl-2 w ith the m itochondria (Kluck et ah, 1997). 
Finally, Bcl-2 cannot prevent activation of non-apoptotic lysates by 
cytochrome c, confirming that Bcl-2 can only act upstream  of cytochrome c 
release.

The tentative model that emerges from all these experiments is that the Bcl-2 
fam ily has a role in the regulation of cytochrom e c release from 
mitochondria. How this is induced and why both pro- and anti-apoptotic 
members of the family both form ion-conducting pores in vitro is unknown, 
nor whether cytochrome c release is pre- or post- commitment to apoptosis.

Despite the questions that remain, the model in which Bcl-2 family proteins 
may regulate cytochrome c release from mitochondria is the first to give Bcl- 
2 family proteins an autonomous catalytic function in the regulation of cell 
death. In addition, the biochemical approach that le d to the identification 
of cytochrome c as an active component of apoptotic lysates, has opened up 
the analysis of the 'machinery of cell death' to include components that were 
not defined as part of the genetic screens in C. elegans which resulted in the 
cloning of ced-9, ced-3 and ced-4. The components that comprise the 'cell 
death machinery' of a mammalian cell (caspases and CED-4 homologues) 
have until now been term ed 'm achinery' by analogy w ith the nem atode 
CED-3- and CED-4-containing machinery. This in turn  rests on genetic 
screens. Any component of a basal machinery of cell death which is also 
absolutely required for another critical cellular process (for example, 
respiration) might prove deleterious to the organism w hen m utated and 
hence would not be identified in a screen like the one performed by Horvitz.

1.3.7 A m echanism for the anti-apoptotic effect of Bcl-2

Integrating everything that has been shown for Bcl-2 family members into a 
grand unified theory explaining their molecular mechanism is impossible. 
It is still unclear even whether the 'active' members are the pro-apoptotic 
proteins whose effect is blocked by anti-apoptotic proteins like Bcl-2, 
w hether the opposite is true, or whether both sets have independent and 
m utually antagonistic functions. The model that emerged from analysis of
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CED-9 function in the nematode suggests that anti-apoptotic members exert 
their effect by inactivating CED-3 activators, and that the pro-apoptotic 
members prevent them from doing so. How this model of action can be 
integrated with the model that Bcl-2 family members regulate mitochondrial 
integrity and cytochrome c release will remain to be seen.

1.4 Caspases may be the ultimate effectors of cell death

1.4.1 Caspases are CED-3 homologues

The findings that CED-3 shares homology with Interleukin-1 p-Converting 
Enzyme (ICE) (Yuan et ah, 1993) and that both CED-3 and ICE/caspase-1 
induces apoptosis when over expressed in Rat-1 cells (Miura et ah, 1993) 
confirmed the conservation of the basal apoptotic machinery between the 
nem atode and m am m alian cells. ICE/caspase-1 had  previously been 
characterised as a cysteine protease with an unusual preference for an 
aspartic acid residue at the substrate PI position (Cerretti et al., 1992; 
Thornberry et al., 1992); it had been identified as the enzyme responsible for 
the processing of the pro inflammatory cytokine, pro-Interleukin-lp. This in 
turn suggested that CED-3 might itself be a cysteine protease and this has 
subsequently been confirmed in vitro (Xue et ah, 1996).

The homology between ICE/caspase-1 and CED-3 has led to the cloning of 
m ultiple m ammalian cysteine proteases of the ICE/CED-3 family (reviewed 
in (Takahashi and Earnshaw, 1996)), which are collectively know n as 
caspases (Cysteine ASP-directed proteASES (Alnemri et al., 1996)). While C. 
elegans has only a single identified caspase, CED-3, the presence of multiple 
caspases in many mammalian cells raises several questions. First, whether 
caspases are as critical for the execution of mammalian apoptosis as CED-3 
appears to be for PCD in the worm. Second, if these are indeed the ultimate 
effectors of apoptosis, the question 'how is cell death regulated?' becomes 
'how  are caspases regulated?' and solving the problem  of how the vast 
quantity of signalling information relating to mam m alian cell viability is 
integrated at the level of activation of these proteases is critical to the 
understanding both of how normal cell viability is regulated and further, 
how this regulation becomes perturbed in tum our cells. Third, caspases are
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proteases and it is im portant to determine which are their key substrates 
whose cleavage leads to the death of the cell.

1.4.2 Evidence for the involvem ent of caspases in apoptosis

The genetic and more recent biochemical data from C. elegans suggests that 
CED-3 may be the ultimate effector of PCD in the nematode. The evidence 
implicating caspases in the execution of mammalian apoptosis is less direct, 
bu t as a whole is quite convincing. Aside from the homology between 
caspases and CED-3, the data fall into four categories: first, caspase
inhibitors block apoptosis in all systems so far studied; second, caspase 
activity is required for the pro-apoptotic activity of biochemical extracts 
from apoptotic cells; third, over expression of m any caspases leads to 
apoptosis in m am m alian cells; fourth, data arising from mice in which 
individual caspase family members have been knocked-out by targeted 
homologous recombination have lent weight to the idea that there is an 
obligate requirement caspase involvement in the execution of m ammalian 
apoptosis in vivo.

Inhibitors of caspases fall into two categories: the viral proteins p35 (Clem et 
al., 1991) and crmA (Ray et al., 1992), and synthetic peptide inhibitors based 
on substrate sequences of known caspases (eg. zVAD (Slee et ah, 1996)). Both 
p35 and crmA inhibit caspases by acting as substrates which have a very 
slow "off-rate' following cleavage (Bump et al., 1995; Xue and Horvitz, 1995). 
While CrmA inhibits only a subset of caspases (ICE/caspase-1 principally), 
p35 is a broad spectrum  caspase inhibitor which is cleaved by, and thus 
inhibits, all caspases so far characterised. Expression of p35 in vivo inhibits 
all program m ed cell death in the nem atode (Sugimoto et ah, 1994) and 
Drosophila melanogaster (Hay et ah, 1994). Expression of crmA or p35 prevents 
neuronal cell death caused by NGF w ithdraw al (Gagliardini et ah, 1994; 
M artinou et ah, 1995; Rabizadeh et ah, 1993), and p35 prevents CD95- and 
TNF-induced apoptosis in mammalian cells (Beidler et ah, 1995).

A more directed approach to the inhibition of individual caspases has been 
the design of synthetic peptides with sequences derived from the cleavage 
sites in know n substrates. These can either be irreversible, covalent 
m odifiers of the catalytic cysteine if synthesized as fluoromethyl ketones 
(fmk), or com petitive inhibitors if synthesized as aldehydes (-cho). 
Examples include YVAD, derived from the cleavage site in pro-interleukin- 
Ip  (Thornberry et ah, 1992), and DEVD, from the cleavage site in poly(ADP-
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r ib o s e )p o ly m e r a s e  (P A R P ), an  in v itro  s u b s tr a te  fo r
C P P 32p /Y am a/A popain /caspase-3  (Nicholson et ah, 1995). YVAD is a 
potent ICE/caspase-1 inhibitor (Ki=0.76nM) but is far less effective against 
CPP32p (IC50>10mM); in contrast, DEVD has an IC50 of 0.2 nM against 
CPP32p/caspase-3. Thus synthetic inhibitors can be specific for certain 
subclasses of caspase (eg. ICE/caspase-l-like or CPP32P/caspase-3-like) and 
are beginning to allow the dissection of the involvem ent of individual 
caspases or groups of caspases in different apoptotic pathways.

A ddition of the caspase inhibitor YVAD.cho, or a derivative zVAD.fmk 
(Slee et ah, 1996), to mammalian cells in culture inhibits all detectable DNA 
cleavage and chrom atin condensation when apoptosis is triggered by a 
variety of pathways including DNA-damaging agents, CD95- and TNF-Rl- 
induced apoptosis, over expression of dom inant oncogenes (eg. c-myc or c- 
jun )  or over expression of pro-apoptotic members of the bcl-2 family (eg. 
B A X  and BA K )  (McCarthy et ah, 1997; Xiang et ah, 1996). DEVD-based 
inhibitors are not sufficiently cell-permeable to allow similar experiments, 
but all the data so far using either viral or synthetic caspase inhibitors in cell 
culture systems support a role for caspases in the execution of mammalian 
cell death.

The viral inhibitor CrmA has also been expressed in mice in T-cells as a 
means of analysing the contribution of caspases to mammalian cell death in 
vivo. CrmA expression in T-cells prevents CD-95-induced apoptosis (Smith 
et ah, 1996b), suggesting a required role for a CrmA-inhibitable caspase in 
CD-95-induced apoptosis.

In addition to the large body of data showing that caspase inhibitors prevent 
apoptosis induced by various stim uli, some of the clearest evidence 
implicating caspases in apoptosis has come from in vitro experiments in 
which cytoplasmic lysates made from apoptotic cells are assayed for their 
ability to induce chrom atin condensation in purified nuclei. Chrom atin 
condensation is a general feature of mammalian apoptosis and is prevented 
by addition  of caspase inhibitors to cultured cells. This chrom atin 
condensing activity absolutely requires caspase activity and is completely 
lost following addition of caspase inhibitors to the in vitro lysates (Lazebnik 
et ah, 1994).

Over expression of many individual caspases in mammalian cells induces 
apoptosis (see review by (Takahashi and Earnshaw, 1996)). While this type 
of experim ent in isolation is hardly conclusive evidence for a bona fide 
involvement of caspases in the apoptotic machinery (many other proteases
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also induce apoptosis following over expression), taken together w ith the 
other evidence for caspase involvement in the execution of mammalian cell 
death, it strengthens the case.

Finally, analysis of mice in which individual caspases have been knocked 
out, has so far given little clear data. ICE/caspase-l-knockout mice have no 
cell death  defects (Smith et al., 1997) and, while C P P 3 2 p /ca sp a se -3  
knockouts have enlarged brains and prem ature lethality, this has not been 
conclusively shown to be a cell death defect (Kuida et ah, 1996).

Individually , none of these data provides as clear evidence for the 
involvement of caspases in the execution of mammalian apoptosis as the ced- 
3 lof m utant does for the requirement for caspases for PCD to occur in the 
nem atode. However, when considered all together, the data strongly 
implicate caspases as effectors of mammalian cell death. The high degree of 
homology between the mammalian caspases and CED-3 reinforces the idea 
that caspases are also critical for the execution of apoptosis in mammals as in 
the nematode.

1.4.3 Regulation of caspase activity

If caspases are the final effectors of mammalian cell death, then control over 
cell viability can be thought of as control over caspase activity. In order to 
build a model of how the m ultiple signals determ ining m am m alian cell 
viability are integrated at the level of regulation of caspase activation, it is 
first necessary to understand how caspases can be activated, which in turn 
requires some knowledge of caspase structure.

1.4.4 Caspase regulation, enzymology and structure

All caspases so far identified share a similar dom ain structure. All are 
synthesized as pro-enzym es, which are enzymatically inactive, and are 
proteolytically processed to give rise to the m ature active protease (Fig 
1.2a). This releases a prodomain and leaves a mature enzyme consisting of 
two subunits. The larger of these contains the catalytic cysteine within a 
QACXG pentapeptide, but both subunits are required for activity.

There is no evidence of any substantial level of control over caspase activity 
being exerted at the level of gene expression (other than tissue-specific
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expression), and there is only one known cellular functional homologue of 
p35 or CrmA that regulate the active protease, Xiap (Deveraux et ah, 1997). 
While more may be identified, it currently seems that most regulation over 
caspase activity appears to be regulation of the conversion from inactive 
pro-caspase to m ature active protease and it is on this step that the entire 
regulation of cell death appears to hinge.

All caspases share the same substrate specificity for cleavage after an 
aspartatic acid residue at the PI position. This substrate specificity is 
unusual, being shared with only one other known protease, the cytotoxic T- 
cell serine protease Granzyme B (Poe et ah, 1991). The processing sites at 
which the pro-caspases are cleaved all conform to caspase substrate sites. 
This raises the possibilities both of auto-processing and of potential caspase 
proteolytic cascades. However, the fact that pro-caspases appear to have no 
protease activity themselves makes it currently hard to envisage either how 
auto-processing could occur, or how a proteolytic cascade could be 
in itia ted . X-ray structu ra l analysis of hum an IC E /caspase-1 and 
CPP32p/caspase-3 has given some potential clues.

1.4.5 Caspase X-ray crystal structures suggest trans-processing

The X-ray structure of hum an ICE/caspase-1 (Walker et ah, 1994; Wilson et 
ah, 1994), in complex with a tetrapeptide inhibitor (YVAD.cho or YVAD.cmk 
respectively) reveals an active site involving residues from both subunits, 
which explains the requirement for both subunits. Residues making key 
contacts w ith the inhibitor either as part of the PI carboxylate-binding 
pocket (R179, Q283, R341 and S347) or as part of the catalytic C285-H237 
diad, are conserved in all known caspases. Active ICE (consisting of p20 
large subunits and plO small subunits) exists as a (p20/pl0)2 tetramer. Each 
p 2 0 /p l0  heterodim er forms a single globular domain w ith a central core of 
six p-sheets, four parallel from p20, and one parallel/anti-parallel pair from 
plO. In the tetramer, the two p 20 /p l0  heterodimers are "head-to-taiT with 
the p-sheet cores innermost. The p20 subunits surround the two adjacent plO 
subunits which make the majority of the hydrogen-bond contacts.

An X-ray structure has also been solved for hum an C PP32p/caspase-3  
(Rotonda et ah, 1996) and reveals a very similar overall structure, with the 
exception of the P4-binding pocket. While ICE/caspase-1 has an active site 
that can accommodate the large side-chain of tyrosine at the P4 position, 
CPP32p contains a loop in the small subunit which substantially reduces the
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Pro-caspase prodomain
\ /

large subunit small subunit

proteolytic 
activation

Active caspase

Figure 1.2a Domain structure of caspases.
Pro-caspases have no intrinsic catalytic activity. They are activated by 
proteolytic processing at caspase consensus substrate sites (aspartic acid at 
P1). This results in removal of an N-terminal prodomain and one or two 
cleavages between the mature subunits. Both mature subunits are required 
for caspase enzymatic activity. The catalytic cysteine is indicated in its most 
common QACRG pentapeptide.

X Trans-processing

2 pro-caspase molecules (large/small)2 tetramer

Figure 1.2b Transprocessing model for caspase activation.
This model is suggested by the X-ray crystal structures of human ICE and 
CPP32p. The model proposed shows an initial association by two pro-caspase 
molecules followed by some proteolytic activation step. This results in a 
tetrameric complex comprising two large subunits and two small subunits as 
shown.
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P4-binding pocket. In addition the P4-binding pocket of CPP32p/caspase-3 
has m ultiple contacts with the P4 aspartic acid residue of the DEVD 
substrate, contacts which would be absent in the ICE/caspase-1 P4-binding 
pocket. These structures therefore go some way to explaining the different 
substrate specificities of the two enzymes (YVAD for ICE/caspase-1 , DEVD 
for CPP32|3/caspase-3).

In principal, the tetrameric structure of the active caspase enzyme could 
arise either by the processing of two pro-caspase molecules to form two 
independen t la rg e /sm a ll (L/S) heterod im ers and  their subsequent 
association to form a single (L/S)2 tetramer, or by the interaction of two pro- 
caspase molecules and their subsequent processing. Whereas in the former 
model, each L /S  heterodim er derives from one pro-caspase molecule, the 
latter postulates that the large subunit of one pro-caspase associates with the 
small subunit of the other and vice versa (Fig 1.2b). The latter model appears 
to be correct for ICE/caspase-1, since in COS cells co-expression of two 
m utant pro-ICE/caspase-1 molecules, one containing a m utant p20, the 
other with a m utant plO results in ICE/caspase-1 activity whereas either one 
alone does not (Gu et al., 1995). In addition, pro-ICE:pro-ICE association is 
required for auto-processing and activation. Caspase regulation m ay at 
least in part involve regulation of association of pro-caspase molecules 
followed by some (currently ill-defined) trans-cleavage step. W ork by 
several groups further suggests that the critical activating cleavage is an 
intermolecular cut between L and S subunits and that the proteolytic release 
of the prodom ain may be a subsequent intramolecular event (Martin et ah,
1996).

Despite this w ealth of structural information, which suggests that some 
transcleavage step betw een two pro-caspase molecules may be the key 
activation event, we are still some way from a general model in which we 
understand how a pro-apoptotic signal (or removal of a survival signal) 
results in conversion of enzymatically inactive pro-caspase molecules to 
m ature killer proteases. Three model systems do exist that give strong 
pointers to possible mechanisms.
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1.4.6 How to activate a caspase: Granzyme B, CED-4 and CD95

1.4.6.1 Granzyme B is a serine protease activator of caspases

Cytotoxic T-cells (CD8+) appear to have two separate m echanism s for 
inducing apoptosis in the target cell. The first is via the C D 95/Fas/A PO -l 
signalling pathw ay (discussed in section 1.4.6.3), while the second is via 
direct activation of individual caspases by proteolytic processing by 
Granzyme B (Kagi et ah, 1994).

Cytotoxic T-cells express a serine protease Granzyme B (GzB), which shares 
with caspases the substrate specificity for sites with an aspartic acid residue 
at the PI position (Poe et al., 1991). GzB enters target cells, in some way 
assisted by perforin (Jans et ah, 1996; Shi et al., 1997) (also derived from the 
cytotoxic T-cell), and activates certain caspases (not ICE/caspase-1 itself) 
directly (Chinnaiyan et al., 1996a; Darmon et ah, 1996; Darmon et ah, 1995; 
Duan et ah, 1996; Martin et ah, 1996). This has been shown most clearly for 
CPP32p/caspase-3. GzB can cleave and activate CPP32p/caspase-3 in vitro 
and CPP32p/caspase-3 is processed in cells following treatm ent either with 
cytotoxic T-cells or with purified GzB and perforin. This site at which GzB 
cleaves CPP32P / caspase-3 corresponds to the cleavage between large and 
small subunits of CPP32p/caspase-3. This initial cleavage allows the 
enzyme to make a second intramolecular cleavage to remove its N-terminal 
prodom ain (Martin et ah, 1996).

This route to caspase activation is easy to understand since the activating 
protease is kept separate from the caspases (in another cell!) until apoptosis 
is triggered. It is less easy to understand how caspase activity can be 
triggered w ithin an individual cell in the absence of such an exogenous 
protease.

1.4.6.2 CED-4 is a putative activator of CED-3

The model outlined in section 1.2.1 and illustrated in Fig 1.1b suggests that 
in C. elegans, CED-9 binds and inhibits CED-4 which 'kills via' CED-3. The 
simplest interpretation of 'kills via' is that CED-4 physically binds to and 
activates CED-3. This activation occurs not merely as a result of the physical 
interaction between the two proteins (the nl948  CED-4 m utant (I258N) still 
interacts w ith CED-3, but prevents all PCD in vivo), but instead requires
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some catalytic function of CED-4. What are the data that support such a role 
for CED-4?

The connection from CED-4 to CED-3 comes from two separate types of 
experiment, the first being in vivo experiments in the nematode worm, the 
second being experiments in mammalian cells.

1.4.6.2.1 CED-4 and CED-3: who needs whom to kill in the nematode 
worm?

In the transgenic experiments from the Horvitz lab referred to in section 1.2.1 
(Shaham and Horvitz, 1996), a comparison is made between the ability of a 
ced-3 transgene to induce PCD in a ced-4 null background, and that of a ced-4 
transgene to induce PCD in a ced-3 null background. The researchers 
purport to show that CED-3 can kill in the absence of CED-4 but not vice 
versa. The data, however, are not completely clear cut.

There are two principal problems with the study. The first is that the level 
of 'noise' in the data is very high. For example, in the experiments designed 
to show whether CED-3 can kill in a ced-4 loss-of-function (lof) background, 
counts of cell deaths are carried out on three independent lines. In one, the 
killing of the ced-3 transgene is similar to that in a w ild-type ced-4  
background; however, in the other two, ced-4 lof either markedly reduces or 
completely prevents CED-3 killing. The counter experiment (CED-4 killing 
in a ced-3 lof background) yielded near-identical results (one line has same 
killing as in wild-type CED-3 background, one has reduced killing and one 
has no killing). The effect of lof ced-4 mutations on CED-3 killing appears to 
be indistinguishable from the effect of ced-3 lof mutations on CED-4 killing. 
It is therefore impossible to reach the conclusion that CED-3 can kill in the 
absence of CED-4, but not vice versa.

The second criticism that can be made is that while the null alleles of ced-4 
used th roughout are the same (a m utant w here no ced-4 mRNA is 
detectable), the 'null alleles' of ced-3 used are different at different points in 
the experiment (and indeed at times are different between the controls and 
the actual experiment). Most importantly, however, they are often NOT null 
alleles but inactivating point mutants. If the data from the Dixit lab are 
indeed correct (Chinnaiyan et al, 1997), that is, if a point m utated CED-3 can 
prevent killing by w ild-type CED-4, then the transgenic experim ents 
involving the ced-4 transgene have not been carried out in a ced-3 null
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background as suggested, but in a ced-3 dom inant negative background 
instead.

In summary, then, the data from the in vivo experiments suggesting that 
CED-4 may kill by activating CED-3 are still inconclusive.

1.4.6.2.2 Is CED-4 activation of CED-3 a conserved module for caspase 
activation?

The data from experiments in the Dixit lab in which CED-4 and CED-3 
function are analysed in mammalian cells are more clear-cut (Chinnaiyan et 
ah, 1997) but do not show any mechanistic evidence for CED-4 activation of 
CED-3. They show that following co-expression in 293 cells, epitope-tagged 
CED-4 and CED-3 can be co-immunoprecipitated (co-IPd), suggesting that 
they form part of the same complex. It is not known whether this interaction 
is direct. They further show that apoptosis induced by over expression of 
CED-4 in 293 cells can be prevented  by co-expression of either a 
catalytically-inactive point m utant of CED-3 (C357A), or of the caspase 
inhibitors CrmA or p35, or by treatm ent of the cells w ith the caspase 
inhibitor zVAD.fmk. All this suggests that in the context of a mammalian 
cell, CED-4 requires caspase activity to kill, and that CED-3 and CED-4 form 
part of the same complex.

The model that CED-4 kills by binding and activating caspases is extended 
to mam m alian cells by the finding that CED-4 can co-immunoprecipitate 
(co-IP) w ith  FLICE and ICE w hen co-expressed, suggesting that the 
interaction between CED-4 and a caspase is evolutionarily conserved. The 
question of whether there is a mammalian homologue of CED-4 is dealt with 
as follows. CED-9 and CED-3 can be co-IPd from 293 cells only if CED-4 is 
co-expressed, suggesting that CED-4 forms a physical link between these 
two proteins. Bcl-XL, an anti apoptotic member of the Bcl-2 family, prevents 
CED-4-induced apoptosis, but an inactive point m utant (Bcl-Xmt) does not. 
CED-4 co-IPs with Bcl-XL but not Bcl-XLmt, demonstrating the conservation 
of functionality between Bcl-XL and CED-9. Finally, Bcl-XL, but not Bcl- 
XLmt, can be co-IP'd w ith FLICE, suggesting the existence of a putative 
CED-4 hom ologue forming the link between CED-9 hom ologue (Bcl-XL) 
and CED-3 homologue (FLICE).

Finally, Miller et al  have shown that CED-3 can induce apoptosis in insect 
cells in culture, and that CED-3 auto-processes during this cell death. Co-
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expression of CED-4 and CED-3 in the cells enhances the CED-3 processing 
and the killing, suggesting that CED-4 is acting as a CED-3 activator 
(Seshagiri and Miller, 1997).

1.4.6.2.3 CED-4 activation of CED-3: the jury is still out

Taken together, the data from both the in vivo nematode experiments and the 
cell culture experiments suggest that CED-4 does require caspase activity to 
induce apoptosis. How direct the physical link is between CED-4 and CED- 
3, and w hether CED-4 directly activates CED-3, rem ains to be seen. 
However, since no mammalian homologue of CED-4 has yet been identified, 
it is hard  to draw  too m any conclusions about caspase activation in 
mammalian cells based on the tentative models draw n from the nematode. 
For this, it is necessary to turn to the CD95 / TNF-killing pathways, that have 
provided the most direct link from death signal to caspase activation seen in 
any system so far.

1.4.6.3 CD95, FADD and FLICE: from surface to caspase

1.4.6.3.1 The TNF receptor family

The TNF receptor (TNFR) superfam ily are type I m em brane receptor 
proteins (reviewed in (Baker and Reddy, 1996)) which share extensive 
homology in their extracellular domain and include TNFRl, TNFR2, CD95 
(also called Fas or APO-1), p75 NGF receptor, CD40, CD30, CD27 and others 
including the new members DR3, and CARl. The cytoplasmic domains of 
these receptors have little homology between members, except for those of 
CD95 (Itoh et al, 1991), TNFRl (Heller et al., 1990; Loetscher et al., 1990; Schall 
et al., 1990), DR3 (Chinnaiyan et al., 1996b), CARI (Brojatsch et al., 1996) and 
APO-3 (Marsters et al, 1996). These four receptors also all share the ability to 
induce apoptosis following ligand binding and this "death signal' requires 
their homologous cytoplasmic domain, the Death Domain (DD) (Itoh and 
Nagata, 1993; Tartaglia et al., 1993).

The ligands for the TNFR family are synthesized as type II membrane-bound 
proteins which are cleaved to give a soluble trimeric ligand by a membrane- 
bound metalloprotease. These ligands (CD95L for CD95 (Takahashi et al.,
1994), TNF for TNFRl (Heller et al., 1990; Hsu et al., 1996; Schall et al., 1990) 
and TRAIL for DR3 (Pan et al., 1997)) induce multimerisation of the receptor
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and hence activation. The dependence of activation  on receptor 
multimerisation has been demonstrated for CD95 (Takahashi et ah, 1996b).

The biological effects of TNFR family activation are diverse (Baker and 
Reddy, 1996) and include apoptosis, NF-kB activation and stim ulation of 
proliferation. In the case of the death receptors (CD95, TNFRl, DR3 and 
CARl), while all activate apoptosis, some also activate NF-KB (eg. TNFRl 
(Hsu et ah, 1996) and APO-3 (Marsters et al., 1996)) although this is not 
required for killing and may rather have some partially  anti-apoptotic 
function (Beg and Baltimore, 1996)

1.4.6.3.2 From death receptor via death domain to caspase

How does trimérisation of a DD-containing TNFR member (eg CD95) lead to 
caspase activation? The best studied examples are those of CD95 and 
TNFRl in which a combination of two-hybrid and biochemical analysis has 
partially unravelled the death signalling pathway. In both cases, following 
ligand binding, the intracellular DD of the receptor recruits a complex of 
adaptor proteins (CD95 recruits FADD, TNFRl recruits TRADD, FADD, 
RIP and RAIDD) all of which themselves contain DDs which are required 
for their recruitment (the pathw ay is reviewed in (Yuan, 1997)). Some of 
these adaptor proteins then bind to the prodomains of certain caspases via 
so-called Death Effector Domains (DEDs), recruiting them  to the death 
signalling complex (see Fig 1.3).

FADD (Boldin et ah, 1995; Chinnaiyan et ah, 1995) binds to FLICE (caspase-8) 
(Boldin et ah, 1996; Muzio et ah, 1996) in an interaction between the FADD 
DED and one of the two homologous N-terminal DEDs of FLICE. This 
recruits it to the CD95 Death Inducing Signalling Complex (DISC) directly 
or to the TNFRl DISC via TRADD (Hsu et ah, 1995). There is thus a direct 
physical connection between a DISC at the cell surface and a caspase.

RAIDD (Duan and Dixit, 1997a) contains a different class of DED which is 
homologous to, and binds to, the ICH-IL/caspase-2 prodomain, recruiting it 
to the TNFRl complex. This latter interaction between RAIDD and ICH- 
IL/caspase-2 is particularly interesting. CED-3, the nematode caspase, has 
an extensive prodom ain  w hich shares hom ology w ith  the ICH-IL 
prodom ain and the RAIDD DEDs. Two inactivating m utants of CED-3 are 
point mutants not in the active domains of CED-3 but within the prodomain. 
C onstruction of an IC H -IL /caspase-2  prodom ain or a RAIDD DED
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containing analogous point mutations abolishes their interaction, suggesting 
tha t there is some functional relevance to the conservation of the 
RAID D/ICH-lL/CED-3-like DED sequence. The im plication for CED-3 
activation (there is no RAIDD/RIP/TNFRl-like complex known to exist in 
the worm) is unclear.

The way in which binding of "death ligand" to "death receptor" leads to the 
caspase-containing "basal apoptotic machinery" seems clear: following
ligand binding, the receptor DD recruits a num ber of DD-containing 
adaptor proteins, at least one of which also recruits a caspase via its N- 
term inal prodom ain. This highlights the im portance of not only the 
catalytic subunits of a caspase, but also the prodom ain in the signalling 
pathways to which it can be linked.

However, while these data show a direct link between signalling events at 
the cell surface and a caspase, they still tell us little about the mechanism by 
w hich the procaspase molecules recruited to the DISC actually become 
activated. Signalling via the CD95 DISC is also subject to more tiers of 
regulation than simply ligand binding. It has been shown that Bcl-XL over 
expression and cytokine signalling can suppress CD95-induced killing (A. 
Hueber; unpublished observation). How these additional regulators of cell 
death  impinge on the CD95-FADD-FLICE complex and how this affects 
FLICE/caspase-8 activation is a crucial problem to understanding  the 
regulation of cell death.

Regulation of CD95 signalling has recently become particularly interesting 
following findings that suggest that a large number of pro-apoptotic triggers 
m ay actually function via CD95 (or a similar receptor). DNA damage- 
induced apoptosis requires p53 induction and it has been shown that it can 
transcrip tionally  activate CD95L  expression (Muller et al., 1997). The 
expressed CD95L may therefore bind CD95 in an autocrine loop resulting in 
cell death. Over expression of dominant oncogenes (eg c-myc) in the absence 
of survival factors also induces cell death, and this can be blocked by 
inhibitors of the CD95 signalling pathway, again suggesting that CD95 plays 
a role in executing apoptosis triggered by oncogene expression (A. Hueber; 
unpublished observation).

If it is true that multiple triggers of apoptosis all converge on a CD95-type 
signalling pathw ay to induce death, then the precise way in which ligand- 
receptor interaction drives caspase activation, and how expression of hcl-2 
family members and activation of other signalling pathways m odulates this, 
becomes the key to understanding regulation of cell death in vertebrates.
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1.4.7 Caspases are organised in proteolytic cascades

As discussed in section 1.4.4, caspases are activated by proteolytic 
processing. The processing sites conform to caspase substrate sites. This 
suggests that caspases can proteolytically process, and hence activate, each 
other. This has been shown to be the case in vitro for m any caspases 
(sum m arised in (Cohen, 1997)). Active caspase molecules in a cell could 
therefore cleave and activate other pro-caspase molecules, resulting in rapid 
amplification of the initial caspase activity. M ammalian cells frequently 
express m any caspase m embers, and a key question is w hich of the 
expressed caspases carry out which functions in a cell. Are certain caspases 
required for generation of initial caspase activity following a pro-apoptotic 
signal (eg. CD95-activation), while others are required  for substrate 
cleavage?

The m odel em erging from data arising from a num ber of different 
experimental approaches is the following. Caspases with large prodom ains 
(eg. CED-3, FLICE/caspase-8 and ICH-IL/caspase-2) are recruited via their 
prodom ains to a 'caspase activating complex' (eg. CED-4 for CED-3, and the 
CD95 or TNF-Rl DISCs for FLICE/caspase-8 and ICH-IL/caspase-2; see Fig 
1.3). This recruitm ent somehow results in their activation, generating a 
small initial level of caspase activity in the cell. This may be as little as the 
generation of a few active molecules of active caspase. The position of these 
caspases at the apex of a caspase proteolytic cascade means that they can be 
designated as 'apical' caspases.

The low initial level of 'apical' caspase activity m ust be am plified for 
efficient substrate cleavage. There may be caspases that play this role in 
cells, being activated by the 'apical' caspases and subsequently cleaving 
more pro-caspase molecules of both itself and other caspases. Finally, the 
'effector' caspases, that is, those that are responsible for the cleavage of key 
substrates are activated, again by proteolytic cleavage. Studies of the active 
caspases present in lysates of apoptotic cells suggest that 'effector' caspases 
m ay be those w ith  short prodom ains (eg. C PP32(3/caspase-3 or 
M ch2/caspase-6) (Faleiro et al, 1997). This model (reviewed in (Fraser and 
Evan, 1996)) does not exclude the possibility that the roles may be largely 
overlapping: for example, 'apical' caspases may also cleave substrates and 
be involved in amplification.
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'Caspase activation' in a cell therefore means two mechanistically different 
processes in this model. The mechanism for activation of 'apical' caspases 
by a caspase activation complex' is currently completely unknown. Once 
this has occurred, how ever, subsequent caspase activation ' is well- 
characterised and well-understood. It occurs by cleavage of pro-caspase 
molecules by active caspase molecules as part of a proteolytic cascade.

This model can be illustrated with the example of the CD95-induced caspase 
cascade, depicted schematically in Fig 1.4. Following CD95 activation, 
FLICE (or a similar caspase) is recruited to the CD95 Death-inducing 
Signalling Complex (DISC) via its long Death Effector Domain-containing 
prodomain. FLICE is a DEVD-cleaving caspase in vitro (Fernandes Alnemri 
et al., 1996). However, an elegant series of experiments by Nagata (Enari et 
al., 1996) show that the first detectable activity in lysates of W4 m urine 
lym phom a cells following CD95-activation is a YVAD-cleaving activity, 
followed later by a DEVD-cleaving activity. The YVAD-activity is required 
for the subsequent generation of the DEVD-activity, and the DEVD-activity 
is in turn  required for the ability of lysates derived from these cells to 
induce chromatin condensation in added nuclei. This suggests the model 
shown in Fig 1.4, where the long prodomain-containing FLICE is the 'apical' 
caspase, a YVAD-sensitive caspase is required for the amplification of the 
'apical' signal and activation of the DEVD-specific 'effector' caspases.

In addition, transgenic experiments have shown that CrmA can prevent 
CD95-induced apoptosis of T-cells in vivo (Smith et al., 1996a). The caspase 
inhibited by CrmA cannot be ICE/caspase-1 since ICE/caspase-1 null mice 
have no defects in CD95-induced apoptosis (Smith et al., 1997). However, 
ICE/caspase-1 is the most CrmA-sensitive caspase know n so far and 
ICE/caspase-1 has YVAD-specificity. If CrmA-sensitive caspases have a 
YVAD-specificity, then the YVAD-specific caspase detected by Nagata may 
be the caspase inhibited by CrmA in transgenic mice. CrmA w ould 
therefore be acting at the position in the caspase cascade shown in Fig 1.4.

In sum m ary, caspases m ay be organised in proteolytic cascades in 
m am m alian cells. The cascades may be initiated by activation of long- 
prodom ain-containing 'apical' caspases by recruitment to some 'activating 
complex'. The m echanism  of activation of these 'apical' caspases is 
unknown. Other caspases are activated by cleavage by other active caspases, 
and the cascade ultim ately results in the activation of DEVD-specific 
'effector' caspases.
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Fig 1.4 Possible organisation of caspase cascade following CD95 activation.
Following CD95L-induced activation, FLICE (or a similar caspase) is recruited to the 
CD95 DISC. This results in FLICE activation. There is a requirement for both a 
YVAD/CrmA-sensitive caspase and a DEVD-sensitive caspase for the in vitro activity of 
CD95-induced apoptotic lysates. The YVAD-activity precedes the DEVD-activity and is 
required for its generation. The DEVD-activity in turn is required for the in vitro apoptotic 
activity of cytoplasmic lysates from CD95-induced apoptotic cells. The scheme shown 
above suggests that FLICE activation is required for the generation of a small amount of 
initial caspase activity in a cell, while the YVAD/CrmA-sensitive caspase is required for 
amplification of this activity and the activation of the DEVD-cleaving effector caspases.
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1.4.8 Caspase classification

There are three principal ways in which caspases have been classified: on the 
basis of sequence homology, on the basis of substrate specificity and more 
crudely, on the basis of whether they have a long or a short prodomain. The 
first and second methods are both inherently biased towards classification 
on the basis of common active subunit sequences or common activity. This is 
useful for determ ining w hich caspases are likely to cleave common 
substrates or be inhibited by common inhibitors. The th ird  m ethod is 
crudely based on the findings that 'apical' caspases tend to have long 
prodom ains (Boldin et al., 1996; Duan and Dixit, 1997b; Muzio et al., 1996), 
whereas effector caspases tend to have short prodomains (Faleiro et al., 1997); 
classification of caspases as having either long or short prodom ains may 
give some clues as to their position w ithin caspase cascades and their 
possible function.

The problem with the first two methods of classification is that biologically, 
there is a large difference in the position of, for example, FLICE/caspase-8 
and CPP32p/caspase-3 in the notional caspase proteolytic cascade (one is 
apical' and one is an 'effector'). However, in both schemes they form part of 
the same subset. ICH-IL/caspase-2, on the other hand, while it appears to be 
an 'apical' protease recruited to a DISC of a TNF-family receptor via its 
prodom ain and hence very like FLICE/caspase-8, is in a separate category to 
FLICE/caspase-8. In addition, despite the clear prodom ain hom ology 
betw een ICH -IL/caspase-2 and CED-3, they are in different categories. 
Classification of caspases into two groups (long and short prodom ain) 
separates them on the basis of biology: long prodom ain caspases are likely 
to be apical whereas short prodomain caspases are likely to be effectors. All 
three classification schemes are useful and complementary.

1.4.9 Caspase substrates

If caspases are truly the ultimate effectors of cell death, then the substrates 
that they cleave should provide the mechanism  by w hich they kill. 
However, while there are now many substrates that are known to be cleaved 
during apoptosis at consensus caspase sites, none of these cleavages has been 
shown to be required for apoptosis. The list of proteins that are processed at
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caspase sites during apoptosis includes PARP, DNA-protein kinase, lamins 
A and B, U1 snRNP, SREBP, pl05-Rb (all reviewed in (Cohen, 1997)) and 
most recently DFF (Liu et ah, 1997). There are also a large group of caspases 
that have been shown to be cleaved in vitro by other caspases eg. FLICF can 
activate CPP32(3/caspase-3 (Srinivasula et ah, 1996) (all reviewed in (Cohen,
1997)) and it is thought that many 'effector' caspases can be cleaved by 
upstream  or 'apical' caspases. However, caspase cleavage by another 
caspase does not shed much light on how caspases as a functional group kill 
a cell; I will therefore concentrate on the three best-characterised examples 
of non-caspase substrates: PARP, lamin A and DFF.

PARP is a highly abundant nuclear protein that ADP-ribosylates m any 
proteins as part of a DNA damage response (Lamarre et ah, 1988). ADP- 
ribosylation utilises ATP, and since PARP may represent up to 1% of total 
cellular protein, it has been argued that PARP cleavage and inactivation is 
essential for apoptosis since otherwise cellular ATP levels w ould be 
completely depleted by PARP as part of a DNA damage response to the 
apoptotic degradation of genomic DNA. The PARP cleavage site (between 
Asp216 and Gly217 for bovine PARP (Lazebnik et ah, 1994) conforms to a 
caspase consensus sequence and is conserved in m any organism s. 
Purification of the caspase responsible for PARP cleavage (Nicholson et ah,
1995) identified CPP32p/caspase-3 as the major PARP cleavage enzyme (at 
least in a hum an osteosarcoma cell line). However, the importance of PARP 
cleavage for the death of the cell is unclear since no experiment has been 
done to test whether expression of a non-cleavable m utant of PARP will alter 
apoptosis.

An analogous experiment has been done for lamin A (Rao et ah, 1996). 
Breakdown of the nuclear lamina occurs during apoptosis and appears to 
result from cleavage of nuclear lamins at conserved caspase sites (Lazebnik 
et al,, 1995a; Lazebnik et ah, 1995b). This lamin cleavage activity has been 
attributed to Mch2/caspase-6 in murine cells (Takahashi et ah, 1996a). Over 
expression of a non-cleavable lam in A protein  com pletely prevents 
breakdow n of the nuclear lamina, whereas chromatin condensation, DNA 
degradation and membrane 'blebbing' were delayed (Rao et ah, 1996). Lamin 
A cleavage and lamina breakdown are not required for apoptosis, since the 
cells ultimately still die, but lamin cleavage accelerates the nuclear events of 
apoptosis.

The final substrate, DFF (Liu et ah, 1997), was purified as the factor required 
for DNA fragmentation in cell cytoplasmic lysates that had been activated
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by addition of exogenous active CPP32p/caspase-3. DFF is cleaved by 
addition of CPP32p/caspase-3 in vitro, and is cleaved at consensus caspase 
sites during apoptosis. Most interestingly, C PP32p/caspase-3-processed 
DFF can induce DNA fragmentation, and DFF is therefore the first caspase 
substrate to have any clear catalytic role in the dow nstream  events of 
apoptosis.

1.5 Caspase-independent pathways to cell death

Caspases appear to be crucial for the execution of apoptosis in organisms 
ranging from C. elegans to Drosophila melanogaster to mammals. However, 
there is a growing body of evidence which suggests that there may be non- 
caspase 'executioners' and that there may be parallel pathways to cell death. 
This evidence comes from two principal approaches: firstly the expression 
of pro-apoptotic genes in yeast and secondly, experiments using caspase 
inhibitors.

1.5.1 Are yeasts naive apoptotic systems?

In section 1.1, it was suggested that multicellular organisms used apoptosis 
both in the development of adult structures and in their maintenance. While 
a case can be made for the existence in unicellular organisms of a similar cell 
death machinery to that existing in multicellular organisms (for instance as a 
defence against infection), no com ponents of such a single-cell death 
machine have been identified, and no homologous sequences to components 
of the basal apoptotic machine have been found during  the extensive 
genome sequencing projects (eg. the S. cerevisiae sequencing project (Mewes 
et ah, 1997)). Thus it seems most likely that if an endogenous death 
program m e does exist in unicellular eukaryotes like S. cerevisiae and S. 
pom he,  it does not operate using hom ologues of com ponents of the 
conserved basal apoptotic machinery. If known pro-apoptotic components 
of the mammalian or C. elegans cell death machinery (eg. caspases, CED-4, 
pro-apopto tic  Bcl-2 fam ily m em bers) induce cell death  resem bling 
apoptosis in a yeast, this may therefore represent a genuine autonom ous 
pro-apoptotic catalytic activity of the gene product in question. Yeasts may
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therefore be a powerful tool for examining the activities of individual 
components of the metazoan cell death machinery in the absence of all the 
others.

Over expression of pro-apoptotic genes such as B A X , BAK  (Ink et ah, 1997) 
and ced-4: and ced-3 in S. pomhe (James et ah, 1997) (and S. cerevisiae as well for 
BAX (Tao et ah, 1997; Zha et ah, 1996)) results in a loss of cell viability. Over 
expression of BAK, for example, induces extensive vacuolisation of the 
yeast, while expression of truncated forms of BAK that have no apoptotic 
effect when expressed in mammalian cells have no effect (Chittenden et ah, 
1995a; Ink et ah, 1997). This can be prevented by co-expression of the anti- 
apoptotic Bcl-2 family member, Bcl-XL. Over expression of CED-4 (but not 
the biological m utant I258N) causes a very different 'death phenotype', that 
of profound chromatin condensation; this is dependent on the integrity of 
the CED-4 putative ATP-binding P-loop (James et ah, 1997). The chromatin 
condensation seen following over expression of CED-4 is very similar to the 
chrom atin  condensation seen during  m am m alian apoptosis. CED-4 
localises precisely to the sites of chromatin condensation, suggesting that it 
plays an active role. This chrom atin condensation and death can be 
prevented by co-expression of CED-9, which causes relocalisation of CED-4 
to the mitochondrial and ER membranes (the presumed localisation of CED- 
9). It may be that the effects of over expression of CED-4 in S. pomhe reflects 
neither an artefact, nor an activation of some endogenous death programme, 
but rather the genuine catalytic function of CED-4 in the ahsence of other cell 
death machinery. If true, CED-4, in addition to a putative role in activating 
CED-3, has the independent, CED-9-inhibitable pro-apoptotic effect of 
chrom atin condensation.

The vacuolisation seen following BAK (or BAX) over expression and the 
chrom atin condensation seen following over expression of CED-4 in S. 
pom he  is, at the very least, rem iniscent of two of the hall-m arks of 
m am m alian  apoptosis, nam ely surface 'b leb b in g ' and  chrom atin  
condensation. The fact that co-expression of baculovirus p35, a broad 
spectrum  caspase inhibitor, has no effect on the killing induced by BAK or 
CED-4 (James et ah, 1997) confirms that in neither case is killing being 
effected by a caspase. All this suggests that CED-4 homologues and pro- 
apoptotic bcl-2 family members may play a role in caspase-independent 
execution of cell death in mammalian cells.

This does not mean either that this type of caspase-independent killing is 
required  for execution of apoptosis, or that over expression of CED-4
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homologues and pro-apoptotic Bcl-2 family members may not exert part of 
their killing via caspases. It merely suggests that there may at least be 
m ultiple pathways that all can lead to death, some that are caspase-driven 
and some that are not.

1.5.2 Inhibition of caspases does not prevent viability loss

Another approach to analyse non-caspase dependent death has involved the 
use of caspase inhibitors. When apoptosis is triggered in mammalian cells 
by deregulated oncogene expression, DNA damage, CD95 activation or over 
expression of BAK or BAX, caspase inhibitors (either over expression of p35 
or addition of synthetic inhibitors) block any DNA fragmentation or nuclear 
condensation and block all substrate cleavage. By these assays, cell death 
appears to have been prevented. However, the cells still exhibited the 
'blebbing' surface that is characteristic of an apoptotic cell. Moreover, the 
cells can never be rescued by w ithdraw al of the apoptotic stim ulus or 
addition of survival cytokines once they have begun to 'bleb ', and no 
'blebbing' cell ever divides (McCarthy et al, 1997; Xiang et al, 1996).

The 'blebbing' seen during apoptosis is therefore caspase-independent. In 
addition, once cells begin to 'bleb', they are not only committed to death, 
but also cannot propagate. The implication for cancer is clear: loss of all 
caspases from a cell still does not make it resistant to apoptosis since death 
can still proceed via caspase-independent pathways.

1.6 Cell death in Drosophila melanogaster

1.6.1 Regulation of apoptosis in Drosophila

Death in the nem atode occurs only as part of a preset developm ental 
program m e (Ellis, 1986). The cells that die are the same cells in all 
nem atodes and no additional deaths occur follow ing developm ental 
m utations or DNA damage. This is very different to the situation in 
m am m als where, while cells do die during developm ent in the same 
structures (eg. the thymus), it is not possible to predict precisely which cells 
will die. In the adult organism, apoptosis occurs continuously and the
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viability of an individual cell is dictated not by some preset parameters, but 
factors such as its cytokine environm ent, its DNA integrity and gene 
expression. Death in the nematode is responsive to a preset program m e 
whereas death in the mammal is responsive to the cellular environment.

W hat is the situation in the fruit-fly. Drosophila melanogaster? Apoptosis in 
the fly does occur during developm ent and has been most extensively 
m onitored in embryogenesis (Abrams et al., 1993). While apoptosis does 
occur in the same structures in all flies (eg. deaths always occur in the CNS 
at around 16-17hr after egg laying), as with mammals it is not precisely the 
sam e cells in all flies. In addition, m utations that d isrup t norm al 
developm ent (eg. j tz ,  eng, or wingless) result in extensive apoptosis in the 
affected tissues. The suggestion is that cells in vivo are dependent on 
survival signals and if certain cells do not develop correctly (as in the 
m utant flies), other cells will be deprived of these death-suppressing signals 
and will undergo apoptosis. Finally, DNA dam aging agents such as X- 
irrad ia tion  induce apoptosis in vivo, suggesting that flies also have 
mechanisms for monitoring DNA integrity that can ultimately feed into the 
death programme.

It is clear that, unlike the worm where death is pre-programmed, the control 
of cell viability in the fly is far more similar to the situation seen in 
mammals. The fly still retains the advantages of the worm, however: it is 
likely to be genetically less complex than a mammal and, most importantly, 
can be used for powerful genetic screens to identify novel components of 
ordered pathways. For these reasons, the fly is an attractive experimental 
organism for studying cell death.

1.6.2 H99 deletes three pro-apoptotic genes

Pioneering work in the use of the fly to study cell death has been carried out 
by Professor Steller at MIT. Developmental death during embryogenesis 
can readily be detected using acridine orange staining and fluorescence 
microscopy (Abrams et al., 1993), and a bank of 128 deletion strains were 
screened for m utants in which no developmental deaths could be detected 
in this way. Three strains were identified and the genomic deletion 
resulting in the 'deathless' phenotype was refined to a 300 kb interval at 
75C1,2 on chromosome 3, called H99 (White et al., 1994).
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The H99 interval was m apped for transcripts and ORFs and the first killer 
ORF to be identified in this region was reaper {rpr). The 1.3kb rpr mRNA 
encodes a 65 amino acid protein which, though at the time contained no 
identified hom ology, is now thought to be at least to some degree 
homologous to the Death Domains (DD) of the CD95/TNF receptor family 
(Golstein et al., 1995) (see Fig 1.5a). The biological significance of this 
homology is still in question, however, since mutations of rpr corresponding 
to those that inactivate the F ADD DDs have no effect on the ability of rpr to 
induce apoptosis in the S2 Drosophila cell-line (Chen et ah, 1996a).

Over expression of rpr, either from the full length cDNA or just the ORF, 
causes widespread cell death in vivo and in cells in culture. This is also true 
in an H99  m utant embryo (White et a l,  1994). Introduction of a cosmid 
containing the rpr coding region (and it must be assumed at least some of the 
regulatory elements directing expression) can partly restore apoptosis to the 
'deathless' H99 embryo. Most striking, perhaps, is that rpr is only expressed 
in the individual cells that die and not in any other cells. The pattern of rpr 
expression during embryogenesis mirrors precisely the pattern of cell death, 
preceding it by an hour or less.

rpr is deleted in a 'deathless' embryo, kills when over expressed, restores 
killing to a 'deathless' embryo and, finally, is only expressed in dying cells. 
Unfortunately, regulation of cell death in Drosophila is more complex than 
this simple summary might suggest.

The H99 deletion has since been shown to contain not only rpr, but two other 
transcrip tionally-regulated 'k iller' genes, head-involution defective {hid) 
(Grether et al., 1995) and grim (Chen et al., 1996b) (see Fig 1.5b). Each of these 
kills w hen over expressed, w hether in vivo or in cell culture, and each 
partially restores killing to an H99 embryo when introduced in a cosmid. 
All three {rpr, hid and grim) kill independently, that is, over expression of 
each one can kill in an H99  embryo (in which the wild-type copies are all 
absent) and do not induce expression of the others when killing in a wild- 
type background. Neither hid nor grim  share homology w ith any known 
proteins except for an 11 amino acid N-terminal domain shared between rpr, 
hid and grim  (see Fig 1.5c). The significance of this dom ain is unclear as it 
can be completely deleted from rpr w ithout having any effect on its ability 
to induce apoptosis in S2 cells in culture (Chen et al., 1996a).

There are certain subtle differences between these three 'killers'. While all 
three appear to be transcriptionally regulated, only rpr and grim  are 
expressed in only the dying cells. Hid seems to be expressed in the same
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Fig 1.5a Homology between rpr and the death domains.
Proteins were aligned using PileUp. Heavily shaded residues 
are identical in all proteins, light shaded denotes conservation.
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Fig 1.5b Organisation of the H99 locus, hid, grim and rpr are transcribed 
in a parallel direction. All three genes are deleted in a H99 background. 
Although hid, grim  and rpr can each kill independently of the others, grim  
synergises with rpr in some dose-dependent manner (cf. X25/H99 and 
X14/H99).
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Fig 1.5c Homology region between rpr, hid and grim. The functional 
significance of this domain is uncertain since rpr (A2-11) in which this 
domain is removed can still kill S2 cells. Heavily shaded residues are identi
cal in all proteins, light shaded denotes conservation.
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regions as rpr and grim ,  bu t also in neighbouring cells that do not die 
(Grether et ah, 1995). Also the "inputs' that lead to expression of rpr, hid and 
grim  are different for example, rpr expression is efficiently induced by X- 
irradiation (White et ah, 1994), whereas grim shows no such induction (Chen 
et ah, 1996b).

Identification of rpr, hid and grim, while clearly critical to the understanding 
of regulation of apoptosis in the fly, has thus far taught us little about 
regulation of apoptosis in other organisms since, apart from the weak 
hom ology between rpr and the DDs, there appears to be little to link these 
three genes to the conserved basal apoptotic machinery of vertebrates and 
the worm. However, analysis of the downstream targets of rpr, hid and grim 
and of the mechanism by which they kill has provided that link.

1.6.3 rpr, hid and grim  kill via caspases

E xpression  of bacu lov irus p 3 5  had been show n to inh ib it both  
developm entally -occurring  and X -irrad iation-induced  apop tosis in 
Drosophila  by Bruce Hay in 1994 (Hay et al., 1994). At this time, the 
mechanism of action of p35 in suppressing apoptosis was still not known. 
However, the interpretation of this experiment is now clear: p35 suppresses 
apoptosis by inhibiting caspases, ergo caspases m ust be involved in the 
execution of apoptosis in Drosophila. It has subsequently been shown that 
co-expression of p35  w ith rpr, hid  or grim either in vivo or in S2 cells 
suppresses their pro-apoptotic effects, and that zVAD.fmk (a synthetic 
caspase inhibitor) blocks rpr-induced apoptosis of S2 cells (Pronk et al.,
1996).

It therefore seems that while at the primary amino acid level no significant 
links can be seen either between rpr, hid and grim and each other or between 
rpr, hid and grim and the basal conserved apoptotic machinery, they all still 
utilise a caspase-containing machinery to kill. Determining exactly how 
these different proteins actually activate caspases would not simply explain 
more completely their own mechanism of killing, but could also provide 
useful models for mechanisms of caspase activation in general.
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1.6.4 How do rpr, hid  and grim  activate caspases?

'Activate caspases' in this context means how do rpr, hid and grim  directly 
cause a few molecules of inactive 'apical' pro-caspase to become active, 
thereby in itiating  the whole caspase proteolytic cascade. W hat the 
recruitm ent of FLICE by F ADD and the recruitm ent of ICH-1 by RAIDD 
have already illustrated is that the connection betw een a particu lar 
upstream  death signal and a particular apical caspase is highly specific to 
both the signal and the caspase (see section 1.4.6-1.4.7 for discussion). The 
three caspases that are currently known to be apical in the proteolytic 
pathw ay (FLICE, ICH-IL and CED-3) all contain long prodom ains which 
link them to specific upstream pathways. This means that in the same way 
as a ligand has a specific receptor, each of rpr, hid and grim  may connect 
w ith a different apical caspase. Therefore, to understand how rpr, hid and 
grim  activate caspases, it may be necessary to identify and clone apical 
caspases from Drosophila.

1.7 Aims

W hile genetic screens in Drosophila melanogaster have resulted in the 
identification of three genes whose products trigger cell death, none of the 
conserved components of the cell death machinery (CED-9/Bcl-2 and CED- 
3 /caspase  homologues) have been identified in Drosophila. The three 
apoptotic regulators identified so far {rpr, hid and grim), induce apoptosis in 
a caspase-dependent manner. This suggests that Drosophila contains genes 
encoding caspases and that these are part of the apoptotic m achinery in 
Drosophila as in both the nematode worm and mammals.

Identification of a Drosophila caspase would allow one to carry out genetic 
screens to identify both downstream  targets and upstream  regulators of 
caspases. While screening for downstream targets of caspases (substrates) 
m ight be equally effective in C. elegans, upstream  regulation of caspase 
activity is likely to be more similar between Drosophila and mammals than 
between C. elegans and mammals, since the upstream triggers and regulation 
of cell death  are more similar. Genetic screens to identify upstream  
regulators of a D rosophila  caspase could therefore lead to a better
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understanding of the regulation of mammalian caspases, and hence to a 
better understanding of the regulation of cell death in mammals.

I set to out to clone and characterise Drosophila melanogaster caspases with a 
view to using them for the basis of in vivo genetic screens to identify caspase 
regulators and caspase targets.
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Chapter 2

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: Affiniti (YVAD.pna and DEVD.pna), Amersham (Rainbow protein 
m arkers, radiochem icals, Hybond N and N+ m em branes), Boehringer 
(glycogen), Calbiochem (Hygrom ycin B), City U niversity  of London 
(Citifluor), FMC BioProducts (SeaKem agarose), Gibco-BRL (PCS, DNA 
molecular weight markers. Modified Schneider M edium), Kodak (XAR-5 
film  for au to rad iog raphy , TMAX400 black and  w hite  film  and 
Phenohchloroform  solutions), M illipore (Immobilon-P m em brane), NBL 
(Acrylamide:N,N'-methylene bisacrylamide solutions), Pharmacia (dNTPs) 
and Promega (rabbit reticulocyte lysate, wheat germ lysate).

2.1.2 Stock solutions

6  X GLB TBE plus:

0.25% w /v  bromophenol blue 

0.25% w /v  xylene cyanol 

30% v /v  glycerol

2 X HEBS 280 mM NaCl

1.5 mM Na2HP04
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50 mM Hepes 

pH 7.09-7.12

LB 1% w /v  bacto-tryptone 

0.5% w /v  yeast extract 

1% w/V NaCl

PAGE-RB 20 mM Trizma base 

190 mM glycine 

0.1% w /v  SDS 

pH 8.6

PBSA

RIPA buffer

1% w /v  NaCl 

0.025% w /v  KCl 

0.14% w /v  Na2HP04  

0.025% w /v  KH2PO4, pH7.2

50 mM NaCl 

25 mM Tris Cl, pH8.2 

0.5% v /v  NP40

0.5% w /v  sodium deoxycholate

0.1% w /v  SDS

0.1% w /v  sodium azide
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10 X RNA b u f f e r  0.2 M MOPS, pH 7.0

50 mM NaOAC 

10 mM EDTA, pH  8.0

IxSSC 150 mM NaCl

15 mM Sodium Citrate 

pH 7.5 (adjusted with NaOH)

IxTBE 89 mM Trizma base

89 mM boric acid 

2 mM EDTA

TBS 25 mM Tris Cl, pH 8.1

144 mM NaCl

TE 10 mM Tris Cl, pH 7.5 or pH  8.0

1 mM EDTA

TFB 100 mM KCl

50 mM CaCli

10% Redistilled glycerol 

10 mM KG Ac
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WBB 20 mM Trizma base 

190 mM glycine 

20% v /v  methanol

2.1.3 Enzymes and Kits

ABI Prism sequencing kit Perkin Elmer

Alkaline phosphatase, from calf intestine (CIP) Boehringer

Altered Sies II mutagenesis kit Prom ega

BioTaq polymerase Bioline

Biotin-High Prime kit Boehringer

DNase 1, RNase free Boehringer

ECL kit Am ersham

Geneclean II glassmilk kit Bio 101 Inc

M ultiprime DNA labelling kit Am ersham

Proteinase K Boehringer

BioRad protein concentration assay BioRad

Qiagen maxiprep kit Qiagen

Restriction endonucleases New England Biolabs

RNase A Sigma

Sequenase kit US Biochemicals

SP6 RNA polymerase Prom ega

T3 RNA polymerase Prom ega

T4 DNA ligase New England Biolabs
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T7 RNA polymerase Prom ega

TA cloning kit Invitrogen

TnT in vitro translation kit Prom ega

Vectastain Elite ABC kit Vector labs

Xpress protein purification Invitrogen

2.1.4 E. coli bacterial strains and genotypes

D H 5a F'psiSOd, lacZM.15, endAl, recAl, hsdR17,

(rk"mk“)/ swpE44, thi-1 k~' gyrA96, relAl 
(lacZYA-arg¥)U69

ES1301 mutS

JM109 (Stratagene)

XL-1 blue (Stratagene)

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

supE, thi-1, A{lac-proAB), [F“ traD36,

proAB, /flcZ^ZAMlS]

recAl, endAl, gyrA96, thi-1, hsdRlV,

swpE44, relAl, lac, [F‘ proAB, lacI^ZAMlS, TnlO 

itet ]̂

D H 5 a , JM109 and XL-1 blue are referred to in (Sambrook et al., 1991); 
ES1301mutS is described in (Siegel et al, 1982).

2.1.5 Plasmids and vectors

2.1.5.1 Cloning plasmids 

pBSKS+ Stratagene

pCR2.1 Invitrogen

pNB40 From Dr. N. Brown

pUC19 NEBiolabs
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pA LTERl Invitrogen

2.1.5.2 Expression vectors 

pRMhaS From Dr. G. Pronk

pMK33 From Dr. M. van der Heuvel

pTrcHisB Invitrogen

2.1.5.3 Plasmids containing cDNAs received from outside sources

p35pBSKS+ contains a 1.1 kb fragment containing ~950bp AcNPV p35 ORF 
cloned into EcoRl site of pBSKS+ (T7 gives sense transcript). Received from 
Prof. L. Miller (Clem et al., 1991).

Dm OpUC19 contains the -3.0 kb lamin DmO cDNA cloned into EcoRl site 
of pUC19. Received from Prof. Y. Gruenbaum (Gruenbaum et al., 1988).

rp r pRMha3 contains a -200bp PCR-generated fragment containing rpr ORF 
cloned into BamHl site of pRMha3. This places rpr under control of a 
metallothionein promoter. Received from Dr. G. Pronk (Pronk et al., 1996).

D C P-lpN B 40 contains the full-length DCP-1 cDNA (~1.8kb) described in 
(Song et al., 1997) and cloned in pNB40 as described in (Brown and Kafatos, 
1988). SP6 promoter gives sense transcript. Received from Prof. H. Steller.

2.1.5.4 Constructs generated during this thesis

DegPCRpCR2.1 contains the PCR product that resulted from the nested 
degenerate PCR reaction used to identify novel caspases. The product was 
cloned into pCR2.1 (Invitrogen) according to manufacturer's instructions.

drICEpNB40 contains the full-length drICE cDNA (~1.9kb) that was isolated 
in the screen of a 4-8 hr embryonic Drosophila melanogaster library (Brown 
and Kafatos, 1988). It is cloned in pNB40 as described in (Brown and 
Kafatos, 1988). The SP6 promoter in pNB40 gives a sense transcript.

d rIC E pB S K S +  contains a -1.1 kb drICE ORF generated by PCR using 
BioTaq (Bioline) and the primers MDATdrlCE and HindplOrev (see below).
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The template used was drICEpNB40. The PCR fragment was digested with 
EcoRl and H indlll and cloned into pBSKS+ EcoRl-HindllL The ORF was 
completely sequenced manually.

drIC E pA L T E R l contains the -1.1 kb drICE ORF which was excised from 
drICEpBSKS+ with EcoRl and Xhol and ligated into the EcoRl-Xhol sites of 
pALTER.

drICE(C211A)pALTERl is derived from drICEpALTERl. The drICE ORE 
cloned in to  drICEpALTERl w as m utagen ised  using  the p rim er 
drICEC211A to introduce the point mutations TGC to GCC at 631-633 of the 
drICE ORF. This generates an ORF encoding a drICE protein w ith the 
m utation C211A. The ORF was completely sequenced manually.

FLAG.drlCE pCR2.1 contains a PCR product encoding full-length drICE 
w ith an N-terminal FLAG tag. This was generated using BioTaq (Bioline) 
and the prim ers FLAG.drlCE and HindplOrev (see below) and cloned into 
pCR2.1 (Invitrogen) according to manufacturer's instructions. The template 
used was drICEpNB40. The ORF was completely sequenced manually.

FLAG.drICE(C211A)pCR2.1 contains a PCR product encoding full-length 
drICE with the mutation C211A and with an N-terminal FLAG tag. This was 
generated using BioTaq (Bioline) and the prim ers FLAG.drlCE and 
HindplOrev (see below) and cloned into pCR2.1 (Invitrogen) according to 
m a n u f a c tu r e r 's  in s t ru c t io n s .  The te m p la te  u se d  w as 
drICE(C211A)pALTERl. The ORF was completely sequenced manually.

HA.p30drICEpCR2.1 contains a PCR product encoding amino acids 81-339 
of drICE w ith an N-terminal HA tag. This was generated using BioTaq 
(Bioline) and the primers HA.drlCE and HindplOrev (see below) and cloned 
into pCR2.1 (Invitrogen) according to m anufacturer's instructions. The 
tem plate used was drICEpNB40. The ORF was completely sequenced 
manually.

HA.p30drICE(C211A)pCR2.1 contains a PCR product encoding amino acids 
81-339 of drICE with a C211A mutation and an N-terminal HA tag. This was 
generated  using  BioTaq (Bioline) and the prim ers H A .drlCE and 
HindplOrev (see below) and cloned into pCR2.1 (Invitrogen) according to 
manufacturer's instructions. The template used was drICE(C211A)pALTER. 
The ORF was completely sequenced manually.

FL A G .drIC EpM K 33 contains a -1.1 kb Bglll-Xbal fragm ent which was 
excised from FLAG.drICEpCR2.1 and cloned into pMK33 B am H l-Spel

50



sites. This places the ORF encoding full-length drICE w ith an N-terminal 
FLAG tag under control of a metallothionein promoter. This construct can 
be transfected into S2 cells and the hygromycin resistance gene contained in 
pMK33 can be used to select pools of S2 cells containing the vector.

FLAG.drICE(C211A)pMK33 contains a -1.1 kb Bglll-Xbal fragment which 
was excised from FLAG.drICE(C211A)pCR2.1 and cloned into pMK33 
Bam Hl-Spel sites. This places the ORF encoding full-length drICE with a 
C211A m utation  and an N -term inal FLAG tag under control of a 
metallothionein promoter.

HA.p30drICEpM K33 contains a -750 bp Bglll-Xbal fragm ent which was 
excised from HA.p30drICEpCR2.1 and cloned into pMK33 Bam H l-Spel 
sites. This places the ORF encoding amino acids 81-339 of drICE with an N- 
terminal HA tag under control of a metallothionein promoter.

HA.p30drICE(C211A)pMK33 contains a -750 bp Bglll-Xbal fragment which 
was excised from HA.p30drICE(C211A)pCR2.1 and cloned into pMK33 
Bam H l-Spel sites. This places the ORF encoding amino acids 81-339 of 
drICE with a C211A mutation and an N-terminal HA tag under control of a 
metallothionein promoter.

D m O pA LTER l contains the -3.0 kb lamin DmO cDNA which was excised 
from DmOpUC19 and cloned into the EcoRl site of pALTERl. The clone 
used is orientated such that the T7 promoter gives a sense transcript.

rpr pMK33 contains the 200bp rpr ORF BamHl fragment which was excised 
from rpr pRMha3 and ligated into the BamHl site of pMK33. This places the 
ORF encoding full-length rpr under control of a m etallothionein promoter. 
This construct can be transfected into S2 cells and the hygromycin resistance 
gene contained in pMK33 can be used to select pools of S2 cells containing 
the vector.

drIC E pT rcH isB  contains a -1.1 kb fragment encoding full-length drICE 
which was excised from drICEpBSKS+ with EcoRl and H indlll and cloned 
into the EcoRl-Hindlll sites of pTrcHisB. This places the ORF under control 
of a trc prom oter to allow high level inducible expression in E. coli. In 
addition, the ORF is cloned in frame with an N-terminal His^-tag to allow 
purification of the expressed protein.

p30drICEpTrcH isB contains a 750 bp ORF encoding amino acids 81-339 of 
drICE ligated into the EcoRl-H indlll sites of pTrcHisB. The ORF was 
generated by PCR using BioTaq (Bioline) and the prim ers p30drICE and
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HindplOrev. The ORF was completely sequenced manually. This places the 
ORF under control of a trc prom oter to allow high level inducible 
expression in E. coli (Brosius et al., 1985). In addition, the ORF is cloned in 
frame w ith an N-terminal His6-tag to allow purification of the expressed 
protein.

2.1.6 Peptide synthesis

Peptides were synthesised by Nicola O'Reilly and Elizabeth Li using an 
Applied Biosystems model 431A solid phase synthesiser on a preloaded 
hydroxym ethylphenoxym ethyl resin using 9-fluorenylmethyloxycarbonyl 
for tem porary amino group protection (Carpino and Han, 1972). Each 
amino acid was coupled as a hydroxybenzatriazole active ester and the 
peptide cleaved from the resin with trifluoroacetic acid containing 2.5% v /v  
ethanedithiol, 5% v /v  thioanisole, 5% v /v  distilled water, 7.5% crystalline 
phenol. Peptides were analysed by reverse phase HPLC. Sequences are 
shown in the one letter amino acid code, N to C terminal.

2.1.7 Peptides used in this thesis

Peptide name Sequence (N- to C-terminal)

drlCE(C-term) LRFSDKQLAPAGRV

drlCE(RHA) RHAAEYNMRHKNRGMALIFNH

d rIC E (p l9 /p ll)  TMQRSQTETDGDSSMSYK

2.1.8 Antibodies used in this thesis

2.1.8.1 Commercial and donated antibodies

Commercial antibodies

Donkey anti-rabbit Ig, HRP-conjugated (Amersham) used at 1:2000 dilution 
for Western blots as second-layer reagent.
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Donkey anti-mouse Ig, HRP-conjugated (Amersham) used at 1:2000 dilution 
for Western blots as second-layer reagent.

Swine anti-rabbit Ig, FITC conjugated (Dako) used at 1:200 dilution for 
immunofluorescence as second-layer reagent.

M ouse m onoclonal anti-HA clone 12CA5 (Boehringer) raised against 
sequence YPYDVPDYA. Used at 5 |ig /m l final concentration for W estern 
blots.

M ouse m onoclonal anto-FLAG (Kodak) raised against the sequence 
DYKDDDDK. Used at 100 n g /m l final concentration for Western blotting.

Donated antibodies

Mouse monoclonal anti-lamin DmO. Gift from Prof. D. Glover (Frasch et al, 
1986). Used at 1:2000 d ilu tion for W estern b lo tting  and 1:200 for 
im m unoprécipitation.

2.1.8.2 Antibodies generated during this thesis

A b p ll:  Rabbit polyclonal antiserum  raised against KLH-conjugated 
drlCE(C-term). This sequence is the same as amino acids 326-339 of drICE 
and the antiserum recognises both pro-drlCE and the mature p l l  subunit by 
W estern blot (used at 1:1000) and by imm unoprécipitation (used at 1:500). 
Also used for immunodepletion of active drICE from S2 cell lysates (used at 
1:50). ICRFcode: DH31,32.

A bpl9: Rabbit polyclonal antiserum  raised against KLH-conjugated 
drlCE(RHA). This sequence is the same as amino acids 81-101 of drICE and 
the antiserum  recognises both pro-drlCE and the m ature p l9  subunit by 
W estern blot (used at 1:1000) but not by immunoprécipitation. ICRF code: 
DH29,30.

AbSpacer: Rabbit polyclonal antiserum  raised against KLH-conjugated 
d rIC E (p l9 /p ll). This sequence is the same as amino acids 222-238 of drICE 
and the antiserum recognises pro-drlCE only by both Western blot (used at 
1:1000) and im m unoprécip ita tion  (used at 1:500). Also used for 
immunofluorescence at 1:200. ICRF code: TL29.
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2.1.9 O ligonucleotide synthesis

Oligonucleotides were synthesised using an Applied Biosystems Model 
380B autom ated synthesiser and used as PCR and sequencing prim ers and 
gel retardation probes. The lUPAC key for generic nucleotides is shown 
below:

B not A

D not C

H not G

K G or I

M A or C

N A, C, G or T

R A or G

S C o r  G

V not T

w A or T

Y C o r T

I deoxyinosine

2.1.10 Oligonucleotides used for PCR and sequencing

Oligo name ICRF Code Sequence (5’ to 3’)

DegPCRFl 59835 AAGCCSAAGITSDTSATCRTSCAGG

DegPCRF2 59836 CAGGCNTGYCGNGG

DegPCRRl 59837/8 ACASCWSAWWATGWKTC

HindSplOrev 61419 CCACACAAGCTTTCAAACCCGTCCGGCTGGAGCC
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FLAG.drlCE 69793

HA.p30drICE 69791

M DATdrlCE 66458

drIC E seqF l 66461

drICEseqF2

drICEseqF3

drICEseqF4

drICEseqFS

drICEseqF6

drICEseqF7

M13F

M13R

SP6

T7

T3

TetKO

66463

62357

66464 

62356

62358 

61418 

PI 

P2 

P ll  

P4

P3

AAAGATCTACCATGGACTACAAGGACGACGATGACAAGATGG

ACGCCACTAACAATGGAGAATCCGCCGACC

AAAGATCTACCATGGCTTACCCATATGACGTCCCAGACTACG
CTATGGACGCCACTAACAATGGAGAATCCGCCGACC

AAAGAATTCACCATGGACGCCACTAACAATGGAGAATC

p30drICE 66460 AAAGAATTCACCATGCGCCATGCAGCCGAGTACAACATGCGC

GAGCAGCCCAACGATCACACAG

CGTCCAGCTACCGAAAGAATG

ACAAGAACCGCGGAATGGC

GACTCGGGTGCTCAAGCAG

CAAGGACATTTTGAGGACAATCG

GGATGGCGGAGTGACC

GGCGACTCCTCGATGAGCTAC

GTAAAACGACGGCCAGT

CAGGAAACAGCTATGAC

CATACGATTTAGGTGACACTATAG

AATACGACTCACTATAG

ATTAACCCTCACTAAAG

Promega GCCGGGCCTCCTTGCGGGCGTCCATTCC

(5' PHOSPHORYLATED)

A m pR epair Promega gttgccattgctgcaggcatcgtggtg

drICEC211A 69439

(5' PHOSPHORYLATED)

GTTCTTCATACAGGCCGCCCAGGGCGACAGATTG

(5' PHOSPHORYLATED)
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2.2 Nucleic Acid Methods

2.2.1 General DNA m anipulations

Protein was removed from aqueous solutions of DNA by extraction w ith 
phenol:chloroform :isoam yl alcohol. An equal volum e 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 w ith 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 |xg 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 H2O and 
stored at -20°C. DNA was quantitated by its absorbance. An appropriate 
dilution of DNA was made in H2O and the absorbance at 260 nm measured 
using a UV Spectrophotometer. The concentration was calculated using the 
formula: [nucleic acid] = (A26O) (dilution) (S), where A260 is the absorbance 
at 260 nm and X = 50 p g /m l for double stranded DNA (dsDNA) or 33 
|ig /m l for single stranded DNA (ssDNA). DNA was stored at -20°C.

2.2.2 Bacterial transform ation

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 in oculate 
50 ml of LB and was subsequently incubated at 37°C with agitation (200-300 
rpm) until the A550 of the culture reached 0.45-0.55 (approximately 4-7 x 10^ 
cells/m l). 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 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 TFB 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 TFB. The cells were transferred in 200 |il aliquots into
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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 pi of DNA solution were 
added to the bacteria and gently mixed by agitation. The m ixture was 
incubated on ice for 30 minutes and heat-shocked at 42°C for 2 minutes. The 
m ixture was incubated on ice for 2 m inutes following heat-shock before 
plating onto LB plates containing the appropriate antibiotic (100 p g / m l  
ampicillin, 10 p g /m l kanamycin or 10 p g /m l tetracycline). Plates were 
allowed to dry for 10-30 min at room tem perature and then incubated at 
37°C for 10-16 hr.

2.2.3 Plasmid minipreps

Individual colonies were in oculated into 1.5 ml of LB containing the 
appropriate antibiotic (100 p g /m l ampicillin, 10 p g /m l kanamycin or 10 
p g /m l 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 pi of TE by vortex mixing. 200 pi of 0.1% w /v  
SDS, 0.2 N NaOH was added and the tube inverted gently three times. 150 
pi of 3 M NaOAc, pH 5.2, was added, the contents again mixed and the 
resulting precipitate removed by centrifugation in a m icrofuge for 10 
minutes at 13,000 rpm. The supernatant was transferred to a fresh microfuge 
tube and the DNA was precipitated w ith 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 tem perature. The dry pellet was 
resuspended in 100 pi of TE containing RNase A at a concentration of 100 
pg /m l. 5 pi was taken for analytical restriction enzyme digests.

2.2.4 Plasmid maxipreps

Individual colonies were in oculated into either 200 ml (for plasmids with a 
high-copy num ber origin eg. pUC) or 500ml (for plasmids with a low-copy 
num ber 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 plasm id DNA was
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isolated using a Qiagen plasm id purification kit in accordance w ith 
m anufacturer's instructions. The final pellet of purified plasmid DNA was 
dissolved in ddH 2 0 .

2.2.5 D igestion w ith 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 pi. 
Buffers used were those supplied by the enzyme m anufacturer. Digestion 
w as usually  com plete after incubation for 1 hr at the appropria te  
tem perature (usually 37°C). Gel loading buffer (6 x GLB) was added to give 
final concentrations of 0.04% w /v  brom ophenol 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 10 pg of 
DNA were used.

2.2.6 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 p g /m l 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 m anufacturers instructions. The gel slice containing the 
desired DNA fragment was incubated 55°C in the presence of Nal and TBE 
m odifier (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 solution and 
incubated on ice for 5 m inutes. The G lassm ilk was recovered by 
centrifugation in a microfuge (30 seconds, 13,000 rpm), washed twice in New 
Wash Buffer, and resuspended in 20 ml ddH20. 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.
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2.2.7 Ligation of DNA

DNA fragm ents for ligation were prepared by restriction digestion of 
plasm id 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 w ith calf intestinal 
alkaline phosphatase  (CIP). R estricted DNA w as extracted  w ith  
phenol:chloroform:isoamyl alcohol and precipitated w ith EtOH. The DNA 
was redissolved in CIP buffer, 2 units/jxg CIP added and the reaction 
incubated for 30 min at 37°C. The reaction was diluted to give a final vector 
concentration of 20 pg /m l, extracted twice with phenol:chloroform:isoamyl 
alcohol and once with chloroform.

For compatible, sticky ended ligations, 50-100 ng of vector was combined 
w ith 5-10 fold molar excess of insert in 1 x ligase buffer in a total volume of 
20 pi, to which 10 units of T4 DNA ligase was added. The reaction was 
incubated for at least 20 minutes at RT and 10 pi used to transform 200 pi 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 ddH 2 0  at a 
concentration of 1 m g/m l. The oligo stock solution was stored at -20°C.

2.2.9 PCR

2.2.9.1 General PCR methods

All reagents for experiments involving polymerase chain reaction (PCR) 
w ere autoclaved or supplied  sterile by the m anufacturers and kept 
serarately from other reagents. PCR reactions were carried out in a final 
volume of 100 pi containing IX NH4 Buffer (Bioline), 1.5 mM MgCl2, 100 pM 
of dNTPs, 0.5 pM primers, 1-10 ng of template and 1-2 units of Taq DNA 
polymerase (Bioline). 40-50 pi of mineral oil was layered over the top to 
prevent evaporation. The template was melted for 1 m in at 94°C followed 
by an annealing step for 30 sec at various tem peratures (see results for
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details) and prim er extension for various times at 72°C using a therm al 
cycling dri-block (Techne). Thermal cycling was repeated 15-30 times.

The PCR products were either ligated directly into pCR2.1 (Invitrogen) 
according to m anufacturer's instructions or else purified using a Geneclean 
kit (see above for method) before restriction digestion and cloning.

2.2.9.2 Degenerate PCR to identify novel D. melanogaster caspases

A two-step nested PCR strategy was used to identify novel caspases in 
Drosophila melanogaster. 5 ng of a 4-8 hr Drosophila melanogaster embryonic 
cDNA library (Brown and Kafatos, 1988) was used as template for the first 
reaction in a 100 pi reaction. This was set up containing prim er DegPCRFl 
and T7 (each at 1 p g /m l final concentration), IX NH4 Buffer (Bioline), 1.5 
mM MgCl2, 100 pM of dNTPs and 2 units of BioTaq (Bioline). This was 
subjected to 35 cycles of the following : 1 min at 94°C, 30 seconds at 58°C 
and 30 seconds at 72°C. 0.1% of this reaction was used as a template in a 
second PCR reaction containing primer DegPCRF2 and DegPCRRl (each at 
1 p g /m l final concentration), IX NH4 Buffer (Bioline), 1.5 mM MgCl2, 100 
pM of dNTPs and 2 units of BioTaq (Bioline). This was subjected to 30 
cycles of the following : 1 min at 94°C, 30 seconds at 48°C and 30 seconds at 
72°C. 2 pi of this reaction was ligated into pCR2.1 in accordance w ith
m anufacturer's instructions(Invitrogen).

2.2.10 DNA sequencing

DNA tem plates were sequenced either using m anual or au tom ated  
m ethods. In both cases double stranded supercoiled plasm id DNA was 
used as the template. DNA derived from plasmid maxiprep was considered 
sufficiently pure for sequencing directly. DNA from plasm id m inipreps 
was treated w ith 10 p g /m l boiled RNase A for 30 m in at 37°C, phenol: 
chloroform extracted until no interface m aterial was evident, chloroform 
extracted once and precipitated with EtOH.

M anual sequencing was perform ed using the dideoxy chain term ination 
m ethod. 2-3 pg of DNA dissolved in 20 pi TE was mixed w ith 5 pi 1 M 
NaOH, 1 mM EDTA and the DNA denatured for 5 min at RT. The sample 
was neutralised by the addition of 2.5 pi 2 M NH 4OAC, pH  4.6 and 
precipitated with 60 pi EtOH. The DNA was recovered by centrifugation.
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w ashed in 70% EtOH, and annealed with 10 ng of primer. Sequencing 
rections were carried out according to the protocol in the Sequenase manual 
(US B iochem icals) and  the  sequence  reso lv ed  on 6% w /v  
acrylamideibisacrylamide [19:1], 48% w /v  urea gel in 1 x TBE. Both DNA 
strands were sequenced.

A utom ated  sequencing was perform ed using  the ABI PRISM Dye 
term inator cycle sequencing ready reaction kit (Perkin Elmer) according to 
m anufacturer's instructions and analysed using ABI PRISM software.

2.2.11 In vitro  m utagenesis

2 pg of drICEpALTERl were alkaline denatured, neutralised and EtOH 
precipitated as for DNA sequencing (see above). The denatured plasmid 
was resuspended in 1 x annealing buffer (200mM Tris-HCl pH  7.5, lOOmM 
MgC12, 500mM NaCl) and oligos drICEC211A (15ng), TetKO (1.1 ng) and 
Amp Repair ( l.ln g ) were added. Annealing and polym erisation were 
carried out according to instructions in Altered sites II m anual. The 
products were transform ed into ES1301 mutS  com petent cells (Promega) 
which were incubated for 18 hr at 37°C with agitation (200-300 rpm) in LB 
containing 100 p g /m l am picillin. The bacteria w ere harvested  by 
centrifugation and a standard m iniprep protocol was carried out to purify 
the plasm id DNA. The purified DNA was transform ed into JMlOl 
competent bacteria and the transformed bacteria plated onto LB agar plates 
containing 100 p g /m l am picillin and incubated overnight at 37°C. 
Individual colonies were subsequently innoculated into 2 ml LB containing 
100 p g /m l ampicillin and incubated for 18 hr at 37°C with agitation (200-300 
rpm ). DNA was purified from these cultures by standard  m iniprep 
procedures and analysed by manual sequencing.

2.2.12 RNA isolation

RNA was harvested from embryos, larvae, pupae and adult flies in a similar 
manner. Embryos were initially dechorionated in 50% v /v  bleach, washed 
extensively in PBS, 0.1% v /v  Tween and allowed to settle in a microfuge 
tube. Larvae and adult flies were starved for 3 hr prior to RNA extraction to 
remove any yeast. The embryos, larvae, pupae or adult flies were lysed in 
0.5 ml 5M GuITC, 20mM NaOAc, pH  7.0, 0.2% v /v  Sarkosyl, 200 mM p- 
mercaptoethanol. The debris was spun out by centrifugation in a microfuge
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tube at 13,000 rpm in a microfuge. The supernatant was transferred to a 
fresh tube. 10 |il IM  acetic acid and 250 p i of EtOH were added and 
incubated at -20°C for 30' to allow efficient precipitation of the RNA. The 
RNA was recovered by centrifugation (10 m inutes at 13,000 rpm  in a 
microfuge) and resuspended in 0.5 ml 5M GuITC. This was extracted twice 
w ith phenohchloroform and reprecipitated with an equal volume of EtOH 
as before. The final pellet was resuspended in ddH 20.

2.2.13 Gel electrophoresis of RNA and Northern blotting

RNA was fractionated by electrophoresis through denaturing agarose gels 
prior to Northern blotting. Gels were prepared by melting an appropriate 
am ount of agarose in water, cooling to approxim ately 60°C, and adding 
1/lO th volume of 10 x RNA buffer and formaldehyde to 1.85% w /v  final 
concentration. The sample was prepared by mixing 5.5 pi of RNA (up to 15 
pg), 1 pi 10 X RNA buffer, 3.5 pi form aldehyde and 10 pi 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  brom ophenol 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 from a 
reservoir containing 20 x SSC. Before transfer gels were rinsed several times 
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/cm ^ of UV 
irradiation at 254 nm (Stratalinker, Stratagene).

2.2.14 Preparation of genomic DNA

100 adult Oregon R Drosophila melanogaster flies were starved for 3 hours 
before being flash-frozen on a mortar pre-cooled on dry ice. The frozen flies 
were ground up and the resulting 'pow der' suspended in 5 ml ice-cold TE, 
5% w /v  sucrose. The suspension was transferred to a Dounce homogeniser 
and homogenised with ten strokes using an 'A ' pestle. The suspension was 
transferred to a 15 ml polypropelene tube and centrifuged at 600 x g for 60 
seconds at 4°C to pellet the nuclei and the supernatant was discarded. The 
pelleted nuclei were resuspended in 0.5 ml TE and Proteinase K added to a 
final concentration of 100 p g /m l before incubation at 37°C for 45 minutes. 
The solution was extracted w ith phenohchloroform  once w ith before
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addition of RNase A to a final concentration of 100 M-g/ml before incubation 
at 37°C for 15 minutes. Three further phenohchloroform extractions were 
carried out and 1 ml EtOH added to the aqueous phase. The tube was 
gently inverted and the genomic DNA precipitated out as a large aggregate. 
This was carefully removed to a fresh microfuge tube containing 70% v /v  
EtOH. The genomic DNA was recovered by centrifugation (13,000 rpm  in a 
microfuge for 10 minutes) and resuspended in TE.

2.2.15 Southern blotting

10 pg of genomic DNA were digested overnight at 37°C with EcoRl and 
electrophoresed on a 0.8% agarose gel buffered in 1 x TAE and 0.5 p g /m l 
EtBr. The gel was soaked for 45 minutes in 0.5 N NaOH and the DNA was 
transferred onto a Hybond N+ filter (Amersham) by capillary action from a 
reservoir containing 0.5 N NaOH. Following blotting, the filter was washed 
three times in 2 litres of 2 x SSC before probing.

2.2.16 Preparation of library filters

Com petent DH5a E. coli were transformed with 50 ng of a 4-8 hr embryonic 
Drosophila melanogaster cDNA library (Brown and Kafatos, 1988) (see above

for protocol). Following transformation, the bacteria were flash-frozen in

aliquots and stored at -70°C. A single aliquot was thawed and the titre in

colony forming units (cfus) was determined.

Hybond N+ filters were placed onto 25cm x 25cm LB agar plates containing
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following the first lift. Each filter was again placed on a separate 25cm x 
25cm LB agar plate containing ampicillin (100 pg/m l) and incubated at 37°C 
until bacterial colonies could be seen. This therefore resulted in 4 m aster 
filters (which were then stored at 4°C) and 4 pairs of duplicate filter lifts, all 
of which had bacteria growing on them.

The duplicate filters were placed onto sheets of 3MM saturated in 0.5 M 
NaOH for 15 minutes to lyse the bacteria. The filters were neutralised by 
placing them  onto sheets of 3MM soaked in 2 x SSC. The 2 x SSC 
neutralisation was repeated three times. The filters were then soaked in 2 x 
SSC, 0.1% w /v  SDS and the bacterial debris scrubbed off using Kleenex 
tissues.

The filters were placed again onto sheets of 3MM saturated in 0.5 M NaOH 
for 15 minutes to ensure that the DNA was cross-linked to the Hybond N+ 
and the filters subsequntly neutralised as before. The filters were then ready 
for probing.

2.2.17 Generation of P^P]-labelled DNA probes

50 ng of DNA fragments purified as described above were used to make 
probes. The DNA was diluted in ddH 20 to give a final volume of 23 pi and 
boiled for 5 minutes before rapid cooling on ice. 30pCi [^7p]_(^(2XP was 
added  to the m elted DNA fragm ent and the probe m ade using the 
M ultiprim e DNA labelling kit (Amersham) according to m anufacturer's 
instructions. Following a 1 hr incubation at 37°C, the probe was precipitated 
by addition of ammonium acetate to a final concentration of IM, along with 
2 pg of glycogen (Boehringer) and 3 volumes EtOH. The probe was 
recovered by centrifugation in a microfuge at 13,000 rpm. The supernatant 
w as d iscarded and the probe resuspended  in C hurch (see below). 
Immediately prior to the addition of the probe, it was boiled once more for 5 
m inutes.

2.2.18 Probing of filters

All filters (whether Northern, Southern blot or library filters) were probed in 
an identical manner. The filters were pre-hybridised at 65°C for 30 minutes 
in 20 ml Church (0.5 M NaPi, 7% w /v  SDS, 5 m g /m l Marvel, 2mM EDTA 
pH  8.0). The Church buffer was changed immediately prior to addition of
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the probe prepared as described above. Hybridisation w ith DNA probes 
m ade as described above was carried out in 15 ml Church at 65°C for at least 
18 hr.

Filters were all washed for 2 hr in 2 x SSC, 0.1% w /v  SDS at 65°C. This 
solution was changed twice during the washing procedure. The filters were 
then wrapped in Saranwrap and exposed to Kodak XAR-5 film at -70°C. An 
intensifying screen was used in all cases.

2.2.19 Preparation of polytene chromosomes

Third instar (crawling) 'fat' larvae were dissected in PBS, 0.1% v /v  Tween at 
room tem perature. Salivary glands were removed (rip open by m outh- 
hooks and take the translucent pair of glands) and transferred immediately 
to 45% v /v  acetic acid for 30 seconds. During this time any fat still adhering 
to the glands was removed. The glands were then transferred to a cover slip 
that had been coated in Repelcote (Sigma) and a drop of 60% v /v  acetic acid 
/  20% v /v  lactic acid was added. The glands were incubated for 5 minutes 
at room temperature. A slide was then lowered onto the coverslip in order 
to pick it up. The cover slip was held firmly in place and tapped 50-100 
times w ith a rubber-tipped pencil to squash the polytene chromosomes. 
The slide was transferred to liquid nitrogen until the tem perature had 
equilibrated and the coverslip was removed w ith a scalpel blade; the 
chromosomes remained attached to the slide and not the siliconized cover 
slip. The slide was immediately transferred to 95% EtOH (5 mins) and 
finally to 100% EtOH (2 washes of 5 mins each) to dehydrate  the 
chromosomes. The slides were air-dried and stored at -20°C.

2.2.20 Preparation of biotinylated DNA probes

100 ng drICEpNB40 was denatured by boiling, cooled on ice and a probe 
m ade using the Biotin-High Prime kit (Boehringer) which is essentially a 
random  prim ing polymerisation reaction which incorporates Biotin-dUTP 
into the probe. The probe was precipitated by adding 1 pg  glycogen 
(Boehringer), 1/10 volume 3M NaOAc and 3 vols EtOH, incubating at -70°C 
for 15 minutes and recovering the probe by centrifugation (13,000 rpm  15 
mins in microfuge). The probe was resuspended in 100 pi TE.
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2.2.21 Probing polytene chromosomes with biotinylated DNA probes

Chromosomes were denatured as follows:

68°C in 2 X  SSC for 30 mins 

70% EtOH 10 mins room temperature 

100% EtOH 5 min room temperature 

Air dry

0.07N NaOH 3 mins room temperature 

2 X  SSC 5 mins room temperature 

70% EtOH 10 mins room temperature 

95% EtOH 5 mins room temperature 

Air dry

The chromosomes were then incubated in Hybridisation buffer (45% v /v  
formamide (Fluka), 2 x SSC, 10% w /v  dextran sulphate (Sigma)) containing 
the biotinylated probe at 37°C for 18 hr. This was added such that each slide 
was incubated with 15 \i\ Hybridisation buffer and 5 pi of probe. Before 
adding, the probe was boiled and added to H ybridisation buffer and 
incubated at 70°C for 5 mins before quick cooling.

Following probing, the chromosomes were washed as follows:

2 washes at 37°C for 15 mins in 2 x SSC

2 washes at room temperature for 15 mins in 2 x SSC

1 wash at room temperature for 5 mins in PBS

1 wash at room temperature for 5 mins in PBS, 0.1% v /v  Triton (Sigma)

2 washes at room temperature for 15 mins in PBS

The bound probe was detected by adding 150 p i of an peroxidase- 
avidin:biotin conjugate for 2 hour at 37°C followed by 2 washes at room 
tem pera tu re  w ith  PBS, 0.1% v /v  Tween. 100 p i of a 0.5 m g /m l 
diam inobenzidine (DAB) solution in PBS containing 0.02% H 2O 2 were 
added per slide and incubated for 10 mins at room  tem perature. The
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chrom osom es were observed under phase contrast until a signal was 
obsered. The slide was then rinsed in PBS.

2.3 Protein Methods

2.3.1 One dimensional SDS-polacrylamide electrophoresis of proteins

One dim ensional SDS polyacrylam ide gel electrophoresis (PAGE) was 
conducted as described by (Laemmli, 1970). The resolving gel consisted of 
10, 12.5% or 15% acrylamideibisacrylamide [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 seperated by 0.75 mm (small gels, BioRad 
M iniProtean II). The resolving gel was overlayed w ith w ater-saturated 
butan-2-ol until polymerised. The butanol was removed by rinsing with 
water and a stacking gel consisting of 3% acrylamideibisacrylamide [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) (3-mercaptoethanol, 0.001% (w /v) brom ophenol blue and 
boiled for 3 m in prior to loading. Gels were fixed and stained by 
subm ersion in 50% (v /v ) 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 Production of polyclonal rabbit antisera

D uring the course of this study several rabbit polyclonal antibodies were 
developed. Procedures for the selection of immunogen and imm unisation 
of rabbits are outlined below (see also (Hancock and Evan, 1992a; Hancock 
and Evan, 1992b)).
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2.3.2.1 Choice of immunogen

Synthetic peptides were used in order to raise antibodies specific for 
particular regions of the protein or to distinguish closely related molecules. 
The peptide sequences chosen were either designed on the basis of lowest 
possibility for cross-reactivity with similar proteins (eg. the C-terminus of 
caspases) or following antigenic predictions using the Mac Vector program.

Generally, however, short peptides are poor immunogens and it is necessary 
to covalently link them to an immunogenic carrier protein in order to raise 
effective antipeptide antibodies. Conjugation of the peptide to the carrier. 
Keyhole lim pet haem ocyanin (KLH), was achieved w ith  the hom o
bifunctional reagent glutaraldehyde which cross-links prim ary  amine 
groups. An equal weight (typically 5 mg) of peptide and KLH were 
dissolved in 0.1 M sodium  bicarbonate pH  8.5 at 2 m g /m l KLH and 
g lu ta ra ldehyde  from a freshly thaw ed vial w as added  to a final 
concentration of 0.05% (v/v). The mixture was stirred overnight at RT in the 
dark and 1/10 volume of 1 M glycine ethyl ester, pH  8.0 added to quench 
the reaction. After 30 m in at RT the peptide-K LH  conjugate was 
precipitated by adding 4.5 volumes of ice-cold acetone and incubating for 
30 m in at -70°C. The sample was allowed to warm to ~4°C and centrifuged 
at 10,000 X g for 10 min at 4°C. The pellet was air dried and resuspended in 
saline at 1 m g /m l carrier and stored at -20°C. If the suspension contained 
large particles it was dispersed with 4-5 strokes in a Dounce homogeniser 
(loose fitting pestle 'B').

The peptide-KLH conjugate was stabilised with an oil-based adjuvant before 
immunisation. For each rabbit to be immunised 0.5 ml of saline containing 
50-100 pg of peptide-KLH was mixed w ith 0.5 ml of Freund's complete 
(FCA) or incomplete (FIA) adjuvant by passage between two glass Luer-lock 
syringes connected by a three-w ay Luer-fitting stopcock. This was 
continued until a stable suspension was formed. Such suspensions do not 
separate if left for long periods and do not disperse if dropped onto the 
surface of water.

2.3.2.2 Im m unisation schedule

Animals used in this work were housed and cared for w ithin the animal 
facility of ICRF. All immunisations and blood collections were performed
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by the staff of this unit. For this reason only a brief description of these 
procedures is given.

Rabbits were imm unised sub-cutaneously at 3-4 sites w ith 50-100 pg of 
peptide-KLH in FCA contained in a total of 1 ml. Freund's complete 
adjuvant which contains killed pertussis bacteria induces non-specific 
inflam m ation and subsequent localisation of im m une-responsive cells. 
H ow ever, the resultant ulceration may cause loss of im m unogen and 
discomfort to the animal and for this reason all subsequent immunisations 
w ere given w ith Freund's incomplete adjuvant which does not contain 
pertussis. Animals were immunised twice more at two week intervals and 2 
ml of blood collected from the peripheral ear vein 10 days after the third 
immunisation. After allowing the blood to clot, serum  was removed and 
clarified by centrifugation  at 5,000 x g for 5 m in at 4°C. The 
imm unoreactivity of the antiserum  was m onitored either by W estern blot 
analysis or by the ability to im m unoprecipitate [^^Sj-labelled pro teins 
(drICE in the case of antisera used in this thesis) and animals immunised up 
to a further 4 times as necessary. Finally, animals were anaesthetised and 
exsanguinated.

2.3.3 Im m unoblotting of proteins

P ro te ins w ere tran sferred  to Im m obilon-P (PVDF, M illipore) by 
electroblotting. The gel and blotting m em brane were equilibrated in 
W estern 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 sandw iched betw een two pieces of W hatm an 3MM 
chrom atography paper on fibre supports. The complete assembly was 
placed in a submerged blotting cassette and proteins electroeluted onto the 
m em brane at 50 V (constant) for 1 hr (for gels m ade using the BioRad 
MiniProtean II). Cooling was supplied by inclusion of an integral ice block 
cooling unit. After transfer the membrane was rinsed w ith TBS and either 
used immediately or w rapped in Saran wrap (Dow Chemicals) whilst still 
damp and stored at -20°C.

Detection of immobilised proteins was perform ed 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

69



Tween 20). The membrane was then incubated in an appropriate dilution of 
the antibody (usually 1:500-1:2000) prepared in TMT for 2 hr at room 
tem perature or for 16 hr at 4°C. Membranes were then washed three times 
w ith TMT. The bound prim ary antibody was detected by incubating the 
m embrane in a 1:1000 dilution of horseradish peroxidase-conjugated donkey 
anti-mouse Ig and anti-rabbit Ig. Incubation was continued for 1 hr at room 
tem perature 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 tem perature, the excess ECL 
reagent removed by blotting and the membranes w rapped in Saran w rap 
and exposed to Kodak XAR-5 film.

2.3.4 Im munofluorescence

S2 cells were harvested by centrifugation at 3000 rpm  for 2 m inutes in a 
microfuge. Cells were washed in PBS and re-harvested by centrifugation as 
before. S2 cells were resuspended at a concentration of 1x10^ cells/m l in 
PBS, 100 pi loaded into a cytospin and spun for 3 minutes at 500 rpm  onto a 
microscope slide. The cells were fixed for 15 mins at room tem perature in 
4% w /v  paraformaldehyde in PBS before washing twice in PBS (5 mins each 
time). Cells were incubated for 10 mins at room tem perature in PBS, 1% 
w /v  globulin-free BSA (Sigma), 1% v /v  NP40, then 30 mins in PBS, 1% w /v  
globulin-free BSA (Sigma), 1% v /v  NP40 (incubation buffer). Prim ary 
antibodies w ere added as a 1:500 dilu tion in incubation buffer and 
incubated for 90 minutes at room temperature. Cells were washed twice in 
PBS at room temperature (5 mins each wash) before incubation with second 
layer reagent for 1 hr at room tem perature (swine anti-rabbit Ig, FITC 
conjugated (Dako) used at 1:200 dilution in incubation buffer). Cells were 
w ashed twice more in PBS at room tem perature (5 mins each wash) and 
excess PBS drained from the slide. 1 drop of Citifluor was added on each 
sample and a coverslip placed on top. Clear nail varnish was used to seal 
the edges around the coverslip and the cells observed using a fluorescence 
microscope (blue channel).

2.3.5 Im m unopurification and im m unodepletion

drICE was im m unopurified from lysates of apoptotic S2 cells in the 
following way. 5 [i\ of A b p ll or Abpl9 was added to 300 |xl of cell lysate
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and incubated for 1 hr at 4°C. 50 |il of Protein A-Sepharose (Pharmacia), 
pre-equilibrated in 0.1 M Hepes, pH  6.8 was added and the m ixture 
incubated for a further 30 mins at 4°C with rotation (100 rpm). The PAS-Ig 
complex was precipitated by centrifugation at 2000 rpm  in a microfuge for 
30 seconds at 4°C. The PAS-Ig complex was washed in 1.5 ml 0.1 M Hepes, 
pH  6.8 and reprecipitated as before. This w ash/precip itation  procedure 
was repeated four times. The precipitated proteins were assayed for caspase 
activity using the colorimetric reporter peptides as described below.

drICE was im m unodepleted from lysates of apoptotic 82 cells in the 
following way. 10 |il of A b p ll or Abpl9 was added to 500 (xl of cell lysate 
and incubated for 1 hr at 4°C. 50 |xl of Protein A-Sepharose (Pharmacia), 
pre-equilibrated in 0.1 M Hepes pH  6.8 was added and the m ixture 
incubated for a further 30 mins at 4°C with rotation (100 rpm). The PAS-Ig 
complex was precipitated by centrifugation at 2000 rpm  in a microfuge for 
30 seconds at 4°C. The supernatant was transferred to a fresh tube and a 
further 10 pi of A bp ll or Abpl9 was added. This procedure was repeated a 
further two times. The final lysate was retained for analysis.

2.3.6 Expression of foreign proteins in bacteria

Com petent XL-1 blue E. coli were transform ed w ith drICEpTrcHisB or 
p30drICEpTrcHisB or pTrcHisB vector alone. Bacteria were plated onto LB 
agar plates containing 100 p g /m l ampicillin and incubated overnight at 
37°C. Multiple colonies were used to innoculate 500 ml of LB containing 
100 p g /m l ampicillin which had been pre-warm ed to 37°C and incubated 
37°C until the A550 of the culture reached 0.45-0.55 (approximately 4-7 x 10^ 
cells/m l). IPTG (Sigma) was added to a final concentration of O.lmM and 
cultures incubated for a further 2 hours. Bacteria were harvested by 
centrifugation (2500 rpm, 5 mins) in a Sorvall centrifuge, resuspended in ice- 
cold PBS, and repelleted.

In order to make bacterial lysates containing active drICE, this pellet was 
resuspended in 5 ml 100 mM Hepes pH 6.8, 5 mM DTT and sonicated at 
high power on ice. Bacterial debris was spun out at 10,000 rpm, 10 mins, in a 
Sorvall centrifuge, and the supernatant was transferred to a new 15 ml 
polypropylene tube on ice. The protein concentration of the lysate was 
determ ined using the Biorad assay system and adjusted to 1 m g /m l final 
concentration with 100 mM Hepes pH 6.8, 5 mM DTT. The lysate was 
frozen and stored at -70°C in 100 pi aliquots. The caspase activity of the
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lysate was determ ined using YVAD.pna and DEVD.pna colorim etric 
substrates as described below.

To purify the His^-tagged proteins from bacterial lysates, 0.5 ml of the 
bacterial resuspension used for making bacterial lysates was taken and re
pelleted in a microfuge (13,000 rpm, 30 seconds). This was treated according 
to m anufacturer's instructions for the purification of native proteins using 
the Xpress System (Invitrogen) and the ProBond columns supplied. This is 
a standard Immobilized Metal Affinity Chromatography (IMAC) procedure 
in which the poly-histidine affinity tag fused to the protein binds to a Ni^+- 
chelating resin at neutral pH  and is eluted either at low pH  or by 
com petition w ith imidazole. I eluted the bound protein w ith 150mM 
imidazole at pH  6.0. The purity of the eluted protein was assayed by SDS- 
PAGE and visual inspection of a Coomassie blue stained PAGE gel.

2.3.7 Assay of caspase activity w ith colorimetric reporter peptides

Lysates of either S2 cells or bacteria containing active drICE were diluted to 
give a final protein concentration of 100 pg /m l in 100 mM Hepes pH  6.8, 5 
mM DTT. Colorimetric reporter peptides (YVAD.pna or DEVD.pna) from 
Affiniti were dissolved in DMSO at a concentration of 10 pM and added to 
lysates to give a final concentration of 100 nM and incubated at 37°C in a 96 
well plate (Falcon). The reaction was monitored in a Molecular Devices 
kinetic microplate reader at a wavelength of 405 nm. A blank reading (lysate 
alone) was subtracted from all readings.

2.3.8 In vitro  coupled transcription/translation

All synthesis of [^^SJ-labelled proteins was carried out using the coupled 
tran sc rip tio n /tra n s la tio n  TnT system  (Prom ega) and [^^SJ-labelled  
m ethionine (cell culture grade; Amersham). All tem plates were Qiagen 
maxipreps and the polymerases used (SP6, T3 and T7) were all produced by 
Prom ega. The synthesis was carried out at 30°C for either 1 hr (T7 
polymerase) or 90 minutes (SP6 or T3) in a 50% v /v  concentration of rabbit 
reticu locy te  lysate and the reaction w as p rep a red  accord ing  to 
m anufacturer's instructions.

Synthesised proteins were analysed by SDS-PAGE. Polyacrylamide gels 
w ere fixed in 10% acetic acid, 10% m ethanol for 10 m inutes at room
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tem perature, washed for 2 minutes in ddH 20  and incubated for 20 mins at 
room  tem perature in IM salicylic acid (Sigma) before being dried and 
exposed to Kodak XAR-5 film at -70°C.

2.4 Cell Culture Methods

2.4.1 Cell lines and culture conditions

S2 cells (Schneider, 1972) were grown at 25°C in flasks (Falcon or Nunc) in 
M odified Schneider's m edium  (Gibco-BRL) supp lem en ted  w ith  L- 
glutam ine and 10% PCS (Gibco-BRL). Volumes larger than 100 ml were 
grown in roller bottles (Falcon) at 25°C at a maximum volume of 500 ml per 
bottle. Cells were maintained at culture densities of 2x10^-2x10^ cells/m l. 
Cells were harvested by centrifugation at no more than 700 rpm  for 3 min in 
a Beckman benchtop centrifuge.

HeLa cells (Scherer et al., 1953) were grown at 37°C in roller bottles (Falcon) 
in RPMI supplemented with L-glutamine and 10% PCS (Gibco-BRL) and in 
the presence of 5% C02. Cells were maintained at culture densities of 2x10^- 
2x10^ cells/ml.

2.4.2 Transfections

Cells were plated in 60 mm dishes (Falcon) at 8x10^ cells/m l 24 hr prior to 
transfection. Transfections were set up as follows:

0.3 ml 2 X  HEBS was pipetted into 6  ml round bottomed polystyrene tubes 
(Falcon). 10 pg DNA in 0.3 ml CaCl2 was added drop by drop to the 2 x 
HEBS and the precipitate was added drop by drop to the cells as soon as 
any visible cloudiness was apparent. 12 hr later, cells were harvested and 
centrifuged (700 rpm , 3 min at room tem perature) and the precipitate- 
containing supernatant was removed. Cells were resuspended in fresh 
m edium  or m edium  containing 125 p g /m l Hygromycin B (Calbiochem) in 
order to select stable pools of cells containing pMK33-derived constructs. 
Solutions were all filter sterilised (0.2 pM filter).
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2.4.3 Preparations of lysates of apoptotic S2 cells

A poptosis was induced in S2 cells either by rp r expression (from a 
m etallothionein prom oter) or by cycloheximide treatm ent (25 p g /m l) .  
W hen >50% of the cells were exhibiting early apoptotic m orphology 
(membrane blebbing) cells were harvested by centrifugation. Lysates were 
then prepared exactly as described in (Cotter and M artin, 1996). Protein 
concentrations in the lysates were determined using the BioRad assay and 
adjusted to 1 m g/m l. Lysates were aliquoted and stored at -70°C.

2.4.4 Preparations of nuclei from HeLa cells

Nuclei from HeLa cells were prepared exactly as described in (Cotter and 
Martin, 1996). They were diluted to a density of 2x10^ nuclei/m l and stored 
at -70°C. Chrom atin condensation was assayed by addition of acridine 
orange (Sigma) to a final concentration of 5 p g /m l in PBS and DNA 
inspected by fluorescence microscopy.

2.4.5 Assays of apoptotic activity of lysates of apoptotic S2 cells

The lysates were analysed in three ways.

First, the caspase activity was m onitored using colorim etric reporter 
peptides as described above.

Second, in vitro synthesised [^^S]-labelled proteins (synthesised as described 
above) were added to the lysates and following incubation at 37°C for 
various times, the samples were subjected to SDS-PAGE as described above. 
The gels were fixed in 10% v /v  acetic acid, 10% v /v  methanol for 10 mins, 
rinsed in H2O for 2 mins and incubated in 1 M salicylic acid for 20 mins. 
The gels were then dried and exposed to Kodak XAR-5 film. The P^S]- 
labelled proteins were added such that the final concentration of rabbit 
reticulocyte lysate did not exceed 20%. For experim ents carried out to 
determine whether drICE-depleted lysates could cleave DmO and drICE in 
vitro, p^S]-labelled drICE and lamin DmO were im m unoprecipitated with 
A b p ll  and anti-DmO respectively. The im m unopurified proteins were 
incubated in the S2 cell lysates as part of a PAS-Ig-protein complex. The
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samples were prepared for SDS-PAGE as described above and the FAS was 
centrifuged out before loading on an SDS-polyacrylamide gel.

Third, purified nuclei were incubated in the lysates for various times and 
chrom atin condensation assayed as described above. Control incubations of 
nuclei in buffer alone and nuclei in lysate in the presence 5 nM DEVD were 
analysed in parallel.
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Chapter 3

Cloning of drICE

3.1 Introduction

3.1.1 Outline

In this chapter, I will set out the rationale for looking for caspases in 
Drosophila and will describe the strategy that I devised for this. I will show 
the results of the screen to identify a Drosophila caspase and the subsequent 
analysis of the sequence of the cloned gene, drICE.

3.1.2 Advantages in using Drosophila as a model organism to study 
apoptosis and rationale for screening for Drosophila caspase homologues

Drosophila melanogaster has many advantages as a model organism for the 
study of cell death (Abrams et ah, 1993). These include relatively easy 
genetic m anipulation (eg. creation of transgenic flies), a good in vitro cell 
cu lture system  (Schneider, 1972), and perhaps m ost im portantly , the 
potential to conduct genetic screens to identify either upstream  regulators 
or dow nstream  targets of particular genes. Such genetic screens could 
perhaps be used to identify new components of cell death pathw ays or to 
elucidate mechanisms of action of known components of the cell death 
machinery. Indeed, this type of genetic approach has been employed to 
great effect by Rubin and colleagues to analyse rpr function (Hay et al., 1995).

A standard  approach w hen undertaking such a screen is to generate 
transgenic strains over expressing the gene of interest in the eye of the adult 
fly (eg. as carried out in (Hay et ah, 1995)). The eye is often used since it is a 
non-essential organ and hence there are no problems w ith lethality of the 
organism following over expression in the eye of genes that perturb normal 
tissue function (eg. pro-apoptotic genes). Transgenic expression of cell
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death  regulators in the adult fly eye results in either a "partial eye" 
phenotype if the gene expressed is pro-apoptotic (eg. rpr (White et ah, 1996)) 
or a "rough eye" phenotype if the gene is anti-apoptotic (eg. p35 (Hay et al., 
1994)). Embryos from hom ozygous transgenic flies are m utagenised 
(w hether by X-irradiation, point m utagenesis or by random  P-element 
insertion) and the resulting flies analysed for either enhancem ent or 
suppression of the original eye phenotype.

A major limitation of the above genetic approach to identify components of 
cell death pathways is that many (if not all) developmental m utations in the 
fly result in an increased amount of cell death (Abrams et al., 1993). This is 
thought to be because the cell types directly affected by the m utation do not 
develop correctly and hence other cells whose viability  is critically 
dependent on either cell-cell contacts or cytokines released by these cells no 
longer receive the correct signals in the m utant animal and hence die by 
apoptosis. This increase in cell death in many m utant flies means that 
screening for a suppression of a "rough eye" phenotype (ie. screening for an 
increase in cell death in the eye) may result in the identification of many 
genes whose products are not directly related to the control of cell death per 
se. Therefore, genetic screening in Drosophila  is far more suited to 
identifying m odulators of a pro-apoptotic protein than m odulators of an 
anti-apoptotic protein.

The most obvious candidate pro-apoptotic genes to use as the basis for such 
a screen are homologues of the nematode pro-apoptotic genes ced-3 (Yuan et 
al., 1993) and ced-4 (Yuan and Horvitz, 1992), both of which are required for 
all cell deaths in the worm (Yuan and Horvitz, 1990). While the mechanism 
of action of CED-4 is still relatively unknown, CED-3 is homologous to the 
mammalian caspase family of apoptotic cysteine proteases (Yuan et al., 1993). 
Caspases are known to be required for the execution of cell death in a range 
of organisms from the nematode worm C. elegans to mammals (reviewed in 
(Takahashi and Earnshaw, 1996)) and, given the morphological similarity of 
cell deaths in Drosophila to that in these organisms (Abrams et al., 1993), it 
seems likely that caspases fulfill analogous roles in Drosophila. There are 
also compelling functional data to support an involvement of caspases in 
Drosophila cell death. Expression of the broad spectrum caspase inhibitor 
baculovirus p35 (Bump et al., 1995; Xue and Horvitz, 1995) prevents all 
developm ental program m ed cell deaths (Hay et al., 1994) as well as those 
induced by rpr, hid and grim  over expression in vivo (Chen et al., 1996b; 
Grether et al., 1995; White et al., 1996). Synthetic peptide caspase inhibitors 
also prevent rpr-induced cell death in Drosophila cells in culture (Pronk et
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al., 1996). Thus caspases appear to be required for the execution of cell death 
in the fly.

A genetic screen in Drosophila based on a transgenic fly over expressing a 
caspase in the eye m ight therefore be successfully used as a means to 
identify m odulators of caspase action. The question rem ains, however, 
which caspase to use as the foundation for such a screen. As discussed in 
section 1.4.7, m am m alian caspases appear to be organised in complex 
hierarchies and networks. Caspase activation in a cell may involve the 
recruitm ent of a specific 'apical' caspase via its prodom ain to a particular 
cell surface receptor and different signals may be linked to different 'apical' 
caspases in a highly specific manner (reviewed in (Fraser and Evan, 1996)). 
The specificity of interaction between upstream  signalling pathw ay and 
apical caspase prodom ain suggests that, while over expression of a 
mammalian caspase might generate a 'partial eye' phenotype in Drosophila, 
genetic screens based on a mammalian caspase m ight not provide much 
information about the upstream  regulation of caspases since a mammalian 
caspase might not be 'compatible' with the upstream  regulatory machinery 
present in the fly. Therefore, in order to have the best chance of identifying 
m odulators of caspases in Drosophila, I considered it necessary to use a 
Drosophila caspase as the basis for a genetic screen. I therefore decided to try 
to clone and characterise Drosophila caspases.

3.2 Degenerate PCR strategy to clone Drosophila  caspases

An alignm ent of CED-3 (Yuan et al., 1993) and the m am m alian caspases 
ICE/caspase-1 (both hum an (Cerretti et al, 1992; Thornberry et al., 1992) and 
m urine (Nett et al, 1992)), hum an CPP32|3/caspase-3 (Fernandes-Alnemri et 
al., 1994; N icholson et al., 1995; Schlegel et al., 1996) and m urine 
M ch2/caspase-6 (Fernandes-Alnemri et al., 1995) perform ed using PileUp 
(gap penalty=12; extension penalty=2) revealed two boxes of highly 
conserved amino acids (shown in Fig 3.1). These boxes (12 and 6 amino 
acids) were sufficiently long to permit design of PCR primers using them as 
a template. I therefore decided to use a degenerate PCR approach to clone 
Drosophila caspases.
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mice ------- QM MNTLKCPSLK S
hice  NAIFNM LNTKNCPSLK I
cpp32 PVDLKKITNF FRGDRCRSLT G

Iv
IFfv 

KPKVIIIQA CRG
ced3  THEIYDL LNAANAPRLA HiKPKIVFVQA CRG: ^DNGF PVLDSVDGVP

KPKVIIIQA CRG 
KPKVIIIQA CRG 
KPKLFIIQA CRG

CQGWL LKDSVRDSEE 
FKDSVGVSCTJ

.DCGI

CD
prodomain C asp ase

ced3 AFLRRGWDNR
mice DFL.TDAIFE
hice LSLPTTEEFE
cpp32 . . .ETDSQVD
mch2 EKLDTNITEV
cons

VI TAQYVS 
_K KAHIEKDFIA FCS<TPDNVS 
- JK KAHIEKDFIA FCSJTPDNVS 

APGYYS 
ÆGYYS-Y TLP.
TPGYVS
AaDNY

Fig 3.1 Amino acid alignments of caspases in B0X1 and B0X2 that were used for the design of degenerate PCR primers
The caspases CED-3, murine ICE (mice), human ICE (hice), human CPP32P and murine Mch2 were aligned using PileUp and B0X1 and 
B0X2 were selected as the best regions of homology based on which degenerate primers could be designed. The consensus sequence 
(cons) is shown with T denoting identity for all caspases and denoting conservation of sequence. Upper case letters are used to denote 
amino acids that occur in more than one caspase at a particular position whereas lower case letters are used for amino acids occuring in 
only one caspase.



Two primers were derived from BOXl, to allow a nested PCR strategy, and a 
single prim er derived from BOX2. Primers were initially designed to be 
fully degenerate for all amino acids in the consensus sequences shown in Fig 
3.1. Degeneracy of primers was subsequently limited in three ways. First, 
the nucleotide sequences of the aligned caspases was compared over the two 
boxes (shown in Fig 3.2) and found to be substantially conserved. This 
nucleotide consensus allowed for a lowering of prim er degeneracy. 
Second, frequency of codon usage in Drosophila was taken into account at 7 
positions to further limit the number of nucleotide choices. Codons which 
were used w ith less than 25% frequency were discounted from the possible 
choices at these positions. Third, a deoxyinosine was used at a single 
position in primer FI; deoxyinosine makes base-pairs of equal strength with 
all four nucleotides making this effectively a 'neutraT position in the PCR 
primer. The primers designed are shown in Fig 3.2.

The two primers designed against BOXl were against the "sense' strand and 
the BOX2 prim er against the 'anti-sense' strand. The template for the PCR 
reactions was a cDNA library derived from 4-8 hr Drosophila melanogaster 
embryos (Brown and Kafatos, 1988). The cDNAs were cloned directionally 
upstream  from a T7 prom oter which allows the nested PCR approach 
depicted schematically in Fig 3.3. A first reaction was carried out using 
BOXl prim er FI as the sense primer and a primer complementary to the T7 
prom oter as the antisense 'anchor' primer. 0.1% of this reaction was used as 
a template for a second reaction using BOXl primer F2 and the BOX2 primer 
R2 as the antisense primer.
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00

c o n s
c e d 3

1 V
I F f v  

K P K V I I I Q A C R G  
AAGCCGAAAATCGTTTTTGTGCAGGCTTGTCGAGGC 
1 1 1 1 1 • 1 1 • 1 • . 1 . . 1 . • 1 • 1 1 1 1 1 • 1 1 • 1 1 • 1 1

c o n s
c e d 3

a  q  
A e  G N V 
T P D Y Y S 
ACAGCTCAATATGTTTC

m IC E
1 1 1 1 1 . 1 1 . . 1 . : 1 : : 1 : . 1 . 1 1 1 1 1 . 1 1 . 1 1 . 1 1 . 

AAGCCCAAGGTGATCATTATTCAGGCATGCCGTGGA
M i l l .  I I .  | . . | . . | . . | . | | | | | . M . I I . I I

m IC E ACACCAGATAATGTGTC

h I C E
M 1 M : 1 1 : . 1 : : 1 : : 1 : : 1 : M 1 1 1 . 1 1 : 1 1 : 1 1 .

AAAC C GAAGGTGATCATCATC CAGGC C TGC CGTGGT 
1 1 1 1 1 . 1 1 . 1 . . 1 . . 1 . . 1 . 1 1 1 1 1 . 1 1 . 1 1 . 1 1

hICE ACACCAGATAATGTTTC

c p p 3 2
M 1 II  : II  : . 1 . : 1 : : 1 : : 1 : M 1 11 . 1 1 : II  : I I  . 

AAACCCAAACTTTTCATTATTCAGGCCTGCCGTGGT 
1 1 1 1 1 . 1 1 . 1 . . 1 . . 1 . . 1 . 1 1 1 1 1 . 1 1 . 1 1 . 1 1

c p p 3 2 GCACCTGGTTATTATTC

nich2
1 1 1 1 1 . 1 1 . . 1 . : 1 : : 1 : . 1 . 1 1 1 1 1 . 1 1 . 1 1 . 1 1 . 

AAACCCAAGATATTTATCATCCAGGCATGTCGGGGA mch2 GCAGAAGGATATTATTC

FI AAGCCSAAGITSDTSATÇRTSCAGG R2 ACASÇWSAWWATGWKTC
F2 CAGGCNTGYCGNGG

B0X1 B0X2

Fig 3.2 Nucleotide alignment of caspases in B0X1 and B0X2 and sequence of degenerate primers for nested PCR.
Primers were designed against the caspase consensus B0X1 and B0X2 shown in Fig 3.1. The primers were fully 
degenerate with the exceptions of the positions underlined at which either nucleotide conservation between caspase 
members or codon usage in Drosophila was taken into account to limit the degeneracy. In addition, a deoxyinosine (I) was 
used at FI position 10 to reduce the degeneracy. The nucleotide alignments shown use T to denote identity in all 
caspases, to denote two possible nucleotides and to denote three or more possible nucleotides at each position.
Code: S=C,G; D=A,G,T; R=A,G; N=A,C,G,T; Y=C,T; W=A,T; K=G,T; l=deoxyinosine.
Degeneracy: FI: 96-fold. F2: 32-fold. R2: 128-fold.



prodomain

SP6 promoter

F1
F2

T7 promoter

00tV) Reaction 1: 35 cycles 
Primers: F1 + R1
Cycle: 94°C1’; 58°C V; 72°C 30s.

R1 (T7 primer)

Reaction 2: 30 cycles 
Primers: F2 + R2
Cycle: 94'>CV; 48°C1’; 72°C 30s.

Fig 3.3 Conditions and PCR strategy for nested degenerate PCR reactions
Reaction 1 used 5 ng of a 4-8 hr Drosophila melanogaster embryonic cDNA library as template. 
Reaction 2 used 0.1% of Reaction 1 as template.



3.3 Cloning of drICE

3.3.1 Results of degenerate PCR

Following the reaction scheme shown in Fig 3.3, a single PCR product of 
around 180 bp was observed following electrophoresis on a 1.4% agarose 
gel. There was very little of this product and it was only faintly visible by 
eye. This product was cloned into pCR2.1 and several clones sequenced 
m anually. These all contained the same PCR product whose sequence is 
show n in Fig 3.4. This sequence was used to search the non-redundant 
GenBank DNA sequence database using Sharq; the top hit was hum an 
C PP32p/caspase-3  (over 80% identical). An alignm ent of the putative 
translation of the PCR product with CPP32p/caspase-3 is shown in Fig 3.4.

The h igh  degree of hom ology betw een the PCR p ro d u c t and 
CPP32p /  caspase-3 suggested that it did indeed derive from a novel caspase- 
encoding cDNA. The PCR product was then used to probe a Drosophila 
genomic Southern blot and a Drosophila Northern blot to confirm both that it 
derived from a Drosophila gene (and not from some contaminant in the PCR 
reaction) and that it was transcribed. The Southern blot gave a unique -2.3 
kb EcoRl fragment and the Northern a unique band at -1.9 kb (shown in Fig 
3.5). I therefore used the PCR fragment to probe the same 4-8 hr Drosophila 
embryonic cDNA library that had been used for the original PCR template.

3.3.2 Results of cDNA library screen

The 4-8 hr Drosophila embryonic cDNA library was transform ed into the 
D H 5 a  E. coli strain and filters were prepared from 200,000 independent 
colony forming units as described in Materials and Methods. The filters 
w ere probed w ith the PCR fragment described above using the same 
conditions that had been used when probing the genomic Southern blot in 
Fig 3.5 (probing at 65°C in Church followed by washing at 65°C in 2XSSC). 
19 positive colonies were identified and rescreened. Isolated colonies were 
picked following the secondary screen and m inipreps m ade from 48 of 
these. These were digested with N otl + Hindlll to excise the cDNA inserts 
and electrophoresed on a 1.1% agarose gel. The gels were blotted and 
reprobed w ith the original PCR product. In addition 1 |il of the m inipreps 
were spotted onto a Hybond-N+ filter and probed in parallel (results shown 
in Fig 3.6). The longest insert to hybridise to the probe was that in clone 12.
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10 30 50
P C R  CAGGCATGCCGGGGCGACAGATTGGATGGCGGAGTGACCATGCAGCGTTCTCAGACGGAA
P C R t r a n s  Q A C R G D R L D G G V T M Q R S Q T E  

I I I I I I I  I : :
C P P 3 2  Q A C R G T E L D C G I .  . . E T D S G

70 90 110
P C R  ACCGATGGCGACTCCTCGATGAGCTACAAGATTCCAGTGCACGCCGACTTTCTGATCGCC
P C R t r a n s  T D G D S S M S Y K I P V H A D F L I A  

I I : I I I I 1 1 1 1 : 1
C P P 3 2  V D D D M A  . C H K I P V E A D F L Y A

130 150
P C R  TACTCGACGGTTCCTGGATTCTATTCGTGGCGCAACACCACCCG 164
P C R t r a n s  Y S T V P G F Y S W R N T T  

I I I : I I : I I I I : :
C P P 3 2  Y S T A P G Y Y S W R N S K

Fig 3.4 Sequence of degenerate PCR product, its putative translation 
and alignment with CPP32p.
The PCR product from degenerate PGR reaction 2 was cloned into the 
pCR2.1 and sequenced manually. The nucleotide sequence (PCR) and its 
putative translation (PCRtrans) are shown. The PCRtrans amino acid 
sequence was aligned with CPP32p using PileUp and the alignment is shown 
where T denotes identity and V denotes a conservative change.
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Fig 3.5a Genomic Southern
10 |ig of Drosophila meianogaster Oregon R genomic 
DNA were digested overnight with EcoRI and 
electrophoresed on a 0.8% agarose gel containing 
Ethidium Bromide (Gel). The DNA was denatured in 
0.5N NaOH and blotted onto Hybond-N+ overnight. The 
blot was probed at 65°C in Church with the p2p].|abelled 
DNA fragment resulting from the degenerate PCR and 
washed at 65°C in 2XSSC. The blot was exposed 
overnight against Kodak XAR-5 film overnight at -70°C 
and gave the result shown in Blot.

Fig 3.5b Northern on 2-6hr. embryo total RNA
10 pg of Drosophila m eianogaster Oregon R total 
RNA were electrophoresed on a 0.8% agarose gel 
containing 2% formaldehyde. The gel was washed in 
20XSSC and blotted onto Hybond-N+ overnight. The 
blot was probed at 65°C in Church with the p2p]- 
labelled DNA fragment resulting from the degenerate 
PCR and washed at 65°C in 2XSSC. The blot was 
exposed overnight against Kodak XAR-5 film 
overnight at -70°C and gave the result shown above.
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Fig 3.6a Analysis of positive clones from secondary screen.
Minipreps from colonies that gave a positive hybridisation signal in the 
primary cDNA library screen were digested with Notl/Hindlll and run out on 
a 1.1% agarose gel (results shown above as Gel). The gel was soaked in 
0.5N NaOH for 15’ and blotted overnight onto Hybond-N+ membrane. The 
blots were reprobed with the [32p].labelled DNA fragment used for the 
primary screen (results shown in Blot).
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Fig 3.6b ‘Dot-blot’ analysis of positive clones from secondary screen
1 |il of each miniprep shown in Fig 3.6a above was spotted onto Hybond- 
N+ membrane, denatured with 0.5N NaOH for 15’ and the membrane was 
probed with the [32p]-iabelled DNA fragment used for the primary screen.
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This gave two fragments in a N otl + H indlll digest, adding to ~ 1.9 kb; this is 
the same size as the mRNA seen on the Northern blot described above and 
was therefore thought to be a full-length clone. This clone was grown up 
and both manually and automatically sequenced.

3.3.3 drICE sequence analysis

Clone 12 (described above) was found to have a single long ORF in the 
predicted orientation (antisense relative to the T7 prom oter in the cDNA 
library backbone; see Fig 3.3 for diagram). The sequence of Clone 12 along 
w ith its putative translated ORF are shown in Fig 3.7. The predicted 
p roduct of the ORF has 39% identity  to C P P 3 2 p /casp ase -3  and  
Mch2/ caspase-6, 31% with CED-3 and 28% with hum an ICE/caspase-1 and 
as a result of this high degree of identity with caspases, I called it drICE for 
Drosophila ICE protease. An alignment is shown betw een the predicted 
drICE protein and other caspases in Fig 3.8.

drICE has all the key residues known to be required for caspase activity. 
The catalytic cysteine is contained within the pentapeptide QAÇQG rather 
than  the m ore usual QACRG, bu t this is not unique since several 
mam m alian caspases are also now known to share this QACQG sequence 
(eg. FLICE/MACH-1 /caspase-8 (Boldin et ah, 1996; Muzio et ah, 1996)). The 
only unusual region lies at the N-terminus of drICE. This contains over 30% 
glycine and over 30% serine: the only other caspase to have a similar N- 
term inus is CED-3, which also has a 30% serine-containing region in its 
prodom ain (Yuan et ah, 1993). This region is of unknown function.
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1 CCCCCCCCCCCGCTATTTGGTGTTTTTCAACTGCCAACAACGGTCTTACAGNAATTAAAG 
61 AC AAAAAC GC AATCGAC TAAAGTAATTAGTTAATAAC TAGC TGTC TTTGTTGC GCGTAAA 

121 CACGGACTTTCCCCAGAACGAAGCTAATTTGNCCAAGTCGTGCATCCAAGCTTTTCACGG 
181 ATTTGGAAAAACCTGTTTCGCAGTGCTTGTGACTCATCAGTTTTCGCAGGCTCAAGGAGA 
241 G AAC TTAGC C ATGG ACGC C AC TAAC AATGG AGAATC C GC CGAC C AGGTGGGC ATC AGGGT 

M D A T N N G E S A D Q V G I R V  
3 01 GGGC AATCCGGAGC AGC C C AACGATC AC AC AGATGCCC TGGGC TC CGTGGGATCCGGAGG 

G N P E Q P N D H T D A L G S V G S G G
3 61 AGCGGGTAGCAGCGGCCTGGTCGCAGGATCCTCGCATCCTTACGGCAGCGGAGCCATTGG

A G S S G L V A G S S H P Y G S G A I G  
421 GC AGC TGGCC AACGGGTAC AGC TC ACC C TCGTC C AGC TAC CGAAAGAATGTAGCC AAAAT 

Q L A N G Y S S P S S S Y R K N V A K M
4 81 GGTCACCGACCGCCATGCAGCCGAGTACAACATGCGCCACAAGAACCGCGGAATGGCACT

V T D R H A A E Y N M R H K N R G M A L  
541 GATC TTCAAC CATGAGCAC TTCGAGGTGCC CAC CTTGAAGTC C CGCGCGGGAAC CAATGT 

I F N H E H F E V P T L K S R A G T N V  
601 GGACTGCGAGAATCTGACTCGGGTGCTCAAGCAGCTGGACTTCGAAGTGACCGTGTACAA 

D C E N L T R V L K Q L D F E V T V Y K  
661 GGACTGCCGCTACAAGGACATTTTGAGGACAATCGAGTATTCAGCGTCGCAGAATCACAG 

D C R Y K D I L R T I E Y S A S Q N H S  
721 CGATAGTGATTGCATCCTGGTCGCCATCCTGTCGCACGGCGAGATGGGCTACATCTACGC 

D S D C I L V A I L S H G E M G Y I Y A  
7 81 CAAGGACACACAGTACAAGCTGGATAACATCTGGAGCTTCTTCACGGCCAATCACTGCCC 

K D T Q Y K L D N I W S F F T A N H C P  
841 CTCGCTAGCCGGCAAACCCAAGTTGTTCTTCATACAGGCCTGCCAGGGCGACAGATTGGA 

S L A G K P K L F F I Q A C Q G D R L D  
9 01 TGGCGGAGTGACCATGCAGCGTTCTCAGACGGAAACCGATGGCGACTCCTCGATGAGCTA 

G G V T M Q R S Q T E T D G D S S M S Y  
9 61 CAAGATTCCAGTGCACGCCGACTTTCTGATCGCCTACTCGACGGTTCCTGGATTCTATTC 

K I P V H A D F L I A Y S T V P G F Y S  
10 21 GTGGCGCAACACCACCCGCGGCAGCTGGTTCATGCAGAGCCTGTGCGCCGAACTGGCGGC 

W R N T T R G S W F M Q S L C A E L A A  
10 81 CAATGGCAAGCGGCTGGACATCCTGACCCTGCTCACATTCGTGTGCCAGCGGGTGGCCGT 

N G K R L D I L T L L T F V C Q R V A V  
1141 GGAC TTTGAGTC C TGCAC C C CGGACAC TC CGGAGATGCAC CAGCAGAAGCAGATAC C C TG 

D F E S C T P D T P E M H Q Q K Q  I P C  
2 01 CATCACCACCATGCTGACGCGCATTCTGCGTTTCAGCGACAAGCAGTTGGCTCCAGCCGG 

I T T M L T R I L R F S D K Q L A P A G
12 61 ACGGGTTTGATGGCTAATGGTATGGATC AAACGGTGGGTACGGCGAGGTGTGTGATAAAC

R V *
13 21 CAAGTCGCAATTAAGCTAGAACCTCATAGGCTATCGGCCTTGCAGCATATTTTTTATACA 
13 81 ACACTTTTTTAACCTGCCCAATTGCTCGACGAGATTGGTGCCACTGCCCGTTTTATTTTA 
1441 TTTAGGCACAAAGTATCTTTCGATTGACATTTATTAATGTTCCCATTTACTCNTCCTGTT 
15 01 ATTTATATTTTTTGGGGTTGGTAAAATAAATCNATTTAAATTAAAAATC TAAGAAGGTTT

Fig 3.7 DNA sequence of Clone 12 and predicted amino acid 
sequence of longest ORF
Clone 12 was sequenced using both conventional manual sequencing 
and automated sequencing methods and translated using MacVector. 
The start ATG codon is shown in a dark shaded box and is in a Kozak 
consensus (GCCATG); the sequence corresponding to the initial PCR 
product is shown in the light shaded box.
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drICE MDATNNGESA DQVGIRVGNP EQPNDRTDAL GSVGSGGAGS SGLVAGSSRP 50
mch2 ...MSSASGL 7
cpp32 ...MENTENS 7
ced3 RARSRSRSRÀ LRSSDRRNYS SPPVNAFPSQ PSSANSSFTG CSSLGYSSSR 197

huice IDSVIPKGAQ ACQICITYIC EEDSYLAGTL GLSADOTSGN YLNMODSOGV 107

drICE YGSGAIGOLA NGYSSPSSSY RKNVAKMVTD RRAAE..YNM 88
mch2 RRGRPAGGEE NMTETDAFYK REMFD.... .PAEK..YKM 39
cpp32 VDSKSIKNLE PKIIRGSESM DSGIS.... .LDNS..YKM 39
ced3 NRSFSKASGP TQYIFREEDM NFVDAPTISR VFDEKTMYRN 237

huice LSSFPAPQAV QDNPAMPTSS GSEGNVKLCS LEEAQRIWKQ KSAEIYPIMD 157

drICE RRKNRG## I
mch2 d r r r r gIal I
cpp32 DYPEMGLCI I
ced3 FSSPRGiCi I

huice KSSRTRLAi I

FNHEHFE 
iNHERF 
INNKNFjH 
INNERFE 
ICNEEFD

.VP TpCS 
FWHL TLP 
KST G#IS

q|pt
SIP

RA'
E|RR

RR

GTNV
RTCA
GTDV
NGTKA
TGAEV

EVI
EVK

DCENLTRVLK QLDF
drdn| t r r|s d|g|
DAANLRETFR NI^KYEMr: 
DKDNiTNLpl cgG #ljv |l 
dlTOlTMLiQ N#G#S

VYK
CFN 
,NKN 
CKD 

VpVKK

137
89
89

284
204

drICE DCRYKD|LRT #EYS#.SQI 
mch2 DLKAEe|lLK (R E V # . TVS 
cpp32 DLTREEfVEL ^ R D V g.K E I  
ced3 nltgrgIllt IrdfI.kri 

huice NLTASDMTTE IeafIRRRI

SDSDCILVAI
ADADCFVCVF
SKRSSFVCVE
SRGDSAILVI
KTSDSTiLvi

LS
LS
LS
LS
MS

EMGY 
EGNR 
EEGlI 
EENV 
I REG

Y AKDT.0___
Y AYDA.K .... 
F |tNG.P....

GKKRSEQVPD

181
133
133
328
254

drICE
mch2
cpp32
ced3

huice

.YKLDNJWSl 

.#EIOT#TG# 

.#DLKK§TNg 

.|st re|y d | 
I#QLNAEFN#

FTANRCPS
FKGDKCRS
Irg d r c r s
LNAANAP
LNTKNCPS

DA CRIFII
DA CR
DA CRIVFV
DA CR

R L D G G V......... T
q r d v pI i p l d w d n q t

221  
182
172

RRDNG| PVLDSVDGVP 377 
SPGWW FKDSVGVSGN 3 04

drICE MQRSQTETDG DSSMSY..............  KIPVR
mch2 EKLDTNITEV DAASVY............... TLPAG

cpp32 ...ETDSGVD DDMACR..............  KIPVD.
ced3 AFLRRGWDNR DSPLFNFLGC VRPQVQQVWR KKPSQ.

huice LSLPTTEEFE DDAI................ K KARIE

ADFLI AY|TVPGFi 
ADFLM CY#VAEGY0 
ADFLY AYSTAPGYY 
AOILI RYATTAQ' 
KOFIA FCSSTPDNV

257
218
205
427
339

drICE
mch2
cpp32
ced3

huice

jR̂ TTR
IRETVNb
JRRSKDP
dRySAR
JRRPTMG

rWF MQSLCAELAA NGKRLDILTL 
l l i :  iQ D j|sEM |G K  i# S S L g T E #  
SWF IQSLCAMLKQ YADKLEFMRI 
# #  iQA|CEV|sT R#KDMg#VB0 
SVF IGRLIERMQE YACSCDVEEI F.

00 V 
VNR#V 
VNR|V 

ElVNKKjV 
.RKVR

AV DFESCTPDTP 3 07 
SO RRVDFCKD.P 2 67 
AT EFESFSFD.A 2 54 
AC GFQT....SO 473
F SFE......  378

drICE EMRQQK p2 ITTM. Lliii RgSDKOLAPA GRV* 339
mch2 SAIGKK FASM. L4 # rJ f p k s n*.. 293

cpp32 TFRAKK dip IVSM. LTKEL YFYR*.... 277
ced3 GSNILK E MTSR. L[#K§ YFWPEARNSA V* . 503

huice OPDGRA r TERVT LTRCF y|f p g r*... 404
Fig 3.8 Alignment of drICE with other caspases.
An optimised alignment was made between the predicted translated product of drICE cDNA 
and the mammalian caspases murine mch2, human CPP32p, human ICE and nematode CED- 
3 using PileUp. Boxed residues are identical in all proteins and shaded residues denote 
conservation. The QACXG pentapeptide surrounding the catalytic cysteine is in a shaded box.
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3.4 Summary and Discussion

A degenerate PCR approach was used to clone a Drosophila caspase which I 
called drICE. drICE contains all the residues required for caspase activity 
and has a high degree of homology with known caspases. In order to show 
that drlCE functions as a caspase, it is necessary to show (at least) that drICE 
over expression can induce apoptosis, that drICE is activated during cell 
death and that drICE is a cysteine protease in vitro that can cleave known 
caspase substrates. In order to examine its role in Drosophila apoptosis, it 
was necessary either to generate transgenic flies, which can be relatively 
tim e-consum ing, or to develop a suitable cell culture system  using a 
Drosophila  cell line. The advantage of analysing caspase functions in 
cultured Drosophila cells rather than in the whole fly, aside from the ease and 
speed of culturing and transfecting cell-lines, is that it is easy to generate 
sufficient num bers of cells to pursue a biochemical approach to analyse 
caspase function like that em ployed by m any groups w orking on 
mammalian caspases. I therefore characterised the S2 Drosophila cell line to 
determine whether this was a suitable cell line for the analysis of apoptosis 
and caspase-containing cell death machinery.
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Chapter 4

Characterisation of S2 cells as a model system to 
examine Drosophila apoptotic machinery

4.1 Introduction

4.1.1 Outline and Rationale

To determine whether drICE expression can induce apoptosis in Drosophila 

cells, it is necessary either to engineer a transgenic fly or to express drICE in 
a Drosophila cell-line. While there are many advantages to working with 
transgenic flies, it is slower to make these than to construct a cell-line 
expressing a gene of interest and so, as a first step in determining whether 
drICE expression could induce cell death in Drosophila, I decided to express 
it in a Drosophila  cell-line. A commonly used Drosophila  cell-line is the 
Schneider cell-line (Schneider, 1972) (also called S2 or SL2 cells) since they 
are easy to culture and to transfect (Benyajati and Dray, 1984). I therefore 
decided to examine whether these would be suitable for the analysis of the 
function of pro-apoptotic Drosophila genes.

In this chapter, I determine whether S2 cells undergo typical apoptosis 
following a variety of upstream triggers of cell death. Further, I look at 
whether this cell death is caspase-dependent and whether S2 cells express 
drICE.

4.1.2 Culture conditions and origin of S2 cells

S2 cells are derived from Drosophila embryos (Schneider, 1972). They are a 
suspension cell line that can be grown at 25°C in a medium supplemented 
with 10% Foetal Calf Serum (ECS). They are easily transfectable and there 
are several promoters available that drive either constitutive high level 
expression of the type required for transient transfections (eg. the actin
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prom oter (Angelichio et a l,  1991; Thummel et al., 1988)) or inducible high 
level expression (eg. the metallothionein prom oter (Johansen et al., 1989)). 
Furthermore, both neomycin-resistance and hygromycin-resistance markers 
can be used for selection and maintenance of stable pools or clones of 
transfected cells expressing the gene of interest. S2 cells are therefore easy to 
culture and to transfect and so appeared to have potential as a useful cell 
line. However, before using them to determine the effects of drICE over 
expression (or indeed over expression of other components of the apoptotic 
m achinery), I felt it was necessary to ensure that they could undergo 
apoptosis, that this happened in response to known triggers of Drosophila 
cell death and that the apoptosis observed required caspases as w ould be 
expected. In addition, if these cells were to prove useful for a biochemical 
approach to analyse the function of endogenous rather than over expressed 
drICE, they should also express drICE.

4.2 Evidence of caspase involvem ent in S2 cell apoptosis

S2 cells undergo apoptosis when treated w ith the DNA-intercalating and 
-dam aging agent etoposide (Fig 4.1a), with the protein synthesis inhibitor 
cycloheximide (Fig 4.1b) and following X-irradiation (Fig 4.2a). In all cases, 
the cells fragment and become permeable to the dye trypan blue (data only 
show n for X-irradiation). Mammalian lamins are known to be cleaved by 
caspases during apoptosis (Lazebnik et a l, 1993; Oberhammer et al., 1994; 
Rao et al., 1996) and lamin DmO, the Drosophila lam in B hom ologue 
(Gruenbaum  et al, 1988), is cleaved during apoptosis in S2 cells (Fig 4.2b). 
A poptosis of S2 cells induced by either cyclohexim ide or etoposide 
treatm ent is prevented by addition of the caspase inhibitor zVAD.fmk (Slee 
et al., 1996) (data shown for cycloheximide in Fig 4.3a) implying that caspase 
activation is required for S2 cell apoptosis. Caspase inhibitors also prevent 
S2 cell death induced by over expression of rpr (Pronk et al., 1996) or grim  
(Chen et ah, 1996b), potent triggers of Drosophila cell death. Finally, S2 cells 
express drlCE protein, and it has identical electrophoretic mobility to drlCE 
expressed in Drosophila embryos (Fig 4.3b).
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Fig 4.1a Etoposide induces apoptosis in S2 cells.
S2 cells were treated with etoposide at the concentrations shown 
and cell deaths monitored by time-lapse videomicroscopy.
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Fig 4.1b Cycloheximide induces apoptosis in S2 cells.
S2 cells were treated with cycloheximide at a final concentration 
of 25 |xg/m l and cell deaths monitored by tim e-lapse 
videomicroscopy.
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Fig 4.2a S2 cells die following X-irradiation.
S2 cells were irradiated with the doses of X-irradiation shown and 
the percentage of cells that stained positive by Trypan blue staining 
were counted at different time points.

Ohr 24hr 48hr

DmO

DmO large fragment

Fig 4.2b Lamin DmO is cleaved during S2 cell X-irradiation- 
induced apoptosis.
S2 cells irradiated with 2000 rads of X-irradiation were harvested at the 
time points shown and lysed in Reducing Sample Buffer. The lysates 
were subjected to SDS-PAGE on a 12.5% gel, blotted onto an 
Immobilon-P nitrocellulose filter and the blots probed with a monoclonal 
antibody to DmO. An HRP-conjugated anti-mouse secondary antibody 
(Amersham) was used followed by ECL to detect the protein. The blot 
was exposed for 30 seconds against Kodak XAR-5 film.
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+zVAD.fmk -zVAD.fmk

+CHX

-CHX

Fig 4.3a Cycloheximide induces apoptosis in S2 cells via caspases.
S2 cells were treated with cycloheximide (CHX) at a final concentration of 25
lag/ml either in the presence or absence of zVAD.fmk at a concentration of 50 
pM. Cell deaths were monitored by visual inspection.

S2 cells 2-6hr embryo

drICE

Fig 4.3b 82 cells and 2-6hr embryos express drICE.
S2 cells and embryos harvested 2-6 hours after egg laying were harvested 
and lysed in Reducing Sample Buffer. The samples were subjected to SDS- 
PAGE on a 12.5% polyacrylamide gel, blotted onto Immobilon-P and probed 
with a rabbit polyclonal antibody raised against amino-acids 222-238 of drICE 
(AbSpacer).
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4.3 Sum m ary and Discussion

The Drosophila S2 cell line undergoes apoptosis following treatm ent w ith 
either DNA-damaging agents (etoposide or X-irradiation) or cycloheximide 
or upon over expression of known pro-apoptotic genes rpr and grim. These 
deaths are caspase dependent and lamin DmO, a putative caspase substrate, 
is cleaved during apoptosis. S2 cells also express drICE. S2 cells therefore 
seem to be a suitable cell line for analysing the function of components of 
the Drosophila cell death machinery in general, and the effects of drICE over 
expression in particular.
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Chapter 5

Analysis of drICE function in S2 cells

5.1 Introduction

Over expression of caspases has been shown in many contexts to induce 
apoptosis. This has been demonstrated both in vivo in C. elegans, in which 
expression of ced-3 from a neuron-specific promoter reduces the num ber of 
neurons in the adult worm (Shaham and Horvitz, 1996), and in a variety of 
m ammalian cell lines in which over expression of most caspases has been 
shown to induce cell death (reviewed in (Takahashi and Earnshaw, 1996)). It 
is thought that high levels of expression of inactive pro-caspase molecules 
allows them somehow to escape the normally stringent regulation of their 
activity and to autoprocess spontaneously and hence become active. While 
th is cell death  induced by caspase over expression is clearly not 
'p h y sio lo g ica l' (the activ ity  of m ost caspases is p rim arily  post- 
translationally regulated and not regulated at the level of expression), it is 
none the less a useful starting-point in determination of w hether a caspase 
could have a role in apoptosis. I therefore decided to use this approach to 
determine whether drICE could induce apoptosis in S2 cells.

5.2 Effects of expression of drICE in S2 cells

5.2.1 Over expression of drICE sensitises S2 cells to apoptosis

1 generated an ORF encoding full-length drlCE w ith an N-term inal FLAG 
epitope tag (FLAG.drlCE) and a second ORF which was identical except 
that it contained a point m utation rendering the protein  catalytically
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inactive (FLAG.drICE(C211A)). Both ORFs were generated by PCR as 
described in Materials and Methods; the C211A point m utation was carried 
out by in vitro mutagenesis as described in Materials and Methods. I cloned 
these ORFs into the pMK33 vector, placing them under control of the tightly 
regulated  inducible m etallothionein prom oter (Johansen et al., 1989). 
pMK33 also contains a hygrom ycin resistance selectable m arker and, 
fo llow ing  tran sfec tion  of S2 cells w ith  e ith e r em pty  pMK33, 
FLAG.drICFpMK33 or FLAG.drICF(C211A)pMK33, I selected pools of cells 
containing these constructs with hygromycin.

Follow ing treatm ent of the selected S2 cells w ith CUSO4 to induce 
expression from the m etallothionein prom oter, cells were m onitored by 
time-lapse video microscopy to determine the num bers of cell deaths. No 
significant num bers of cell deaths were seen for any of the pools of cells 
whether expressing FLAG.drlCF or FLAG.drICF(C211A) (Fig 5.1a) although 
both proteins were clearly expressed (Fig 5.1b).

It therefore appeared that the level of drICF expression generated from the 
m etallothionein prom oter was insufficient to induce apoptosis alone. This r’ 
absence of apoptosis following over expression is not unique to drICF and 
has also been observed for certain other caspases in m am m alian cells 
(M unday et ah, 1995). W hether these caspases are more tightly regulated 
(and hence require h igher expression levels to drive spontaneous 
autoprocessing) or w hether they are simply less prone to spontaneous 
autoprocessing is unclear.

It remained possible, however, that the high levels of drICF present in the S2 
cells containing pMK33-FLAG.drICF following induction m ight sensitise 
the cells to induction of apoptosis by other stim uli. S2 cells either 
containing pMK33 alone as a control or pMK33-FLAG.drICF were treated 
w ith CUSO4 to induce expression and 18 hours late were treated with either 
10 n g /m l etoposide or 10 p g /m l cyclohexim ide. Cell deaths w ere 
m onitored by time-lapse video-microscopy. The results shown in Fig 5.2a 
and Fig 5.2b indicate that over expression of FLAG-drlCF causes a 
significant sensitisation of S2 cells to induction of apoptosis by either 
etoposide or cycloheximide.

Over expression of drICF does not induce apoptosis in S2 cells but instead 
sensitises them to upstream triggers of cell death. This indicates that once an 
upstream  pro-apoptotic stimulus has been given, the presence of high levels 
of drICF make it more likely that any particular cell undergoes apoptosis.
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Fig 5.1a Neither FLAG-tagged drICE nor drICE C211A induce 
apoptosis in S2 cells.
S2 cells containing N-terminally FLAG-tagged drICE (drICE) or FLAG- 
tagged mutant drICE C2 1 1 A (drICEmut) under control of a metallothionein 
promoter were treated with 0.7 mM CUSO4 to induce expression. Cell 
deaths were monitored by time-lapse videomicroscopy.

FLAG.drlCE FLAG.drICEmut

46kD

30kD

Fig 5.1b FLAG-tagged drICE and drICE C211A are expressed 
following CuS04 treatment.
S2  cells containing N-terminally FLAG-tagged drICE or FLAG-tagged 
mutant drICE C211A under control of a metallothionein promoter were 
treated with 0.7 mM CUSO4  to induce expression and lysed in Reducing 
Sample Buffer 18hrs later. The samples were subjected to SDS-PAGE 
on a 12.5% polyacrylamide gel, blotted onto Immobilon-P and probed 
with an anti-FLAG monoclonal antibody.
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Fig 5.2a Over expression of drICE sensitises S2 cells to etoposide 
treatment.
S2 cells containing either empty pMK33 (Empty vector) or drICE under 
control of a metallothionein promoter (drICE) were treated with 0.7 mM 
CUSO4 . 18hr later, cells were treated with etoposide at a final 
concentration of 1 0  ng/ml and cell deaths monitored by time-lapse 
videomicroscopy.
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Fig 5.2b Over expression of drICE sensitises S2 cells to cycloheximide 
treatment.
S2 cells containing either empty pMK33 (Empty vector) or drICE under 
control of a metallothionein promoter (drICE) were treated with 0.7 mM 
CUSO4 . 18hr later, cells were treated with cycloheximide at a final 
concentration of 1 0  pg/ml and cell deaths monitored by time-lapse 
videomicroscopy.
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Since conversion from pro-drlCE to active drICE does not seem to occur 
spontaneously following over expression, I decided to examine w hether 
removal of an N-terminal putative prodomain (thus mimicking a stage of 
proteolytic activation of drICE) might allow drICE to auto-activate.

5.2.2 p30drICE induces apoptosis in S2 cells

I generated an ORF encoding amino acids 81-339 of drICE w ith an N- 
term inal HA-epitope tag (HA.p30drICE) and a corresponding catalytically- 
inactive C211A form (HA.p30drICE(C211A)), cloned them into pMK33 and 
transfected the vectors into S2 cells. Following selection of pools of S2 cells 
con ta in ing  the constructs using  hygrom ycin, expression  of either 
HA.p30drICE or HA.p30drICE(C211A) was induced by CUSO4 treatm ent. 
Cells deaths were m onitored by time-lapse video m icroscopy and the 
results are shown in Fig 5.3a. Expression of HA.p30drICE rapidly induces 
apoptosis whereas the catalytically inactive HA.p30drICE(C211A) does not. 
To confirm that HA.p30drICE is inducing apoptosis via its action as a 
caspase, HA.p30drICE expression was induced in the presence of the 
synthetic caspase inhibitors zVAD.fmk or Boc.Asp.fmk (Slee et al., 1996). 
These inh ib ito rs com pletely p reven ted  the p ro -apop to tic  effect of 
HA.p30drICE expression (Fig 5.3b). These data suggest that drICE can act as 
a pro-apoptotic caspase and that the N-terminal prodom ain is a negative 
regulatory domain preventing auto-activation of pro-drlCE.

To characterise further the cell death resulting from  HA.p30drICE 
induction, I examined nuclear morphology, lamin DmO cleavage and cell 
m orphology of 82 cells undergoing apoptosis induced by HA.p30drICE 
expression. 82 cells containing either pMK33 alone, or HA.p30drICE, 
HA.p30drICE(C211A), FLAG.drlCE or FLAG.drICE(C211A) in pMK33 were 
treated with CU8O4 to induce expression and were harvested 8 hours later, 
stained w ith  acridine orange and chrom atin condensation assessed by 
fluorescence microscopy. Only 82 cells expressing HA.p30drICE showed a 
high percentage of cells w ith condensed chromatin (Fig 5.4a). Lamin DmO 
is processed in 82 cells undergoing apoptosis following HA.p30drICE 
expression (Fig 5.4b) and they exhibit norm al apoptotic m orphology 
including membrane blebbing and fragmentation into apoptotic bodies (Fig 
5.5).
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Fig 5.3a Expression of pSOdrlCE induces apoptosis in S2 ceiis.
S2 cells containing either empty pMK33 or pSOdrlCE or a mutant pSOdrlCE 
(C211 A) under control of a metallothionein promoter were treated with 0.7 mM 
CUSO4  to induce expression. Cell deaths were monitored by time-lapse 
videomicroscopy.
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Fig 5.3b Apoptosis induced by p30driCE expression is prevented by the 
caspase inhibitors zVAD.fmk and BocAsp.fmk (BAF)
S2 cells containing either empty pMK33 or pSOdrlCE under control of a 
metallothionein promoter were treated with 0.7 mM CUSO4  to induce 
expression. zVAD.fmk or BocAsp.fmk (BAF) were added to SOpM final 
concentration and cell deaths were monitored by time-lapse videomicroscopy.
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Fig 5.4a Expression of p30drlCE induces nuclear condensation in S2 cells.
S2  cells containing empty pMK33, or p30drlCE, a p30drlCE mutant (C2 1 1 A), full length drICE 
or a full-length drICE mutant (C211A) all under control of a metallothionein promoter were 
treated with 0.7 mM CUSO4 . Cells were harvested after 8  hours, washed twice with PBS and
stained with Acridine Orange at 1 0  pg/ml final concentration. Chromatin condensation was 
analysed by fluorescence microscopy and the percentage of cells containing nuclei that 
showed condensed chromatin is expressed as a percentage of the total cell number.
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Fig 5.4b Lamin DmO is cleaved during apoptosis induced by pSOdrlCE 
expression in S2 cells.
S2 cells containing pSOdrlCE under control of a metallothionein promoter were 
treated with 0.7 mM CuS04 to induce expression. Cells were harvested at the 
times shown and lysed in Reducing Sample Buffer. Samples were subjected to 
SDS-PAGE on a 10% polyacrylamide gel, blotted onto Immobilon-P and probed 
with a monoclonal antibody against DmO.
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Fig 5.5 Expression of pSOdrlCE causes ail morphological changes of apoptosis in S2 cells.
S2 cells containing pSOdrlCE under control of a metallothionein promoter were treated with 0.7 mM CuSO# to induce 
expression. Ceils were filmed by time-lapse videomicroscopy at the times shown following CUSO4  treatment.



Thus, HA.pSOdrlCE expression induces apoptosis that appears identical to 
other S2 cell apoptosis. This apoptotic effect is dependent on the presence 
of the catalytic cysteine of HA.p30drICE (C211) and is completely prevented 
either by m utation of this cysteine or by addition of synthetic caspase 
inhibitors.

5.3 drICE is processed during apoptosis in S2 cells

While experiments involving drICE over expression provide useful data 
confirming that drICE can activate cell death, they provide no information 
as to the role of endogenous drICE in S2 cell apoptosis. If drICE is a part of 
the apoptotic machinery in S2 cells, then drICE should become activated 
during  apoptosis in these cells: that is, it should be proteolytically
processed from pro-drlCE to the drICE active subunits. To investigate this, 
I raised rabbit polyclonal antisera against peptides deriving from sequences 
in either the large 19kDa subunit (antiserum Abpl9) or small llk D a  subunit 
(antiserum  A b p ll)  of drICE to allow detection of either of the m ature 
subunits by immunoblotting.

S2 cells were transfected with a construct containing the reaper (rpr) ORF 
under control of a metallothionein promoter (rpr pMK33) and containing a 
hygrom ycin resistance m arker. Pools of cells w ere selected w ith  
hygromycin and following addition of CUSO4 to induce rpr expression, the 
cells rapidly undergo apoptosis (Fig 5.6a). Lysates were made at different 
times during this rpr-induced cell death and following SDS-PAGE and 
W estern blotting, these were probed with the antisera raised against the p l l  
subunit of drICE (A bpll) to determine whether drICE was being processed 
during rpr-induced apoptosis in S2 cells. The antiserum A b p ll detects not 
only full-length drICE, but during the time course of apoptosis there is 
appearance of the mature p l l  subunit of drICE (Fig 5.6b). The p l l  is first 
detectable at 1 hr 30', a time coinciding w ith the earliest evidence of 
m orphological changes in the S2 cells, and drICE is alm ost completely 
processed to its active form by 4 hours by which time >95% of the cells are 
dead. Thus, drICE is processed during S2 cell apoptosis induced by rpr.
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To determine whether drICE was activated in these cells only during rpr- 
induced apoptosis, or w hether this also appeared to be true for other 
apoptotic stimuli, we treated S2 cells transfected w ith FLAG.drICEpMK33 
or FLAG.drICE(C211A)pM K33 w ith  CUSO4 to induce expression of 
FLA G .drlCE or FLAG.drICF(C211A) and 18 h o u rs  la te r ad d ed  
cycloheximide to a final concentration of 25 p g /m l. Cells were lysed 8 
hours after cycloheximide treatment and drICF processing was detected by 
Western blot analysis using antisera raised against amino acids 81-101 which 
recognise both full-length drICF and the m ature p l9  subunit. The results 
(Fig 5.6c) show that both FLAG.drlCF and FLAG.drICF(C211A) are 
processed during cycloheximide induced apoptosis.

Taken together, these results show that drICF appears to be activated during 
apoptosis in S2 cells and that this happens downstream of different stimuli. 
In addition, the result in Fig 5.6c showing that FLAG.drICF(C211A) is also 
processed during cycloheximide induced apoptosis in S2 cells, suggests 
that not all drICF processing is the result of intramolecular proteolysis since 
the FLAG.drICF(C211A) molecule has no intrinsic proteolytic activity. 
From this result, one cannot, however, exclude the possibility that wild-type 
drICF molecules can undergo intramolecular processing.
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Fig 5.6a Time course of rpr-induced apoptosis in S2 cells.
S2  cells expressing rpr under control of a metallothionein promoter were treated with 0.7 
mM CUSO4  to induce expression and cell deaths monitored by microscopic inspection. 
Times following CUSO4  addition are shown in hours.

drICE 

p 1 1

Fig 5.6b Time course of drICE processing during rpr-induced apoptosis of S2 cells.
S2 cells were treated as in Fig 5.6a and harvested at times shown. Cells were lysed in 
Reducing Sample Buffer, samples subjected to SDS-PAGE and blotted onto Immobilon-P. 
Blots were probed with a rabbit polyclonal antibody raised against amino-acids 327-339 of 
drICE.

drICE drICEmut

0 8 0 8

drICE

p19

Fig 5.6c drICE and a catalytically-inactive mutant are processed during cycloheximide- 
induced apoptosis in S2 cells.
S2  cells expressing either drICE or a mutant drICE (0211 A) under control of a metallothionein 
promoter were treated with 0.7 mM CUSO4  to induce expression. 18 hr later, cells were
treated with cycloheximide (25 pg/ml final concentration), lysed at times shown and subjected 
to SDS-PAGE. Gels were blotted onto Immobilon-P and blots probed with an antiserum 
against amino-acids 81 - 1 0 1  of drICE.
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5,4 drICE is localised to the cytoplasm of S2 cells

Many of the proteins that have been reported to be caspase substrates are 
localised in the nucleus (eg. PARP (Lazebnik et ah, 1994) and lamins 
(Oberhammer et al., 1994)). For these to be cleaved, their caspases m ust 
somehow gain access to the nucleus during apoptosis. I therefore set out to 
investigate drICE localisation in S2 cells during apoptosis using rabbit 
polyclonal antisera raised against peptides derived from sequences in either 
the large subunit (Abpl9), the small subunit (A bpll) or against the inter 
p l9 -p l l  region (AbSpacer). The first two antisera should recognise both 
pro- and m ature forms of drICE whereas the last antiserum only recognises 
pro-drlCE. While my intention at the outset had been principally focused 
on the localisation of mature drICE subunits in apoptotic cells, neither of the 
a n tise ra  th a t cou ld  de tec t m atu re  sub u n its  w ere u se fu l for 
immunofluorescence. These gave either no signal (in the case of the Abpl9) 
or large background fluorescence. However, the antiserum  raised against 
the inter p l9 -p ll  region detected drICE in the cytoplasm and perinuclear 
region as shown in Fig 5.7. This signal is completely blocked by pre
incubation  of AbSpacer w ith  its cognate pep tide  (d r IC E (p l9 /p ll) ,  
suggesting that this is a drICE-specific signal.
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Fig 5.7 Analysis of subcellular location of drICE by 
immunofluorescence.
S2 cells were treated for immunofluorescence as described in Materials 
and Methods and stained with an antibody raised against amino acids 2 2 2 - 
238 of drICE (drICE) or the same antibody following a 30’ incubation with
its cognate peptide at 20 pg/ml (drlCE+peptide block). The scale bar
shown denotes 1 0  pm.
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5.5 Summary and Discussion

I have show n that over expression of w ild-type drICE, bu t not of a 
catalytically inactive drICE m utant, sensitises S2 cells to apoptosis induced 
by either DNA damage or by cycloheximide. I have also shown that over 
expression of an N -term inally  truncated  pSOdrlCE p ro te in  induces 
apoptosis which is accompanied by chromatin condensation, lam in DmO 
cleavage and cellular fragmentation. This pSOdrlCE-induced apoptosis is 
prevented by the generic caspase inhibitors zVAD.fmk and BocAsp.fmk and 
requires the p30drICE to have its catalytic cysteine. I further show that 
during either rpr- or cycloheximide-induced apoptosis in S2 cells, drICE is 
processed from full-length to mature forms. A catalytically-inactive form of 
drICE is also processed, showing that not all processing is intramolecular. I 
finally demonstrate that drICE is cytoplasmic in viable S2 cells.

Over expression of full-length drICE sensitises S2 cells to apoptosis but does 
not itself induce apoptosis. This indicates that drICE activation is subject to 
tight controls in S2 cells. The finding that over expression of an N- 
term inally truncated pSOdrlCE induces apoptosis efficiently suggests that 
the N -term inal dom ain is involved in the inhibition of drICE auto
activation. The mechanism of this inhibition is unknown and might consist 
either of the binding of an inhibitor or of some form of post-translational 
m odification of drICE (such as phosphorylation of the serine-rich N- 
terminus). It would be very interesting to analyse further the regions of the 
N-term inus required for this inhibition and perhaps try to identify factors 
that bind this domain (eg. via yeast two-hybrid analysis) or to determine 
w hether it is phosphorylated.

The fact that over expression of drICE sensitises S2 cells to apoptosis 
triggered by DNA-damage or cycloheximide treatm ent is very intriguing. 
A poptosis induced by m any stim uli is asynchronous and stochastic: 
following cycloheximide treatment, any particular S2 cell appears to have a 
certain probability that it undergoes apoptosis in a certain time period. 
Over expression of drICE increases this probability. If drICE were merely a 
downstream  effector of apoptosis, its over expression might be predicted to 
increase the kinetics of death of an individual cell (ie. an individual death 
w ould take less time from start to finish), but not necessarily to affect its 
sensitivity to apoptosis. Sensitisation suggests that activation of drICE itself 
may be one of the stochastic events and the probability of drICE activation 
can be increased by its over expression. If this reasoning is correct, it implies
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that drICE may play a role as a 'commitment' or 'apical' caspase as well as 
having a potential downstream effector role.

drICE is proteolytically processed during apoptosis induced by rp r or 
cycloheximide treatment. The processing observed correlates well w ith the 
in itial onset of m orphological changes during rpr-induced  apoptosis, 
suggesting that it may be an early event. This processing could in principle 
be intram olecular or intermolecular (either activation of drICE by some 
upstream  protease or some trans-processing event betw een two drICE 
molecules). Following cycloheximide treatment, both full-length drICE and 
a catalytically-inactive C211A m utant drICE undergo processing. The 
processing observed in the case of the C211A inactive m utant indicates that 
not all the processing is intram olecular and that at least some can be 
intermolecular. The protease that carries this out is not known, although it 
may be endogenous S2 cell drICE. The extent of drICE processing is greater 
in cells over expressing the wild-type drICE rather than the C211A mutant. 
In addition, the p l9  subunit detected in the wild-type drICE over expressing 
cells is in fact a doublet, whereas for the C211A protein only a single band is 
seen.

The difference between the processing of drICE and drICE(C211A) during 
S2 cell apoptosis could be explained in several ways. The sim plest 
explanation is that the protease normally carrying out the p l 9 /p l l  cleavage 
is not drICE, but another unknow n protease. There are four potential 
aspartic acid residues at which this cleavage could take place which are 
underlined in the sequence: QACQGDRLDGGVTMQRSQTETDGDS (amino acids 
209-234 of drICE) which is shown in Fig 5.8. The first is followed by a 
arginine rather than a hydrophobic residue (as is usually the case for a 
caspase cleavage site), m aking it a highly unlikely cleavage site for a 
caspase. The second lies in a DxxD consensus and is followed by a small 
hydrophobic residue, making it a good consensus caspase site. In addition, 
as discussed both in Chapter 3 and in Chapter 5, drICE is predicted to have 
DxxD-cleaving specificity based upon its primary sequence homology with 
CPP32(3/caspase-3. This second aspartic acid m ight therefore be a 
consensus cleavage site for drICE itself.

Aspartic acid residues three and four have little to choose between them as 
caspase substrate sites, except that residue three is followed by the prefe^ed 
Glycine residue and that the equivalent p l 9 /p l l  cleavage in DCP-1 (the 
other cloned Drosophila caspase which shares 55.1% homology with drICE) is 
in the homologous sequence: T E T D G E .  If the p l 9 /p l l  cleavage in drICE is
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carried out by an upstream  protease with T E T D G  specificity, this w ould be 
able to process both drICE and DCP-1 at an equivalent site.

H ow m ight the two bands seen in the p l9  doublet arise? A likely 
explanation is that the upper band (hence the larger fragment) corresponds 
to a p l9  subunit that has been processed at one of the more C-terminal 
aspartic acids in the sequence: Q T E T D G D S .  The lower band would then 
correspond to a p l9  subunit processed at the more N -term inal DxxD- 
consensus cleavage site: Q G D R L D G G . It may therefore be that, in cells 
expressing 'norm al' levels of drICE, there is a single cleavage between p l9  
and p l l  subunits, m ediated at the sequence Q T E T D G D S  by an unknow n 
protease. This would give generate the larger band of the p l9  doublet, 
which is the size of the band seen in the FLAG.drICE(C211A) sample. In 
cells over expressing drICE, the large am ount of DxxD-cleaving active 
drICE that might result from an initial cleavage by the unknow n protease 
could then further process the p l9  subunit at the QGDRLDG sequence giving 
rise to the lower band of the doublet seen. The sites at which drICE may be 
cleaved during proteolytic activation and their location within the known 
domains of drICE are shown in Fig 5.8.

This model for drICE activation postulates the existence of a TETDG-specific 
upstream  caspase that does not cleave DxxD sites efficiently. If it did, the 
p l9  resulting from the C211A m utant would either also be a doublet or else 
w ould correspond to the smaller and not the larger of the doublet bands. 
However, the site of removal of the prodom ain of drICE (D28) is in the 
sequence: QPNDHTDAL G.  This is a DxxD consensus site. The prodom ain is 
rem oved from the p l9  subunits derived from both w ild-type and C211A 
drICE (the p l9  subunits are not detectable with an anti-FLAG antibody; data 
not shown) and is therefore not removed by intramolecular processing. One 
m ust therefore conclude that the two DxxD sites in drICE are non-equivalent 
for unknown reasons.

This non-equivalence of the two DxxD sites means that there are two 
possible simple models for drICE activation which cannot be distinguished 
on the basis of these data. Either an unknown upstream  protease cleaves at 
the T E T D G  p l 9 /p l l  site and the NDHTDA prodom ain site, giving rise to the 
larger band of the doublet detected using Abpl9; then if drICE is over 
expressed at sufficient levels, it subsequently auto-processes at the other 
DxxD site at the C-terminus of the p l9  subunit, giving rise to the lower band 
of the doublet. Alternatively, drICE itself cleaves at the TE T D G  p l 9 /p l l  site 
and the N D H T D A  giving rise to the larger band of the doublet and drICE
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Figure 5.8 The potential caspase cleavage sites in pro-drlCE.
There are three sites which are cleaved during drICE activation during apoptosis in S2 cells. Two are DxxD-consensus sites 
(highlighted in pink), while the third is not (highlighted in light blue). Cleavage of endogenous drICE during S2 cell apoptosis 
may occur at residues D28 and D231, while cleavage at D214 only occurs in S2 cells over expressing wild-type pro-drlCE.



subsequently cleaves the second (lower efficiency) DxxD site if present at 
sufficient levels. Both models postulate that the prodom ain DxxD site is 
preferentially cleaved over the DxxD site between p l9  and p l l .

A key question then remains: is drICE alone sufficient for the observed 
caspase-dependent apoptotic events that occur in S2 cells (drICE and lamin 
DmO processing, and chrom atin condensation) or are other caspases 
required for these events to take place? There are two ways to approach 
this. The in vivo approach w ould involve the isolation of a dr  ICE  
hom ozygous null fly and analysis of any observable cell death defective 
phenotype. The second approach is to make lysates from Drosophila cells 
undergoing apoptosis and to reconstruct in vitro in these lysates the caspase- 
dep en d en t events of apoptosis (substrate cleavage and chrom atin  
condensation). drICE could then be im m unodepleted from these lysates 
and their apoptotic activity then determined. I chose the latter approach to 
at least address which of the execution events of apoptosis can be carried out 
by drICE and I discuss my results in Chapter 7.
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Chapter 6

Analysis of in vitro caspase activity of drICE

6.1 Introduction

6.1.1 Outline

Caspases are cysteine proteases which are involved in the execution of cell 
death and are presumed to exert their apoptotic effect via cleavage of certain 
substrates (reviewed in (Chinnaiyan and Dixit, 1996)). One of the key 
determ inants of which substrates can be cleaved by a particular caspase is 
the underlying substrate specificity of the caspase itself. It was therefore 
im portant to determ ine this for drICE. In this chapter, I describe the 
synthesis of active drICE and the subsequent characterisation of the 
substrate specificity of drICE.

6.1.2 Approaches to determine caspase specificity

There have been three principal approaches to determ ining substrate 
specificity for caspases.

The first is essentially a trial and error approach, in which the active caspase 
is incubated w ith a variety of potential caspase substrates in vitro. The 
subset of substrates that is cleaved gives some indication of which substrates 
might be cleaved by this caspase in an apoptotic cell. If a substrate is not 
cleaved in vitro by a particular caspase, it is deemed unlikely that it is a 
substrate for this caspase in a dying cell. Eor example, PARE is cleaved 
during apoptosis at a caspase consensus site (Lazebnik et al., 1994) and 
CPP32p/caspase-3 cleaves PARP efficiently in vitro (Nicholson et al., 1995); 
how ever, CPP32p/caspase-3 has no in vitro activity against Interleukin-ip 
(Xue et ah, 1996), a hona fide ICE/caspase-1 substrate (Cerretti et ah, 1992; 
Thornberry et ah, 1992).
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The second approach to determining caspase specificity utilises synthetic 
peptides either to inhibit a caspase or be cleaved as substrates by a caspase. 
These peptides range in size from tetramers to lOmers and carry various 
m odifications. The peptide sequence selected often derives from the 
sequence at a known caspase cleavage site (eg. DEVD derives from the 
PARP cleavage site (Lazebnik et al., 1994)). Inhibitor peptides mimic the 
tetrahedral transition state of a caspase substrate since they contain a C- 
term inal aspartic acid residue modified to either an aldehyde (CHO) or a 
fluoro- or chloromethyl ketone group, rather than the usual carboxylic acid. 
These then act by binding tightly to the active site of the caspase, either 
serving as a competitive inhibitor (in the case of aldehydes) or covalently 
modifying the catalytic cysteine and hence acting as an irreversible inhibitor 
(in the case of either fluoro- or chloromethyl ketones) (Thornberry et al., 
1992; Thornberry et al., 1994). The substrate peptides contain both a reporter 
group (either chromo- or fluorogenic) and a quenching group (which may 
be as simple as the peptide bond between the Pl-aspartic acid and the 
reporter group) (Nicholson et ah, 1995; Pennington and Thornberry, 1994). 
Cleavage of the peptide releases the reporter group and allows the reaction 
to be m onitored spectrophotom etrically. Caspases can therefore be 
subdiv ided  according to which synthetic peptide sequences they are 
inhibited by/cleave in vitro.

The most widely used classification of caspase specificity using peptides 
(and the most clear cut) is the division between YVAD- and DEVD-specific 
caspases. The caspases ICE/caspase-1 and CPP32p/caspase-3 (caspases 1 
and 3) have different substrate specificity. ICE cleaves Interleukin-1 P in 
cells at the YHAD sequence, is inhibited by YVAD.cho with Ki=0.7nM and 
purified active ICE/caspase-1 cleaves a synthetic chromogenic substrate 
YVAD.pna efficiently (Thornberry et ah, 1992). CPP32p/caspase-3, however, 
was originally cloned as the enzyme responsible for cleaving PARP at D216 
underlined in the DEVD sequence (Lazebnik et ah, 1994; Nicholson et ah, 
1995). While DEVD.cho inhibits C P P 32p/caspase-3  in the nM range, 
YVAD.cho m ust be used at pM  concentrations to atta in  equivalent 
inhibition. IC E/caspase-1 is therefore term ed "YVAD-specific' and 
C P P 32p/caspase-3  is 'DEVD-specific'. It should be noted that the terms 
used to describe caspase 'specificity' tend to be used very loosely in most, if 
not all, analyses of caspases: 'ABCD-specific' is frequently used to mean 
'preference for substrate ABCD over substrate EFGD' and 'the X-cleaving 
caspase' to mean 'the caspase that can cleave X in vitro.
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The third method for defining the substrate specificity for a caspase is the 
m ost rigorous. An essentially random  peptide library is used as substrate 
for an active caspase and a complex positional-scanning m ethod is used to 
identify the preferentially cleaved sequences. This approach has been used 
to define the substrate preferences for caspases including caspases-1 (ICE) 
(Talanian, 1997), 2 (ICH-IL), 3 (CPP32p), and caspases 6-9 and for Granzyme 
B (Thornberry et ah, 1997).

I decided to undertake a prelim inary study to determ ine the substrate 
preferences for drICE. I intended to compare the ability of drICE to cleave 
YVAD- and DEVD-containing synthetic peptide substrates and examine its 
ability to cleave specific protein substrates in vitro. In order to do so, 
however, I first needed to produce appreciable quantities of active drICE 
protein.

6.1.3 Synthesis of active caspases

Two ways of making active caspases have been extensively used. In the first, 
the two individual m ature caspase subunits are expressed independently 
and separately purified; these are then combined in vitro to give an active 
caspase (eg. for CPP32P/caspase-3 (Rotonda et ah, 1996)). The easier method 
relies on the spontaneous auto-processing w hich occurs w hen m any 
caspases are expressed in bacteria. When full-length caspases are expressed 
in E. coli, they appear to somehow auto-process, generating m ature active 
caspase molecules whose activity can subsequently be analysed, either 
following purification or in the context of total bacterial lysate (eg. as carried 
out in (Xue et ah, 1996)). I decided to use the latter method to obtain active 
drICE protein.

6.2 drICE has DEVD-specificity in vitro

6.2.1 drICE is predicted to be a DxxD-specific caspase

The molecular basis for the differing specificity between hum an caspases 
ICE/caspase-1 and CPP32p/caspase-3 could be in large part deduced from 
the cocrystal structures of active caspase with their inhibitors (YVAD.cho or
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YVAD.cmk in the case of ICE (Walker et al., 1994; W ilson et al., 1994), 
DEVD.cho for CPP32P/caspase-3 (Rotonda et al., 1996)). The principal 
difference in specificity is at the P4 position (Y for ICE/caspase-1 and D for 
C P P 32p / caspase-3) which is contacted by the two regions of the active 
caspases shown in Eig 6.1a. While lCE/caspase-1 has a w ide open P4- 
b inding  groove which can easily accommodate the bulky sidechain of 
tyrosine, CPP32p/caspase-3 had a far more constrained P4-binding pocket 
which in particular was constrained by a 10 amino-acid Toop' in region 2. 
This Toop' is completely absent in ICE/caspase-1 (Rotonda et al., 1996).

Sequence alignm ents betw een drlCE and different caspase m em bers 
revealed that drlCE also had a similar Toop' to CPP32P/caspase-3 and might 
therefore be predicted to have a DxxD substrate specificity.

6.2.2 drICE auto-processes to give rise to an active DEVD-cleaving 
caspase when expressed in E. coli

To investigate whether drlCE has DxxD-specificity, 1 cloned OREs encoding 
either full-length drlCE or an N -term inally truncated form of drlCE 
(p30drlCE or amino acids 81-339) under control of the trc prom oter in 
pTrcHisB to allow high level inducible expression in E. coli (Brosius et al., 
1985). Most caspases are known to auto-process following high-level 
expression in E. coli, resulting in active caspases, and 1 decided to see if this 
were also true for drlCE. Plasmids containing drlCE or p30drlCE OREs 
were transformed into XLl-blue E. coli and expression induced from the trc 
prom oter by addition of IPTG to log-phase bacterial cultures to a final 
concentration 0.1 mM . Cells were harvested and lysed by sonication in 0.1 
M Hepes, pH  6.8 and the protein concentration of the bacterial lysates was 
adjusted to 10 p g /m l. In order to assay w hether the lysates contained 
detectable caspase activity, the peptide colorimetric substrates YVAD.pna 
or DEVD.pna were added and the lysates incubated at 37°C. Cleavage of 
substrates was assayed by monitoring OD405 and the results shown in Eig 
6.1b.

Lysates derived from bacteria expressing either drlCE or p30drlCE 
contained DEVD- but not YVAD-cleaving activity. Bacterial lysates derived 
from cells transform ed with vector alone showed no detectable activity 
against either substrate (data not shown).
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P4 region 1 P4 region 2

d r IC E  TVPGFYSlRl TTRGT|FMQS.... VCQRVAVDgE SCTFDTPBMH QQKQIPCITT
cpp32 TAPGYYSgR# SKDGSRFIQS.... VNRKVATERE SFSFDA.TFH AKKQIPCIVS
i c e  STPDNVsIrH PTMGSVFIGR.... VRFSFEQPD.............GRAQMPTTER

Fig 6.1a drICE has a predicted specificity for DxxD and not YVAD.
Comparison of the CPP32P cocrystal structure with DEVD.cho inhibitor 
with the ICE cocrystal structure with YVAD.cho indicates that two 
regions of CPP32P are critical in determining its DxxD substrate 
specificity. drICE contains all the critical residues required for contacts 
with the S4-Asp in CPP32p and for the structure of the P4-pccket (dark 
shading) as well as the ‘P4-lccp’ (light shading). ICE contains almost 
none of these DxxD-specificity residues.
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Fig 6.1b Bacterially-expressed drICE cleaves a DEVD- and not a 
YVAD-containing substrate in vitro.
ORFs corresponding to either full-length drICE (drICE) or residues 81-339 of 
drICE (drlCE(AI-BI)) were cloned into pTrcHisB placing them under control 
of a trc  promoter. The constructs were transformed into XL-1blue E. coli 
which were grown overnight on agar plates containing 1 0 0  pg/ml ampicillin. 
500 ml cultures were innoculated and expression induced by addition of 
IPTG to 0.1 mM when cultures reached log phase. Cells were harvested 
after 2 hrs, washed twice in PBS and lysed by sonication in 5 ml of 0.1 M 
Hepes, pH 6 .8 . The lysates were diluted to give a 10 pg/ml final protein 
concentration and DEVD- or YVAD-colorimetric substrates added to 100 
jig/ml final concentration. The reaction was incubated at 37°C and OD405 
was monitored using a plate reader.
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6.3 Analysis of substrate cleavage by purified active drICE

6.3.1 Purification of active, bacterially-expressed drICE

To ensure that all caspase activity in drICE-containing bacterial lysates 
derived solely from drICE (and not for example from bacterial proteases 
activated by active drICE), I set out to determine the specificity of active 
drICE purified from similar lysates. I constructed an ORE corresponding to 
pSOdrlCE w ith an N-terminal His6-tag fusion (His6.p30drICE) and again 
cloned this downstream  of a trc promoter. I purified this tagged fusion 
protein from crude bacterial lysate of the type decribed in section 6.2.2 on a 
nickel-matrix column as described in Materials and M ethods and washed 
away contaminating proteins. The protein concentration in the eluate from 
the column during this washing was monitored spectrophotometrically at 
OD280 (Fig 6.2a) to ensure that all contaminating proteins had been washed 
from the matrix prior to elution of His6.p30drICE. His6.p30drICE was 
finally eluted by competition with 150 mM imidazole and the purity  and 
composition of the eluted protein assayed by SDS-PAGE and Coomassie 
staining (result shown in Fig 6.2b).

The eluate contained three detectable protein species that correspond in 
sizes to His6.p30drICE, to the p l l  small subunit of drICE and to a His^- 
tagged p l9  large subunit, as might be expected if His6.p30drICE au to 
processed. To confirm that the larger subunit on the gel was indeed the N- 
terminal portion of drICE (as would be predicted), the gel was blotted and 
probed w ith a monoclonal antibody that recognises the His6-tag. As 
expected , th is detected  the large subun it and  the unprocessed  
His6.p30drICE band.

6.3.2 Purified active drICE can cleave p35 and lamin DmO in vitro

To test w hether active drICE purified from bacterial lysates had caspase 
activity, I exam ined its ability to proteolytically cleave certain known 
caspase substrates. Baculovirus p35 is cleaved by all caspases so far tested 
(Bump et al., 1995; Xue and Horvitz, 1995) and lamin DmO is cleaved during 
S2 cell apoptosis (as shown in Chapter 4). p35 and DmO were in vitro 
transcribed and translated in the presence of [35g]-methionine to give rise to 
[35S]-labelled proteins. These were incubated at 37°C with purified drICE 
(to determine whether drICE could cleave these proteins), in buffer alone (as
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Fig 6.2 Purification of bacterially-expressed active drICE.
Fig 6.2a OD280 of eluate from purification column during washing during purification of N-terminally His-tagged 
bacterially-expressed p30drlCE.
An ORF corresponding to residues 81-339 of drICE (p30drlCE) was cloned into pTrcHisB so that it can be expressed under 
control of a trc promoter as an N-terminally His-tagged fusion protein. The construct was transformed into XL-1blue E. coli
which were grown overnight on an agar plate contain 100 |ig/ml ampicillin before being used to innoculate a 500 ml culture. 
Expression of p30drlCE was induced at 37°C with IPTG (0.1 mM final) and cells harvested 90' later. Purification was carried 
out as described in Materials and Methods. The protein concentration in the eluate from the column was monitored 
spectrophotometrically (OD280) during washing to ensure that the column was sufficiently washed before elution of the 
purified proteins)
Fig 6.2b Analysis of purified active drICE.
Following expression in E. coli and purification by IMAC. 25 ng of the purified protein were subjected to SDS-PAGE on a 15% 
polyacrylamide gel and either stained with Coomassie Blue (Gel) or blotted onto Immobilon-P and probed with a monoclonal 
antibody (Blot) raised against an epitope in the N-terminal tag (shown in yellow).



a control for protein stability), or in the presence of purified drICE plus 5 
mM iodoacetam ide. lodoacetam ide reacts w ith the active cysteine of 
caspases, thus inactivating them. This last reaction was performed to ensure 
that any proteolysis of the substrates seen following incubation w ith drICE 
was attributable to a cysteine protease. Following a 3 hr incubation at 37°C, 
the lysates were electrophoresed on an SDS-polyacrylamide gel which was 
subsequently dried and exposed to Kodak XAR-5 film. The results obtained 
are shown in Fig 6.3.

drICE processes both p35 and DmO in a manner dependent on the presence 
of an active cysteine residue. p35 is cleaved to p25 and plO fragments as 
occurs following cleavage by other caspases (the cleavage site is shown in 
Fig 6.3b (Xue and Horvitz, 1995)). Lamin DmO is also cleaved by drICE, 
generating 46kDa and 23kDa fragments. While the DmO cleavage site has 
not been determined experimentally, the precise cleavage site of lamin A has 
been determined (Rao et al., 1996). Alignment of human, murine, chicken, C. 
elegans  lamins and Drosophila  lamin DmO reveal them  to all have a 
conserved aspartic acid residue at this position and the sequence shown in 
Fig 6.3a is the predicted cleavage site. Cleavage at this position would give 
rise to a 46 kDa and a 23 kDa fragment (as seen in Fig 6.3a). The cleavage of 
these substrates by purified drICF is therefore as would be expected for a 
caspase.
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Figure 6.3a: Lamin DmO is a
substrate for drICE in vitro.

Figure 6.3b p35 is
substrate for drICE in vitro.

Fig 6.3 Purified active drlCE cleaves [35S]-labelied substrates in vitro.
Lamin DmO (Fig 6.3a) and baculovirus p35 (Fig 6.3b) were synthesised in vitro in the presence of [35S]-methionine 
as described in Materials and Methods. The psgj-labelled substrates were diluted 1:4 into 0.1 M Hepes, pH 6.8 and 
incubated at 37°C either in the absence (Lane 1) or presence of 10 ng of N-terminally-His-tagged bacterially- 
expressed drICE (Lane 2) or as in Lane 2 but with addition of iodoacetamide to 5 mM final concentration (Lane 3). 
The asterisk in Fig 6.3b denotes an internal initiation product of the p35 in vitro translation reaction.



6,4 Sum m ary and Discussion

Analysis of the primary sequence of drICE reveals that it contains a region 
homologous to the T4-loop' of CPP32p/caspase-3 which had been shown to 
be key in making contacts with the substrate and determ ining the DxxD 
specificity of CPP32p. To determine whether drICE has this same DxxD 
specificity, I prepared active drICE.

Many caspases auto-process when expressed at high levels in E. coli and this 
is also true for drICE. Lysates made from E. coli expressing either full-length 
drICE or an N-terminally truncated form (p30drICE) contain a DEVD- but 
not a YVAD-cleaving activity. Purification of p30drICE with an N-terminal 
H is6"tag fusion (His6.p30drICE) from similar lysates show ed that the 
His6.p30drICE had partially auto-activated giving rise to a His6.pl9 large 
subunit and a p l l  subunit, corresponding to the sizes of the predicted 
m ature subunits of drICE.

It is not clear why caspases should auto-process when expressed in bacteria. 
It could be that in their correct cellular environm ent they w ould  
spontaneously auto-process, but are actively restrained from doing so by 
inhibitory factors (factors absent in bacteria). A lternatively, if in cells 
triggered to undergo apoptosis activating factors are required for caspase 
processing (eg. CED-4 perhaps), it may be that the very high levels of 
expression resulting in bacteria are sufficient to over-ride the requirem ent 
for such activators. The first notion is supported by the finding that 
inhibition of protein synthesis induces apoptosis in m any cell-types (eg. 
HL60 cells (Martin et al, 1990)) and it has been argued that this shows that the 
cell death machinery (eg. caspases) is constitutively expressed and is held in 
check by more short-lived inhibitors. However, in other cell types protein 
synthesis inhibition has no apoptotic effect (Waring, 1990), so this model is 
certainly not universal. This idea is also not inconsistent with the data that 
m any caspases induce apoptosis when over expressed in m ammalian cells. 
This could mean that high levels of caspase expression out-titrate the 
caspase inhibitors, allowing autoprocessing. It is equally p lausible, 
however, that the high levels of expression obviate the need for caspase 
ac tiva to rs (as in the a lternative  m odel) and  allow  spon taneous 
autoprocessing. The findings that certain caspases (eg. ICE-relll (Munday et 
al., 1995) and drICE itself) do not induce apoptosis follow ing over 
expression may reflect either a varying requirement for upstream  activators 
or a varying degree or mechanism of inhibition between different caspases.
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The question of w hether caspases either readily autoactivate (and are 
therefore held in check until death is triggered), or else are completely 
dependent on upstream  activators for auto-processing is therefore still open. 
Indeed, the answer may be highly dependent not only on the cellular context 
but also on the individual caspase.

H ow ever it arises, and whatever the relevance to mechanisms of caspase 
activation in apoptotic cells, purified active drICE protein expressed in E. 
coli cleaves both p35 and lamin DmO in vitro. The sizes of the fragments 
obtained are those that would be predicted if cleavage is occurring at the 
known caspase sites. In addition, the cleavage activity of drICE is inhibited 
by iodoacetam ide, dem onstrating the requirement for an active catalytic 
cysteine. p35 is a far better substrate for drICE than is DmO. This might be 
expected, however, since p35 inhibits apoptosis by acting as a competitive 
caspase substrate and if the endogenous substrates (lamins, PARP and so on) 
were cleaved at similar rates to p35 it would not be an efficient inhibitor of 
cell death.

Bacterially-expressed drICE auto-processes to give two subunits of size 
corresponding to the predicted sizes of drICE m ature subunits. This 
bacterially expressed drICE has caspase activity, cleaving p35 and lamin 
DmO in vitro and having DEVD- and not YVAD-cleaving specificity.
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Chapter 7

Requirement for drICE for apoptotic activity of 
S2 cell apoptotic lysates

7.1 Introduction

7.1.1 Outline

Lysates derived from the cytoplasm  of m am m alian and chicken cells 
undergoing apoptosis can induce chromatin condensation in added nuclei 
(Lazebnik et aL, 1993). This chromatin condensing activity requires caspase 
activity in the lysates. If similar lysates derived from apoptotic S2 cells also 
contain caspase activity and chromatin condensation activity, drICE might 
be responsible for at least a part of this activity. Using specific antibodies to 
imm unodeplete drICE from these lysates, it might be possible to determine 
w hether drICE is required for the apoptotic activity of S2 cell apoptotic 
lysates, or for a part of their activity. In this chapter, I describe the 
preparation  of cytoplasmic lysates of apoptotic S2 cells and subsequent 
characterisation of their apoptotic activities. I dem onstrate that I can 
specifically immunodeplete active drICE from these lysates and show that 
following immunodepletion, the lysates have lost most of their apoptotic 
activities.

7.1.2 Preparation of S2 cell cytoplasmic apoptotic lysates

To make Cytoplasmic Apoptotic Lysates (CALs) from S2 cells undergoing 
apoptosis, apoptosis was induced in S2 cells either by treatm ent w ith 25 
j ig /m l  cyclohexim ide or by induction  of rpr  expression  from  a 
m etallothionein prom oter following treatm ent w ith 0.7 mM CUSO4 (using 
the cells described in Chapter 5). When >50% of the cells were undergoing 
the initial morphological changes associated w ith apoptosis (shrinkage and 
m em brane blebbing), cells were harvested and lysed as described in
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M aterials and M ethods and nuclei and mem brane fractions rem oved by 
centrifugation. The rem aining cytoplasmic fraction was assayed for 
apoptotic activity according to three criteria: (i) the DEVD-cleaving activity 
using synthetic reporter substrates; (ii) the ability to process radiolabelled 
protein substrates (p35, lamin DmO and drICE were used); and (iii) the 
ability to induce chromatin condensation in added HeLa cell nuclei. These 
criteria were used since all three are events that are either known to occur 
(drICE cleavage, DmO cleavage and chromatin condensation) or might be 
predicted to occur (p35 cleavage and DEVD-cleaving activity) in S2 cells 
during apoptosis. They would therefore give a measure of how well the 
execution phase of apoptosis in S2 cells can be reconstructed using CALs in 
vitro.

7.2 Analysis of S2 cell CALs

7.2.1 S2 cell CALs contain all the predicted apoptotic activities

Analysis of the apoptotic activities present in either cycloheximide-induced 
CALs (CHX CALs) or rpr-induced CALs (rpr CALs) yielded similar results. 
In either CAL, only DEVD-cleaving and not YVAD-cleaving activity was 
observed (Fig 7.1a and 7.1b). Protein substrates that had been in vitro 
translated in the presence of p^S]-methionine were incubated in the CALs at 
37°C and subsequently analysed by SDS-PAGE and autoradiography. 
drICE, DmO and p35 were all cleaved in both CHX CALs and rpr CALs (the 
results in Fig 7.2 are from rpr CALs) while being stable in buffer alone. The 
sizes of the cleaved fragments correspond to the sizes predicted following 
caspase digestion and are the same in the cases of p35 and DmO as the 
fragments seen following incubation with purified drICE (see Chapter 6, Fig 
6.3). Finally, both CHX CALs and rpr CALs induce chromatin condensation 
in HeLa nuclei. This is assessed as described in Materials and Methods and 
typical results are shown in Figure 7.3. Typically, the percentage of nuclei 
to undergo such changes was 40%-50%. Nuclei incubated in buffer alone 
are stable for the duration of the experim ent (data not shown), and 
chromatin condensation is blocked by addition of 5nM DEVD.cho.

Both CHX CALs and rpr CALs contain all the apoptotic activities that 
w ould  be predicted  if the execution phase of apoptosis w ere fully
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Fig 7.1 The YVAD- and DEVD-cleaving activities of cytoplasmic iysates of S2 cells undergoing apoptosis induced by 
(a) cycioheximide treatment or by (b) rpr expression.
C^oplasmic lysates were made from S2 cells as described in Materials and Methods following induction of apoptosis either by 
treatment with cycloheximide (CHX) at 25 pg/ml or by induction of rpr expression from a metallothionein promoter. Lysates 
were diluted in 0.1 M Hepes to give a final protein concentration of 100 pg/ml and incubated at 37°C with colorimetric 
substrates containing either a YVAD or a DEVD cleavage site at 100 nM final concentration. Cleavage of substrates was 
monitored spectrophotometrically using a plate reader (OD405) and a blank reading of lysate alone was subtracted from all 
samples.
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Figure 7.2 [35S]-labelled drICE, lamin DmO and baculovirus p35 are cleaved by rpr-CALs.
[35S]-labelled drICE, lamin DmO and baculovirus p35 were synthesized as described in Materials and Methods and 
incubated at 37°C for 2 hours either in Enzyme Dilution Buffer (-) or in the presence of rpr-CAL (+). The protein products 
were subjected to SDS-PAGE on a 12.5% polyacrylamide gel and exposed overnight to Kodak XAR-5 film. Size marker 
sizes are given in kilodaltons. (a) drICE is processed to give rise to intermediates b (equivalent to predicted size of drICE 
without its 28 amino acid prodomain) and c (equivalent to predicted size of drICE with its 28 amino acid prodomain but 
without its small subunit) and to d the mature p i9 large subunit and e the p i 1 small subunit, (b) DmO is processed to 
bands b and c. (c) p35 is processed to bands b and c. The 29kDa band in both lanes marked by an asterisk is an 
internal initiation translation product of the p35 in v/Yro translation reaction.
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Figure 7.3 rpr-CALs contain a DEVD-inhibitabie activity that activates chromatin condensation in HeLa nuclei.
HeLa nuclei purified as described in Materials and Methods were incubated at 37°C for 3 hours in rpr-CALs (+lysate) in the 
absence or presence of 5 nM DEVD.cho. Nuclei were stained with acridine orange and observed by fluorescence 
microscopy.



reconstructed in these CALs in vitro. The activities of the two different CALs 
are very similar suggesting that a common machinery is activated in these 
cells irrespective of the upstream  apoptotic stimulus.

7.2.2 DEVD.cho, b u t not YVAD.cho, is a pow erful in h ib ito r of the 
substrate cleavage activity of S2 cell CALs

The cleavage of drICE, p35 and lamin DmO seen in S2 cell CALs is 
presum ed to be caspase-dependent. To confirm that this is true, I used 
caspase inhibitors to try to block this activity. In addition, to confirm the 
DEVD-cleaving nature of the activity, I compared the ability of DEVD.cho 
and YVAD.cho to inhibit the lamin DmO and drICE cleavage of CALs. The 
results in Fig 7.4 show that cleavage of drICE and lamin DmO is fully 
inhibited by 5nM DEVD.cho whereas YVAD.cho m ust be used at SOjiM to 
fully inhibit the CAL activity.

7.3 Characterisation of im m unodepletion of drICE from CALs

7.3.1 Analysis of specificity of im m unodepletion of drICE

I intended to im m unodeplete drICE from CALs and determ ine which 
apoptotic activities characterised in section 7.2 were thus removed. In order 
to im m unodeplete drICE and only drICE from CALs, I needed to make 
drICE-specific antisera. These m ust be raised against the active regions of 
drICE in order to im m unodeplete active drICE from CALs. The ideal 
region of the m ature caspases against which to raise specific antisera is the 
very C-term inus of the small subunit, w here the sequence divergence 
between caspases is greatest (shown in Fig 7.5a). I raised a rabbit polyclonal 
antiserum against the peptide sequence L R FS D K Q L A P A G R V  at the drICE C- 
term inus (I call the antiserum A b p ll ) .  In addition, I had also raised an 
antiserum against the amino-acids 81-101 of drICE, designed to recognise the 
large subunit (I call this antiserum A bpl9). I compared the ability of these 
two an tisera to im m unodeplete  [^^S]-labelled drICE from  CALs. 
Immunodepletions were carried out as described in Materials and Methods 
and the results shown in Fig 7.5b. While A b p ll completely depletes drICE
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Figure 7.4 drICE and DmO cleavage activities of rpr-CALs are efficiently inhibited 
by DEVD.cho but not YVAD.cho.
[35S]-labelled drICE and lamin DmO were synthesized as described in Materials and Methods and 
incubated at 37°C for 2 hours in the presence of rpr-CAL and the caspase inhibitors DEVD.cho and 
YVAD.cho which were added to the final concentrations shown. The protein products were subjected to 
SDS-PAGE on a 12.5% polyacrylamide gel and exposed overnight to Kodak XAR-5 film. Size marker 
sizes are given in kilodaltons.
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drICE EMHQQKQIPC I T T M .L T R IL  RFSDKOLAPA GRV* 3 3 9

DCP-1 MMDRQKQIPC L T S M .L T R IL RFGDKPNGNK AG* 3 2 4 (55%)mch2 SAIGKKQVPC FASM. LTKKL H F F P K S N * . . 2 9 3 (39%)
cpp32 TFHAKKQIPC IV S M . LTKEL Y F Y H *............ 2 7 7 (39%)
ced3 GSNILKQMPE M TSR. LLKKF YFWPEARNSA V* . 5 0 3 (30%)

huice QPDGRAQMPT TERVTLTRCF Y L F P G H * . . . • • • 4 0 4 (28%)

Fig 7.5a Alignment of C-termini of caspases.
Caspase sequences were aligned using PileUp and the percentage identity 
between full-length drICE and other full-length caspases is shown in bold at the 
right hand side. The peptide against which the a-C-terminus (A b p ll)  antibody 
was raised is shaded and the homology between this region and DCP-1 is shown 
(I for identical, : for conserved)

B1 B2 B3 PS B1 B2 B3 FS

^  M  drlCE

Fig 7.5b Antibodies raised against drICE C-terminus (Abp11) but not drICE 
large subunit (Abp19) are able to immunodeplete drICE from iysates.
[35S]-labelled drICE was synthesised in vitro and three rounds of 
immunodepletion carried out using 1:50 antibody dilutions as described in 
Materials and Methods. The immunocomplex bound to Protein A Sepharose 
beads was resuspended in Reducing Sample Buffer for each round of depletion 
and subjected to SDS-PAGE before exposure to Kodak XAR-5 film for 12hrs 
(B1-3). The final supernatant following depletion was run on the same gels 
(FS).

start A b p llS  Abp19S A b p llB  Abp19B

drICE ^  ^
DCP-1 -----^

Fig 7.5c Comparison of abilities of antibodies raised against drICE C- 
terminus (Abp11) and drICE large subunit (Abp19) to immunodeplete
drICE or DCP-1 from lysates. [35S]-labelled proteins were synthesised in 
vitro, mixed and three rounds of immunodepletion carried out as for Fig
7.5b. The inital mixture of [35S]-labelled drICE and DCP-1 (Start), the final 
immunodepleted lysates (S) and the first immunopurified protein sample (B) 
are shown above for antibodies Abpi 1 and Abp19.
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after three rounds of depletion, Abpl9 does not effectively imm unodeplete 
drICE. A bpl9 is therefore a good control antiserum  against w hich to 
compare the effect of immunodepletion of drICE with A bp ll.

A key problem  w ith depleting drICE from CALs was to ensure the 
specificity of the depletion. To test whether A b p ll  could be used to 
specifically deplete drICE and not other caspases that might be present in S2 
cell CALs, I compared the ability of A b p ll to deplete drICE and DCP-1. 
DCP-1 is the only other characterised Drosophila caspase (Song et ah, 1997). It 
is 55% identical to drICE, the second highest identity betw een any two 
caspases (the highest is 77% between ICE-reln and ICE-relni (Munday et at., 
1995)). Furtherm ore, over the 14 amino-acids against which A b p ll was 
raised, drICE and DCP-1 are the most similar two caspases. It therefore 
seemed reasonable to think that if A b p ll depleted drICE but not DCP-1 
from CALs, it could be described as 'drICE specific'. Fig 7.5c shows the 
results of comparative imm unodepletion of drICE and DCP-1 by A b p ll. 
[^^S]-labelled drICE and DCP-1 were mixed together and imm unodepletion 
carried out w ith either A b p ll or (as a control) A bpl9 as described in 
Materials and Methods. The beads from the first round of depletion and the 
final depleted supernatants were retained and analysed by SDS-PAGE and 
autoradiography. The results show clearly that A b p ll only binds and 
depletes drICE, leaving DCP-1 levels unaltered. Immunodepletions carried 
out using A b p ll are thenceforth considered to result in im m unodepletion 
of drICE alone.

7.3.2 Im m unopurified drICE is a DEVD-cIeaving caspase

To test whether the processed form of drICE seen in apoptotic S2 cells (see 
Chapter 5) was active as a caspase, A bp ll was used to immunopurify active 
drICE from rp r CALs. The im m unopurification was carried out as 
d escribed  in M aterials and M ethods, and the  activ ity  of the 
im m unoprecipitated drICE-immunoglobulin-Protein A Sepharose complex 
was assayed using a DEVD.pna colorimetric substrate. An equivalent 
procedure was carried out using Abpl9 to ensure that any activity observed 
was indeed attributable to imm unopurified drICE and not due to some 
artefact (eg. insufficiently stringent washing of the immunoprecipitate). The 
results in Fig 7.6 show that drICE, when imm unoprecipitated w ith A b p ll, 
has DEVD-cleaving activity. It further shows that in the conditions used for 
im m unopurification and imm unodepletion, drICE (and presum ably other 
caspases) remains active.
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Figure 7.6 Immunopurified drICE has DEVD-cleaving activity.
Antiserum A b p ll, which is able to immunoprecipitate drICE, or Abp19, 
which is not, were added at a 1:50 dilution to 300 pi of rpr-CAL and 
incubated at 4°C for 90'. 50pl of Protein A-Sepharose in a 50% slurry in 
0.1 M Hepes pH 6.8 was added and incubated for a further 30’ at 4°C. 
The Protein A-Sepharose and associated protein complex were spun 
down at 3000 rpm in a microfuge and washed four times in 0.1 M Hepes 
pH 6.8. The beads were resuspended in 50pl 0.1 M Hepes pH 6.8 and 
DEVD.pna colorimetric substrate added to a final concentration of 100 
nM and incubated at 37°C for the times shown. The reaction was 
monitored using a spectrophotometer.

135



7,4 Analysis of drICE-depleted S2 cell CALs

7.4.1 Immunodepletion of drICE removes all DEVD-cleaving activity 
from CALs

I have show n so far that CALs derived from S2 cells contain a caspase 
activity and that this is DEVD-cleaving and can cleave p35, drICE and lamin 
Dm O in vitro; they also contain a caspase-dependen t chrom atin  
condensation activity. I have an antiserum  (A b p ll)  that is able to 
specifically  im m unodep le te  drICE alone and I have show n that 
im m unopurified drICE from these CALs is a DEVD-cleaving caspase in 
vitro. The question that can now be addressed is whether drICE is the sole 
DEVD-cleaving caspase required for the apoptotic activities of these lysates.

rp r CALs were im m unodepleted according to the conditions idealised 
above. Either A b p ll was used (which does immunodeplete drICE) or else 
A b p l9  w as used as a non-dep le ting  control to ensure  tha t the 
im m unodepletion procedure itself does not inactivate the CALs. Following 
im m unodepletion, the CALs were assayed for DEVD-cleaving activity 
using DEVD.pna as before. The results in Fig 7.7 show clearly that 
im m unodepletion of drICE alone removes all detectable DEVD-cleaving 
activity from the CALs.

7.4.2 Immunodepletion of drICE removes all substrate-cleavage activity 
from CALs

The imm unodepleted rpr CALs described above were next assayed for their 
ability to cleave the caspase substrates drICE, p35 and lam in DmO. A 
comparison was made between the cleavage activity in the A b p ll depleted 
lysates (from which all drICE activity is removed) with the mock-depleted 
A bpl9 control CALs. The results in Fig 7.8 show that imm unodepletion of 
drICE inhibits the substrate cleaving activity of rpr CALs.
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Figure 7.7 Immunodepletion of drICE from rpr-CALs removes all 
DEVD-cleaving activity.
300p.l of rpr-CAL was immunodepleted as described in Materials and 
Methods using either antiserum Abpi 1, which is able to immunoprecipitate 
drICE, or Abp19, which is not. Following immunodepletion, the 
supernatants were assayed for DEVD-cleaving activity using a DEVD.pna 
colorimetric substrate added to a final concentration of 100 nM and 
incubated at 37°C for the times shown. The reaction was monitored using a 
spectrophotometer.
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Figure 7.8 rpr-CALs lose all substrate cleavage activity following drICE immunodepletion with Abp11.
[35S]-labelled p35, drICE and lamin DmO were synthesized as described in Materials and Methods and drICE was 
immunodepleted from rpr-CALs with Abpi 1 or mock-depleted with Abpi 9. The [35S]-labelled proteins were added to 
the depleted CALs and incubated at 37°C for 2 hours. The protein products were subjected to SDS-PAGE on a 
12.5% polyacrylamide gel and exposed overnight to Kodak XAR-5 film. The results are shown for (a) p35, which is 
processed to give the predicted fragments of p25 and plO (not resolved on this gel); the asterisk denotes an 
internally initiated translation product (b) drICE which is processed to its mature subunits p i9 and p i 1 and (c) DmO, 
which is processed to the predicted fragments of 46kDa and 23kDa (a and b respectively). Size marker sizes are 
given in kilodaltons.



7.4.3 Immunodepletion of drICE reduces the chromatin condensing  
activity of both rpr and CHX CALs

The final criterion by which GAL activity had initially been assessed had 
been the ability to induce chromatin condensation in added HeLa nuclei 
(see section 7.2). The CALs from which drICE had been depleted using 
A b p ll (or which had undergone a mock-depletion using Abpl9) were also 
assayed for their chromatin condensing activity. The results in Fig 7.9 show 
that im m unodepletion of drICE from both rpr and CHX CALs greatly 
inhibits their chromatin condensing activity. However, the effect is certainly 
more marked in the case of the CHX CALs than in the rpr CALs, where only 
a two-fold reduction is seen.

7.4.4 Readdition of drICE restores the activity of the immunodepleted 
CALs

To check w hether the reduction in chrom atin condensing activity seen 
following im m unodepletion of drICE from rpr CALs was solely due to 
drICE removal and not any other cause of activity loss, it was necessary to 
show that the activity could be regained following re-addition of active 
drICE. The bacterial lysates containing active drICE described in Chapter 6 
have m arked DEVD-cleaving activity. This lysate was diluted in 0.1 M 
H epes, pH  6.8 and added back to the im m unodepleted rp r CALs at 
sufficient concentration as to restore their DEVD-cleaving activity to their 
orig inal levels (ie. those determ ined in section 7.2). This drlCE- 
supplem ented GAL was then re-assayed for its chrom atin condensing 
activity. The results (shown in Fig 7.10) indicate that the loss in activity of 
rpr CALs following drICE immunodepletion can be restored by readdition 
of active drICE, confirming that it was drICE rem oval alone that was 
responsible for the reduction in activity.
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Figure 7.9 Immunodepletion of drICE from CALs reduces their ability to activate chromatin condensation in 
HeLa nuclei.
CALs derived from S2 cells undergoing apoptosis following cycloheximide (CHX) treatment or reaper (rpr) expression 
were immunodepleted using Abpi 1 or mock depleted using Abp19 as described in Materials and Methods. HeLa 
nuclei purified as described in Materials and Methods were added to the depleted CALs and incubated at 37°C for 
the times shown. Chromatin condensation was assessed by acridine orange staining and fluorescence microscopy. 
The percentage of nuclei exhibiting chromatin condensation (as a percentage of total nuclei) was counted three times 
in triplicate and the mean shown in the figure.
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Figure 7.10 Re-addition of bacteriaily-expressed active driCE 
restores chromatin condensing activity to immunodepleted rpr 
CALs.
drICE was expressed in E. co//and the bacterial lysate containing drICE 
was assayed for DEVD-cleaving activity using the colorimetric substrate 
DEVD.pna as described in Materais and Methods. Bacterial lysate was 
added to rpr CALs from which drICE had been immunodepleted with 
Abp i 1 to restore its DEVD-cleaving activity to that of the non-depleted 
rpr GAL. Purified HeLa nuclei were added to either the A b p ll  
immunodepleted GAL (Abpi 1 depletion) or to the drIGE-supplemented 
GALs (A b p ll depletion + drIGE) and incubated at 37°G for the times 
shown. Chromatin condensation of the nuclei was assayed by Acridine 
Orange staining and fluorescence microscopy as described in Materais 
and Methods; each sample was counted twice in triplicate and the 
mean is shown above. The results are presented as percentage of the 
chromatin condensation activity seen in the non-depleted rpr GALs.
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7.5 Sum m ary and Discussion

I have show n that cytoplasmic lysates m ade from S2 cells undergoing 
apoptosis follow ing either rp r induction or cyclohexim ide treatm ent 
contain caspase activity. I show that this is a DEVD- and not a YVAD- 
cleaving activity, that it can cleave p35, drICE and lamin DmO in vitro and 
that it can induce chromatin condensation in HeLa nuclei. I use specific 
antisera to im m unopurify drICE from these lysates and show that the 
p ro te in  has DEVD-cleaving activity. I dem onstrate  that follow ing 
im m unodepletion of drICE, these lysates have no detectable DEVD- or 
substrate-cleaving activity, and that their chromatin condensing activity is 
reduced.

These data would be consistent w ith a model in which drICE is the sole 
caspase in these lysates whose activity is required for their apoptotic 
activity. The caspase activity in the lysates is DEVD-cleaving and not 
YVAD-cleaving. While it could be argued that there m ight be active 
caspases in these lysates that have neither YVAD- nor DEVD-specificity (and 
hence not detectable by these chromogenic peptide substrates), 5nM 
DEVD.cho is sufficient to prevent both substrate cleavage and chrom atin 
condensing activity, suggesting that only DEVD-cleaving (and hence also 
DEVD.cho-sensitive) caspases are required for apoptotic events in vitro. It 
seems therefore that a DEVD-cleaving caspase is required for all apoptotic 
activity of these lysates including drICE activation itself.

Bacterially-expressed active drICE is a DEVD-cleaving enzyme (see Chapter 
6), as is the active drICE im m unopurified from the CALs. drICE would 
therefore meet the DEVD-cleaving criterion for the active CAL caspase. In 
addition, I have shown that drICE can cleave p35 and lamin DmO in vitro 
(see C hapter 6) and drICE can therefore cleave the substrates that are 
processed by the CALs. drICE thus far has the same caspase characteristics 
as the caspase activity observed in S2 cell CALs and therefore could be the 
sole 'effector' caspase in these lysates.

To test whether drICE is indeed the sole apoptotic caspase in S2 cell CALs, I 
examined the effect of removal of drICE from these lysates. To remove 
drICE, I used antisera raised against drICE to immunodeplete it from CALs. 
A question  im m ediately  arises concerning the specificity of this 
im m unodepletion. If this antiserum  (A b p ll)  im m unodepletes other 
caspases in addition to drICE, then the interpretation of any results obtained
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becomes far more complicated and the conclusions less clear-cut. However, 
the antiserum  was raised against the most variable region of the m ature 
caspases (the very C-terminus), and hence is the least likely to cross-react 
w ith other caspases. The two caspases with greatest homology over this C- 
term inal region are drICE and the other Drosophila caspase, DCP-1 but 
A b p ll  does not immunoprecipitate any detectable DCP-1. While it is very 
difficult to formally exclude the possibility that A b p ll imm unoprecipitates 
o ther (as yet unidentified) caspases, the fact that A b p ll  does not 
im m unoprecipitate the caspase most similar to drICE over the antigenic 
region (which is itself the most variable region of caspases), it appears 
unlikely. One can therefore say that immunodepletion of CALs w ith A b p ll 
most probably removes only drICE.

To ensure that the conditions of im m unodepletion did not them selves 
rem ove apoptotic activity from the S2 CALs, it was critical to carry out 
careful controls. Throughout this series of experiments, I carried out a 
'm ock-depletion' control in which the lysates were treated identically to 
those being depleted w ith A b p ll, except that I used A bpl9 , a non- 
im m unodepleting antiserum  raised against drICE. At all stages, 'mock- 
depletion' of drICE with this antiserum caused no loss of activity of CALs. I 
also idealised the imm unodepletion conditions to ensure almost complete 
removal of drICE from the CALs.

It was therefore possible to specifically deplete all active drICE from S2 cell 
CALs and then assay them for DEVD-cleaving activity, substrate-cleaving 
activity and the ability to induce chromatin condensation. The results were 
that both DEVD-cleaving and substrate-cleaving activity were completely 
lost following drICE removal (but not following 'm ock-depletion w ith 
Abpl9), while chromatin condensation activity was greatly reduced.

To ensure that removal of drICE alone has resulted in the observed loss of 
activity, I carried out two controls. Firstly, I show that w hat has been 
rem oved does appear to have drICE-like function (ie the im m unodepleted 
protein has DEVD-cleaving activity). Secondly, I show that replacement of 
active drICE can restore the activity to the depleted lysates.

drICE therefore appears to be the sole 'effector' caspase in S2 cell CALs. 
This means that even in an organism which contains multiple caspases (in 
this case Drosophila), it is still possible for a single caspase to be required for 
all caspase-dependent apoptotic effector functions. The im plication for 
mammalian cell death is that it may be possible in certain tissues that loss of 
function of a single caspase is sufficient to lose all caspase-dependent
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apoptosis. However, while caspases may play an im portant role in the 
execution of cell death, and hence in tum our suppression, loss of function of 
all caspase-dependent cell death probably does not prevent cell death from 
occurring via non-caspase-dependent routes. Even if all the caspase- 
dependent cell death in a particular cell type requires a single caspase (eg 
drICE in S2 cells), it is therefore unlikely that loss of function of this caspase 
w ould lead irreversibly to tum our formation and cancer since the caspase- 
independent cell death pathw ays w ould still be intact and functional. 
Rather than having m ultiple redundant caspases to carry out a single 
molecular function, there are multiple redundant pathw ays that carry out 
the same biological function, that is, apoptosis. As long as one of these 
pathw ays is still intact, cell death will still function as a means of tum our 
suppression. The non-redundancy of caspase in a particular cell-type may 
therefore have a small risk in terms of cancer.

In addition  to being the sole 'effector' caspase in S2 cell CALs, the 
requirement for drICE activity in CALs to allow drICE processing suggests 
strongly that drICE has an upstream  role as well as an 'effector' role. This 
upstream  role could be one of two possibilities. drICE m ight act as an 
'ap ical' caspase, that is the initial caspase activated by the apoptotic 
stim ulus (eg. rpr), in which case it is the sole caspase required for both 
induction and execution of apoptosis. Alternatively, a very small am ount of 
caspase activity may originate from some unknow n 'apical' caspase, and 
drICE may then be required to amplify this signal to result in activation of 
many more molecules of drICE, as well as to carry out substrate cleavage 
and execution of apoptosis.

It is the question of whether drICE is required for the induction as well as 
the execution of apoptosis which perhaps best shows the lim itations of 
CALs. While CALs can provide a large amount of valuable information 
concerning the execution of apoptosis, they can say little about the 
mechanism of commitment to death and initial induction of caspase activity 
in a cell since they are m ade from post-induction, post-com m itm ent 
apoptotic cells in which caspases are already active. To attem pt to address 
these questions, it is necessary either to analyse a drlCE homozygous null fly, 
or to set up an in vitro system in which it is possible to activate apoptotic 
activity in a viable cell lysate (eg. by addition of purified reaper). Both these 
possibilities are discussed in Chapter 9.

In the S2 cell CALs, drICE is required for all substrate cleavage activity 
irrespective of whether rpr or cycloheximide was used to activate cell death.
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How ever, while drICE im m unodepletion almost com pletely prevented 
chrom atin condensation in cyclohexim ide-induced apoptotic lysates, it 
caused only a two-fold decrease in rpr-induced apoptotic lysates. This 
appears to be the only clear difference between the different CALs.

It could be that in rpr CALs, other caspases are active that are not activated 
in CHX CALs. These caspases would have to be undetectable by all the 
other assays so far used (cleavage of reporter substrates and cleavage of 
protein substrates), since these CAL activities only require drICE. This non
detection appears unlikely as DEVD.cho blocks chromatin condensation at 
5nM, suggesting that the activity of any caspases involved in the activation 
of chrom atin condensation w ould be detectable using a DEVD-based 
chromogenic substrate. The results show clearly that drICE is the sole 
DEVD-cleaving caspase in rpr CALs, and so the idea that both drICE and 
some additional caspase are responsible for the activation of chrom atin 
condensation in rpr CALs seems unlikely.

Alternatively, the high levels of rpr protein present in rpr CALs might itself 
activate hum an caspases associated with the HeLa nuclei. The sub-cellular 
localisation of many m ammalian caspases is unknown and some may be 
nuclear or nuclear-associated. The reported homology between rpr and the 
'Death Domains' of CD95 and TNF-Rl (Golstein et al., 1995) suggest that rpr 
may be able to activate mammalian caspases, perhaps via adaptor molecules 
such as FA D D /M O RTl (Boldin et al., 1995; Chinnaiyan et al., 1995). 
Whatever, the difference is between the two lysates in terms of chromatin 
condensation, it is hard to attribute this difference to a difference in caspase 
activity in the different lysates, since this appears essentially similar by all 
criteria examined.

In summary, this analysis of cytoplasmic lysates of apoptotic S2 cells shows 
that these lysates contain caspase activity and a caspase-dependent 
chrom atin condensation activity. drICE appears to be the key 'effector' 
caspase in these lysates irrespective of how apoptosis was induced in the 
cells, being required for all substrate cleavage and for m uch of the 
chromatin condensation activity. In addition, the results suggest a possible 
upstream  role for drICE either as an 'apical' caspase or as an 'am plifier' 
caspase.
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Chapter 8

Initial attempts to analyse the role of drICE in 
cell death in Drosophila in vivo

8.1 Introduction

8.1.1 Outline

One of the advantages of cloning a Drosophila caspase, set out in Chapter 3, is 
that the techniques and resources available for Drosophila make generation of 
transgenic and hom ozygous null flies relatively easy (com pared w ith 
mouse, for example). Transgenic flies can then form the basis for genetic 
screens to identify upstream regulators or downstream targets of the gene in 
question. All the experiments on drICE described so far, however, have 
been an analysis of drICE function either in vitro or in cultured Drosophila 
cells. In this chapter, I describe initial attempts to expand my study to look 
at drICE function in the whole Drosophila organism.

8.1.2 Approaches for generation of a drICE homozygous null Drosophila

In mice, 'knockouts' are generated by targeted homologous recombination 
in ES cells; however, there is currently no equivalent to an ES cell system in 
Drosophila. Instead, isolation of a fly that is homozygous null for a particular 
gene relies on the generation of null alleles by random  mutagenesis. This 
can be done w ith DNA-damaging agents like X-irradiation (which causes 
double strand breaks and subsequent loss of relatively large sections of the 
genome) or alternatively, by integration of a transposable P-element into the 
gene of interest which can also result in a null allele. This mutagenesis is a 
random process and it may be laborious to generate from scratch a deletion 
spanning the gene of interest or an inactivating integration. In either case, it 
is impossible to try to screen for mutated or deleted alleles of a gene unless 
its chromosomal location is known.
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Once the chrom osom al location of a gene is known, one of the key 
advantages to working in Drosophila becomes apparent. Several 'stock 
centres' m aintain thousands of deletion strains of flies, each containing a 
known deletion or a defined P-element integration site. While the deletions 
may be large, spanning not only the gene of interest but also up to several 
hundred  kilobases either side, once one has a strain that is null for the 
required gene, it is relatively fast (either by recombination or by rescreening 
for non-complementing alleles over the deletion region) to refine the deleted 
region to a smaller deletion only disrupting the desired gene. It was 
therefore very important to know the chromosomal location of drICE before 
any progress could be made towards a drlCE-nuU fly.

8.2 drICE chromosomal location

Polytene chromosomes were prepared from the salivary glands of well-fed 
stage three larvae from wild-type Oregon R Drosophila as described in 
Materials and Methods. These were squashed and fixed before probing with 
a Biotinylated probe corresponding to full-length drICE GRP as described in 
Materials and Methods. The chromosomes were washed, reprobed with a 
HRP-conjugated second-layer reagent, rew ashed and the bound probe 
detected as described in Materials and Methods. The chromosomes were 
then inspected using a microscope and the results shown in Fig 8.1.

The drICE  chromosomal location is in chromosome 3, in band 99C1,2. 
Unfortunately, there are no deletions over this region in any of the stock 
centres and there are no strains containing P-elements integrated in this 
region either. Isolation of a drICE null strain is therefore more difficult than 
anticipated since the first step is to carry out an X-ray screen for deletions in 
chromosome 3 over the 99C region. This is being carried out at the moment 
by Dr. Andreas Bergmann in the laboratory of Professor Herm ann Steller at 
MIT in Boston.
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Fig 8.1 dr/CE is at 99C1.
Polytene chromosomes were prepared 

;  as described in Materials and Methods 
and hybridised to a biotinylated drICE 
cDNA probe. The in situ was developed 
as described in Materials and Methods 
and the results viewed by microscopic 
inspection.



8.3 drICE expression in Drosophi la  development

The model emerging from results in previous chapters is that drICE appears 
to be required for the execution of cell death in at least certain Drosophila cell 
types. drICE may therefore be an essential component of the caspase- 
containing apoptotic m achinery in Drosophila. Since cell death occurs 
(Abrams et al., 1993) or can be induced at almost all developmental stages 
from early embryonic through larval and pupal stages to the adult fly 
(White et al., 1996), it would follow that drICE should be expressed at all 
these stages if it is indeed required for the execution of apoptosis in vivo. I 
therefore looked at dr ICE mRNA expression at different developm ental 
stages, giving the result shown in Fig 8.2.

drICE expression is highest in 2-6 hour embryos, dropping by 12-24 hour 
em bryos to a stable, low, detectable level throughout all subsequent 
developm ental stages. drICE mRNA is therefore present throughout all 
Drosophila developmental stages. The message is the same size at all stages 
and only a single band can be detected.
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Fig 8.2 Expression of drICE mRNA at different Drosophila 
developmental stages.
10 |ig of total RNA from the developmental stages shown were run on a 
0.8% agarose gel containing 1.85% formaldehyde and ethidium bromide 
and blotted overnight onto Hybond-N+. The blot was probed with a pzp]- 
labelled drICE cDNA at 65°C in Church and washed at 65°C in 0.2XSSC 
before exposure against a Kodak XAR-5 film for 48hr. at -70°C. The rRNAs 
were visualised by UV fluorescence.
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8.4 Summary and Discussion

In this chapter, I have described preliminary attempts to extend studies on 
the involvem ent and the requirem ent for drlCE for the execution of 
apoptosis in Drosophila to the whole organism.

1 have shown that drICE is expressed at all developm ental stages from 2 
hours after egg laying (AEL) through to the adult fly. The expression in 
embryonic development is particularly interesting since this is the stage for 
which most characterisation of cell death has been carried out. During 
Drosophila embryogenesis, the first developmental cell deaths are seen at 
around 7 hours AEL and the last at around 18 hours AEL (Abrams et ah, 
1993). However, it is possible to induce cell death, whether by X-irradiation 
or by induction of reaper or grim expression, both before 7 hours and after 
18 hours (Chen et ah, 1996b; White et a l, 1996). This implies that the cell 
death machinery is present throughout embryogenesis, and it is the trigger 
that is develop mentally regulated. The machinery should be present at all 
stages at which it is possible to induce cell deaths and this is the case for 
drlCE. The fact that drlCE is most highly expressed prior to the onset of any 
program m ed cell deaths underlines the m odel that caspase activity is 
principally post-translationally regulated and not regulated at the level of 
expression. drICE is therefore expressed at all stages at which apoptosis can 
be induced and its expression level does not correlate w ith the am ount of 
developmental cell death taking place. The fact that drlCE is present at all 
times where death can be induced means that in vivo as in vitro, drlCE could 
in principle be responsible for all cell deaths.

To examine further whether drlCE is required for apoptosis in Drosophila, 1 
determined the drICE chromosomal location as a first step towards isolation 
of a drICE homozygous null fly strain. drICE is localised on Chromosome 3 
at 99C1,2. However, there are neither pre-existing deletions spanning this 
region nor P-elements integrated in 99C, and so deletion of drICE requires a 
long term  project to create chromosomal deletions spanning 99C. This is 
ongoing in collaboration w ith Dr. Andreas Bergmann in the laboratory of 
Professor Hermann Steller at MIT.
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Chapter 9

Discussion and Future Work

9.1 Summary of Results

I have used a degenerate PCR approach to clone a novel D rosophila  
melanogaster caspase, which I called drICE. drICE contains all the residues 
required for caspase activity and is predicted on the basis of its homology 
with CPP32p/caspase-3 to have a DxxD-substrate-specificity. Expression of 
drICE sensitises S2 cells to induction of apoptosis by etoposide and 
cycloheximide treatment, suggesting that drICE activation is a limiting step 
in induction of apoptosis. Expression of an N-terminally truncated form of 
drICE (mimicking the proteolytic removal of the prodom ain during caspase 
activation) induces apoptosis in S2 cells and this requires p30drICE caspase 
activity. This suggests that the prodom ain has a negative regulatory role, 
preventing spontaneous auto-activation. drICE is proteolytically activated 
during S2 cell apoptosis, and at least some of this is due to intermolecular 
processing.

drICE auto-processes when expressed in E. coll, and the resulting protein has 
DEVD-cleaving caspase activity. The purified active enzym e has two 
subunits as predicted and cleaves lamin DmO and p35 in vitro.

Lysates of S2 cells undergoing apoptosis contain a caspase activity that can 
cleave p35, lamin DmO and drICE in vitro and can activate chrom atin 
condensation in added HeLa nuclei. drICE is required for all these 
activities, suggesting that it has both a role as a necessary 'effector' caspase 
and as an upstream  caspase, though whether this is an 'am plifier' or an 
'apical' role is unclear.
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9.2 Characterisation of role of drICE in Drosophi la  cell death

Using a degenerate PCR approach, I cloned a novel Drosophila caspase, 
which I called drICE. I attem pted to characterise this putative caspase in 
three principle ways: firstly, to determine whether drICE could play a role in 
apoptosis; secondly, to ensure that drICE is expressed at the times at which 
apoptosis can be induced in Drosophila; thirdly, to examine whether drICE 
acted as a cysteine protease in vitro and w hether it cleaved caspase 
substrates; and finally, I tried to determine w hether or not drICE was 
required for the execution of apoptosis in Drosophila.

9.2.1 drICE has a potential role in D rosophila  apoptosis

The criteria that I used to determine whether drICE could be involved in 
apoptosis were that it should have all the key residues required for caspase 
activity, that it should induce apoptosis in Drosophila cells following over 
expression and that it should become proteolytically activated during 
apoptosis.

Caspases have been shown to be required for the execution of apoptosis in C. 
elegans and for the in vitro apoptotic activity of lysates made from chicken, 
m am m al and X enopus  cells. The X-ray cocrystal structures of hum an 
ICE/caspase-1 and hum an CPP32p/caspase-3 with their specific inhibitors 
(YVAD.cho and DEVD.cho respectively) along with detailed mutagenesis of 
caspases, have determined key residues required not only for catalysis but 
also for substrate specificity. An alignment of drICE w ith other caspases 
shows that drICE contains all the residues required for caspase activity. In 
addition, drICE contains a region of high homology to the DxxD-specific 
CPP32P/ caspase-3 in its putative small subunit. This region is critical in 
determ ining the DxxD-specificity of CPP32P/caspase-3 and suggested that 
drICE m ay have similar specificity. This is particularly interesting since the 
critical C. elegans caspase, CED-3, has very similar in vitro specificity to 
C P P 3 2 p /ca sp a se -3 , indicating  that this DxxD -specificity has been 
evolutionarily conserved. DxxD-specific caspases may play a crucial part in 
the execution of apoptosis in a range of organisms. The sequence analysis of 
drICE therefore indicates that drICE may act as a caspase.
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I next addressed the question of whether drICE could induce apoptosis in 
Drosophila cells. Caspases execute apoptosis via their activity as cysteine 
proteases. H ow ever, they are synthesized as enzym atically inactive 
precursors, and so to show that the presence of a particular active caspase in 
a cell is sufficient to induce apoptosis, various m ethods have been used. 
The most straightforw ard is that of over expression of the caspase in 
question.

O ver expression of m any m am m alian caspases induces cell death in a 
variety of cell lines. It is thought that the high levels of expression drive 
spontaneous auto-processing reactions, which lead to the generation of 
active caspase molecules, which then execute cell death. To determ ine 
w hether over expression of drICE could induce apoptosis in Drosophila 
cells, I expressed drICE in the Drosophila S2 cell line under control of a 
m etallothionein promoter. However, while high levels of expression were 
achieved, no apoptosis occurred. This was not due to some defect in the cell 
death program m e of S2 cells, as I had previously shown that they undergo 
all the m orphological and m olecular events of apoptosis in a caspase- 
dependent m anner following a variety of triggers. It seemed more likely 
that for w hatever reason, the level of expression of drICE generated was 
insufficient to induce spontaneous autocleavage.

Over expression of drICE, while not inducing cell death alone, did sensitize 
S2 cells to triggers of apoptosis like DNA-damage and inhibition of protein 
synthesis. This suggested that drICE activation is a limiting step in the 
commitment of S2 cells to undergo apoptosis and that over expression of 
drICE makes it more likely that a particular level of upstream  pro-apoptotic 
stim ulus gives rise to active drICE. It further suggested that as well as 
having a role as an 'effector' caspase (eg. cleaving substrates), drICE might 
also function as an 'apical' caspase, initiating caspase activity in S2 cells 
following an apoptotic trigger. The sensitisation to apoptotic stimuli seen in 
S2 cells over expressing drICE also indicated that drICE could indeed be 
playing some part in the apoptotic machinery in these cells.

The fact that full-length drICE did not induce apoptosis following over 
expression, suggests that it does not autoprocess in this context. One of the 
proteolytic processing events that occurs during caspase activation is 
rem oval of an N-term inal prodom ain. Most current m odels for caspase 
regulation suggest that these prodom ains have some regulatory function 
and I therefore decided to investigate the ability of a drICE molecule 
lacking this putative regulatory N-terminus, p30drICE, to induce death in
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S2 cells. The results showed clearly that overexpression of pSOdrlCE in S2 
cells induced apoptosis. This pro-apoptotic function required the catalytic 
cysteine (C211) of pSOdrlCE and could be completely abrogated by addition 
of the cell-perm eable caspase inhibitors zVAD.fmk and BocAsp.fmk, 
suggesting that p30drICE gave rise to an active caspase. The pSOdrlCE- 
induced apoptosis had all the characteristics of S2 cell apoptosis including 
lamin DmO cleavage, chromatin condensation, membrane blebbing and cell 
shrinkage.

These results indicated that active drICE can induce apoptosis in Drosophila 
cells, that it does so by acting as a caspase and that the N -term inal 
prodom ain of drICE is a negative regulatory dom ain which can prevent 
spontaneous autoprocessing.

However, while the induction of death by pSOdrlCE shows that active drICE 
is sufficient to induce apoptosis in Drosophila cells, it does not show that 
apoptosis in Drosophila cells is carried out via active drICE. If drICE is part 
of the Drosophila apoptotic machinery, then drICE should be proteolytically 
processed from inactive 37kDa pro-drlCE to its m ature active subunits 
during apoptosis. To address this, I raised polyclonal antisera against 
regions of the large (pl9) or small (pH) mature subunits. I show that during 
reaper- and cyclohexim ide-induced apoptosis of S2 cells, drICE is 
processed to its mature subunits. This processing is first detected at a stage 
where the first morphological changes of apoptosis are starting, suggesting 
that drICE activation may be an early event in apoptosis. I also show that 
not all this drICE processing is intram olecular, bu t that at least some is 
intermolecular. The exact nature of this intermolecular activation is unclear. 
It could represent some form of transprocessing betw een two pro-drlCE 
molecules (as might occur if drICE were an 'apical' caspase) or it m ight be 
activation by an upstream  caspase. As discussed in C hapter 5, it is 
impossible to distinguish whether this upstream  caspase is drICE itself or 
another, unknown caspase from the results so far.

W hatever the mechanism of activation of pro-drlCE molecules, if it is a bona 
fide component of the caspase-containing apoptotic machinery in Drosophila, 
it should be expressed at all developmental stages at which apoptosis can be 
induced. This is indeed the case, since dr IC E  is expressed at all 
developmental stages from 2 hours after egg laying, through embryogenesis 
and on through larval and pupal stages to the adult. Only a single mRNA 
species is detected, and this is the same size at all stages, suggesting that
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there are no splice variants of drICE (although this is not certain as these may 
run at the same size).

drICE therefore a novel gene encoding a protein with homology to caspases. 
drICE contains all the residues required for caspase activity and has a 
predicted DxxD-specificity. Over expression of drICE in the Drosophila S2 
cell line sensitises them to apoptosis induced by various triggers, while 
expression of an N-terminally-truncated form of drICE (p30drICE) induces 
apoptosis in a way that requires its putative catalytic cysteine. drICE is 
proteolytically activated during apoptosis. drICE is also expressed at all 
developm ental stages at which apoptosis can be induced. drICE is 
hom ologous to caspases, can induce apoptosis, is activated during  
apoptosis and is expressed whenever apoptosis can be induced. drICE 
therefore could be part of the Drosophila apoptotic machinery.

9.2.2 drICE is a caspase in vitro

To confirm that drICE is indeed a caspase, I examined whether it acts as a 
cysteine protease w ith caspase-like specificity in vitro. I showed that 
expression of drICE in E. coli results in autoprocessing to generate a DEVD- 
cleaving protease (the specificity predicted from its sequence). I show that 
the m ature protease consists of the predicted p l9  large subunit and small 
p l l  subunit (derived from the C-terminus of pro-drlCE). Purified active 
drICE cleaves p35 and lamin DmO in vitro and this activity is prevented by 
iodoacetamide, an inhibitor of cysteine proteases. p35 inhibits all cell death 
in Drosophila in vivo by acting as a caspase substrate and the demonstration 
that drICE cleaves (and hence can be inhibited by) p35, further strengthens 
the argum ent that drICE could be part of the apoptotic m achinery of 
Drosophila. Lamin DmO is the Drosophila lamin B homologue and is cleaved 
during S2 cell apoptosis. It contains an aspartic acid residue at exactly the 
hom ologous position to the caspase-cleavage site in lam in B and the 
fragments generated following cleavage by drICE suggest that drICE cleaves 
at this position.

Bacterially-expressed drICE is a cysteine protease in vitro that cleaves known 
caspase substrates at known caspase cleavage sites and has an in vitro 
specificity for DEVD-containing substrates as predicted from its prim ary 
amino acid sequence.
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9.2.3 drICE is required for the apoptotic activity of lysates of apoptotic S2
cells

The initial experim ents exam ining the effects of drICE and pSOdrlCE 
expression in S2 cells established that drICE could be part of the apoptotic 
m achinery in S2 cells. drICE processing to its m ature subunits correlated 
with apoptosis in S2 cells, but I had shown neither that the processed drICE 
in S2 cells had caspase activity nor whether such activity was required for 
the execution of apoptosis in these cells.

To address the requirement for drICE activity for the execution of apoptosis, 
I established a cell-free system in which certain of the events of apoptosis 
could be reconstructed in vitro. Lysates made from the cytoplasm of S2 cells 
undergoing apoptosis were shown to contain a DEVD-cleaving caspase 
activity that could process lamin DmO, drICE and p35 in vitro and activate 
chromatin condensation in purified HeLa cell nuclei which were added to 
the lysates. The activity was very similar irrespective of whether apoptosis 
had been induced by reaper expression or by cycloheximide treatm ent, 
suggesting that these triggers of apoptosis were activating a common 
pathw ay. Using antibodies specific to drICE, I showed, firstly, that the 
processed drICE in the lysates was active and secondly that, like the 
bacterially-expressed active drICE, it had DEVD-cleaving activity. Most 
im portantly, I showed that im m unodepletion of drICE from apoptotic 
lysates rem oved completely their DEVD- and substrate-cleaving activity, 
and substan tia lly  reduced  their ability  to activate  HeLa nuclear 
condensation.

drICE therefore appeared to be necessary for the apoptotic activity of S2 cell 
lysates. This shows that drICE can be the critical 'effector' caspase in a 
particu lar Drosophila cell type. This is very interesting, since unlike C. 
elegans which has only a single identified caspase. Drosophila have at least 
two (drICE and DCP-1). These experiments show that even in a multi- 
caspase containing organism, certain cell types may be critically reliant on a 
single member for the execution of apoptosis. W hether this type of situation 
also occurs in mammals is not yet clear. If it does, it would suggest that loss 
of function of an individual caspase by somatic (or inherited) m utation 
could result in loss of caspase-dependent cell death in particular cell types. 
The wide range of roles carried out by cell death in mammals imply that this 
could have potentially serious consequences. It does appear, however, that 
there are caspase-independent routes to apoptosis and so while in certain 
cell types, caspase-dependent cell death may easily be lost through
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m utation, cell death may still be partly functioning. The implication of 
these results (that loss of a single caspase can prevent caspase-dependent cell 
death in a particular cell type) for hum an disease resulting from deficiencies 
in cell death (eg. cancer) is therefore still not clear.

The data so far confirm that drICE has a role as an 'effector' caspase. It 
cleaves known substrates (eg. lamin DmO), it has highest homology w ith 
m am m alian 'effector' caspases (eg. CPP32p/caspase-3) and shares their 
DxxD-specificity and is required for the apoptotic activity of the S2 cell 
apoptotic lysates (an in vitro model for the execution of apoptosis in a cell). 
In addition, the size of the mature large subunit of drICE detected following 
S2 cell apoptosis suggests that the N-terminal processing site is at D28. If so, 
the prodomain of drICE is only 27 amino acids. All the 'effector' caspases so 
far characterised (eg. CPP32p, Mch2, M ch3/caspases-3,6,7) have short 
prodom ains, whereas the 'apical' caspases (like CED3, FLICE and ICH- 
l/caspases-8,2) have long prodomains.

However, while drICE clearly plays an role as an 'effector' caspase (a critical 
one in the case of S2 cells), the finding that depletion of drICE from 
apoptotic S2 cell lysates removes all drICE-processing activity is perhaps 
the most intriguing result, since it implies that drICE is more than just an 
'effector' caspase. The current model for caspase activation in cells is that 
some pro-apoptotic upstream  molecules (eg. the CD95-associated signalling 
complex) activate pro-molecules of an 'apical' caspase (eg. FLICE/caspase- 
8), probably by somehow interacting with its prodomain. This generates a 
small amount of caspase activity in the cell which is sufficient to activate 
other caspase molecules (either of the same 'apical' caspase or of other 
caspases). Ultim ately this proteolytic cascade will amplify the original 
'apical' caspase activity many times, and at some point the 'effector' caspases 
(which have short prodomains, like drICE) will be proteolytically activated 
by upstream  caspases. These 'effectors' then cleave substrates and activate 
chromatin condensation and DNA degradation.

If this model is correct, and if drICE is solely an 'effector' caspase, then the 
caspase activity in the S2 cell lysates that cleaves drICE should derive from a 
caspase that is not drICE itself. Im munodepletion of an 'effector' caspase 
m ight be predicted to remove lamin cleavage activity and the activity that 
stimulates chromatin condensation, but should not also remove the activity 
that activates an 'effector' caspase. However, drICE appears to be the only 
detectable caspase in S2 cell lysates responsible for drICE activation.
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How can this be explained? There are several possibilities. If drICE is not 
the 'apicaT caspase, then the 'apicaT caspase activity m ust either be lost by 
the tim e-point at which the lysate is made or else m ust be present at very 
low levels. At the time-point at which the lysates are made (two hours post
induction in the case of reaper), only a small percentage of drICE has been 
activated, although by the time all the cells have died (4 hours for reaper), 
almost all drICE has been processed. This means that even if the "apicaT 
caspase activity is lost by this time-point, there is still a caspase activity in 
cells required for the continued proteolytic activation of drICE. This 
activity seems to be drICE itself. If there is very little 'apicaT caspase 
activity, either initially or after an initial transient peak, then perhaps drICE 
is required to amplify this low level of activity and hence to result in the 
activation of many more molecules of drICE, resulting in eventual substrate 
cleavage. drICE in this model would be both an 'effector' and an upstream  
'amplifier' caspase, but not an 'apical' caspase.

Alternatively, drICE itself may be the 'apical' caspase, the 'amplifier' caspase 
and the 'effector' caspase. This seems unlikely on the basis that drICE only 
has a short prodomain, and all the 'apical' caspases so far characterised have 
long prodom ains. However, this is not a possibility that can be formally 
excluded. It is therefore unclear from these experiments whether drICE is an 
'apical' caspase or not, and also whether the conclusions from the work on 
S2 cell apoptotic lysates (ie. that drICE is necessary for the execution of 
apoptosis) can be extended to the whole Drosophila organism.

One way of addressing both of these questions would be to generate a fly 
strain  tha t is hom ozygous null for dr I CE.  In order to do this, the 
chromosomal location of drICE was determined and found to be at 99C1,2 on 
chromosome 3. However, there were no pre-existing deletions spanning this 
region and it is first necessary to generate a series of Drosophila m utant 
strains containing X-ray induced deletions over this region. This is 
currently underway.

9.3 Future W ork

In this thesis, I have described the cloning and partial characterisation of a 
novel Drosophila melanogaster caspase. I have analysed the involvement of
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this caspase, drICE, in the execution of cell death in Drosophila cells and 
shown that drICE acts as a caspase with DxxD-specificity in vitro and that it 
appears to be required for the apoptotic activity of S2 cell lysates.

Alm ost all the experiments described have been carried out on cells in 
culture or as a series of in vitro experiments; no use has thus far been made 
of the pow erful in vivo techniques available in Drosophila  (discussed in 
section 3.1.2). Analysis of drICE function in vivo would be the next major 
step in analysing the role of drICE, and the requirement for drICE, in the 
execution of apoptosis in Drosophila.

9.3.1 Analysis of drICE function in vivo

All the experiments so far carried out to analyse drICE function have either 
been in vitro experiments (Chapters 6 and 7) or have made use of Drosophila 
cell lines (Chapters 4 and 5). However, as discussed in section 3.1.2, one of 
the principal advantages of Drosophila as a model system is the range of in 
vivo techniques available such as generation of transgenic flies, homozygous 
null flies and, ultimately, genetic screens. One of the key areas of future 
work is therefore the extension of the analysis of drICE function to include in 
vivo experiments.

The most obvious initial in vivo experiments to analyse drICE function are 
the generation of a drICE transgenic fly, and isolation of a strain in which 
drICE is deleted.

9.3.1.1 Transgenic analysis of drICE function

One of the key considerations in generating a transgenic animal is the 
selection of promoter. This will determine in which tissues, at w hat levels 
and at w hich developm ental stages the gene of interest is expressed. 
However, Drosophila again have an advantage as an experimental system in 
terms of the range of available promoters and the ease of generating many 
different transgenic animals. The ease with which it is possible to generate 
m ultiple transgenic animals, all expressing the gene of interest under a 
different prom oter relies on the powerful GAL4-UAS system developed by 
Brand and Perrimon.

In the GAL4-UAS system, the gene of interest is cloned under control of a 
prom oter containing a tandem  array of binding sites for the S. cerevisiae 
GAL4 transcription factor, usually using the vector pUAS. This construct is 
used to generate transgenic flies but since Drosophila do not contain any 
endogenous GAL4 protein, the gene is not expressed. I will call this
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transgenic line in which the gene of interest is cloned upstream  from GAL4 
sites, line pUAS. However, multiple lines now exist in which S. cerevisiae 
GAL4 is expressed under control of different prom oters (eg. heat-shock 
prom oter). W hen line pUAS is crossed w ith a line expressing GAL4 in 
specific tissues, the expressed GAL4 can now trans-activate expression of the 
gene of interest. The result is that the gene of interest is only expressed in the 
tissues where GAL4 is expressed.

In this way, rather than having to generate separate constructs and transgenic 
flies to direct expression of the gene of interest to the wing-disc, or the eye or 
under control of the heat-shock promoter, it is sufficient to cross line pUAS 
with already existing lines expressing GAL4 in the wing-disc, or the eye, or 
under control of the heat-shock promoter.

I therefore intend to generate transgenic flies in which ORFs encoding either 
full-length drICE or p30drICE are cloned into pUAS. I w ould then cross 
these flies with a variety of different lines expressing GAL4 under control of 
different prom oters. I w ould initially examine the effects of expressing 
drICE or pSOdrlCE in the eye, in the wing-disc, under different prom oters 
expressed during embryogenesis and, finally, under control of the heat- 
shock promoter. To ensure that any effects seen (eg. reduction in size of eye) 
are due to the caspase activity of drICE, I would carry out two controls. 
First, I w ould generate double transgenics in w hich both  drICE (or 
p30drICE) and baculovirus p35 were expressed in the same tissue. If p35 
expression prevented any effects of drICE expression, it is likely that caspase 
activity is required for the effect seen. Second, I would generate transgenic 
flies expressing catalytically inactive m utant drICE or p30drICE (using the 
C211A m utant described in this thesis) in the same tissues as had been 
exam ined for drICE and p30drICE. Com parison of the phenotypes of 
transgenic flies expressing w ild-type or C211A m utant drICE proteins 
would allow me to identify effects that were due solely to the expression of 
catalytically active drICE molecules.

If expression of drICE or p30drICE in vivo was found to induce apoptosis, I 
would go on to examine whether this required any of the genes in the H99 
interval (rpr, hid and grim) and whether this required DCP-1 by crossing the 
transgenic lines onto an H99 or DCP-1 null background.

Finally, any lines in which expression of drICE or p30drICE induced 
apoptosis could be used as the basis for genetic screens to identify either 
upstream  regulators or downstream  targets of drICE. This is a long-term 
project.
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Analysis of the effects of drICE expression in vivo could therefore show 
w hether expression of drICE (or pSOdrlCE) could induce apoptosis in vivo 
and in which tissues. It could also show whether drICE-induced apoptosis 
required DCP-1 or r-pr, hid and grim.

9.3.1.2 Analysis of drlCE  deletion lines

To examine w hether drlCE is required for cell death in vivo, 1 intend to 
isolate a strain containing a deletion of dr ICE. However, dr ICE is localised at 
99C1,2, and there are no pre-existing deletions spanning this region. A first 
step towards the generation of a drICE deletion fly is the generation (by X- 
ray mutagenesis) of deletions spanning 99C. This is currently underw ay in 
the lab of Hermann Steller at MIT and is a long term project. However, once 
fly strains have been isolated in which drICE has been deleted, 1 intend to 
analyse them in various ways.

1 w ould firstly analyse the phenotype of the hom ozygous drICE deletion 
strains. In addition to any obvious abnormalitites (eg. embryonic lethality), 1 
w ould investigate w hether a drICE deletion strain has any defects in cell 
death. The developmental stages at which it is easiest to examine cell death 
are during embryonic development (since it is easy to detect cell deaths by 
acridine orange staining at these stages) and 1 would make this a starting 
point for my investigation.

How ever, if no defects in developm ental cell death were seen during 
em bryogenesis, 1 w ould proceed to analyse the dr ICE deletion flies in 
several ways. First, 1 would examine whether drICE deletion strains had 
reduced cell death following ectopic expression of rpr, hid or grim  (eg. under 
control of a heat-shock promoter). This experiment might reveal that drlCE 
is required for the pro-apoptotic effect of certain, but not all, of the genes 
rpr, hid and grim. Second, 1 would examine the phenotype of a drICE/ DCP-1 
double knockout strain following crossing drICE deletion flies w ith DCP-1 
deletion flies. DCP-1 deletion flies have no defect in cell death and one 
possibility is that drlCE and DCP-1 are functionally redundant. While loss 
of either individually might have little effect on cell death, deletion of both 
might have a profound effect.

Analysis of dr ICE deletion strains might therefore show w hether drlCE is 
required for all cell deaths in Drosophila in vivo, or whether drlCE is required 
for cell deaths occuring only at certain developm ental stages or only 
following certain stimuli (eg. rpr expression but not hid expression).
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Corrections

Page 38: Insert reference (Ingham 1985)

Page 77: Paragraph 1, last sentence should read: Homozygous
transgenic adult flies are mutagenised (whether by X-irradiation, point 
mutagenesis or by random P-element insertion) and the FI progeny 
analysed for either enhancement or suppression of the original eye 
phenotype.

Page 90: Line 8: remove 'which can be relatively time-consuming'

Page 111: Paragraph 3. Insert reference to (Song et air 1997) after DCP-1.

Page 169: P. Ingham (1985) Abdominal gene organisation. Nature 313,
98-99.


