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SUMMARY

Apoptosis is an important homeostatic mechanism that m ulticellular organisms 

utilize to delete cells during development and on an ongoing basis in the adult. 

At the molecular level, this requires the activation of a family of proteolytic 

enzymes called caspases. Caspases are constitutively present in healthy cells as 

inactive zymogens (procaspases). In cells stimulated to die, caspases become 

activated via proteolytic cleavage, mediated by other active caspases. Evidence 

suggests that because inactive caspases possess a basal level of proteolytic activity, 

enforced aggregation can stimulate their activation. Through the proteolysis of 

strategic cellular substrates, active caspases mediate the biochemical and 

phenotypical changes required during apoptosis.

Several hum an diseases, including cancer, autoim m unity and 

neurodegeneration can arise from either insufficient or excessive caspase 

activation. In this regard, human caspase-9 constitutes an attractive therapeutical 

target. CASP-9-nullizygous mice exhibit severe brain and craniofacial 

abnormalities due to a failure to delete neuroepithelial progenitor cells during 

embryogenesis. Although it has not yet been demonstrated, this molecule may 

thus play a role in modulating neuronal cell death in the adult. Significantly, 

CASP-9-null cells are resistant to a range of chemotherapeutically relevant pro- 

apoptotic stimuli. Thus, it is desirable to elucidate how caspase-9 activation is 

regulated. To further the understanding of factors that regulate caspase-9 

activation, this thesis focuses on the molecular characterization of two caspase-9- 

interacting molecules, Apaf-1 and DRADD.

CHAPTER III

Apaf-1 (Apoptotic Protease Activating Factor-1) has recently been identified as an 

important regulator of caspase-9 activation in response to stimuli that integrate at 

the point of provoking cytochrome c release from mitochondria. Cytosolic 

cytochrome c stimulates Apaf-1 to activate caspase-9 via an as yet unknow n  

mechanism. We employed a variety of protein-protein interaction assays to 

investigate the mode of Apaf-1 action. Using the yeast two-hybrid system and i n

I



vitro capture assays, we observed that Apaf-1 can form oligomers. We propose 

that Apaf-1 oligomerization may mediate caspase-9 activation. Deletional 

analysis revealed that the CED-4-homologous and adjacent linker regions 

mediate Apaf-1 self association. Critically, we report that Apaf-1 oligom erization 

and caspase-9 recruitm ent is repressed by the C-terminal WD-40 repeat (WDR) 

region of the molecule. We observed that in vitro,  cytochrome c overcomes the 

inhibitory effects of the WDR, promoting Apaf-1 oligomerization. Deletion of 

the WDR resulted in a constitutively active Apaf-1 that provoked considerably 

greater cytoxicity than the wild type molecule in transient overexpression studies. 

From our findings, we propose that cytochrome c overcomes the inhibitory effect 

of the WDR, promoting Apaf-1 oligomerization, caspase-9 recruitm ent and 

activation.

CHAPTER IV describes the characterization of DRADD (Death-inducing Rb- 

Associated Death Domain protein), a novel caspase-9-binding, death dom ain 

adaptor molecule. Using protein-protein interaction assays, we demonstrate that 

a CARD-like region within DRADD is responsible for caspase-9-binding. In 

transient expression assays, CARD-containing DRADD deletion m utants provoke 

caspase-9-dependent apoptosis. In contrast to the cytosolic distribution of other 

death domain molecules, DRADD is sharply localized w ithin the nuclear 

compartment. In co-immunoprecipitation assays, DRADD interacts with the key 

cell cycle regulator, Rb. Moreover, when co-expressed, DRADD and Rb 

collaborate to provoke apoptosis. We propose that cell cycle deregulation or 

nuclear damage may engage a DRADD/caspase-9-dependent apoptotic pathway 
within the nucleus.

CHAPTER V concerns a yeast two-hybrid library screen that was performed to 

obtain DRADD-binding partners. This approach yielded m ultiple copies of a 

molecule we called DRAMP (DRADD-associated m yosin-like protein). DR AMP 

possesses a coiled-coil motif, a putative nuclear localization signal and associates 

with the N-term inus of DRADD. Future studies will evaluate how DRAMP 

regulates the pro-apoptotic activity of DRADD.
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DR: death receptor
DRADD: death-inducing Rb-associated death domain protein
DRAMP: DRADD-associated myosin-like protein
DTT: dithiothreitol
EDTA: ethylinediaminetetraacetic acid
EGPP: enhanced green fluorescent protein
ER: endoplasmic reticulum
PADD: Pas associated protein with death domain
PasL: Pas ligand
PCS: foetal calf serum
PITC: fluorescein isothiocyanate
PL: full length
GPP: green fluorescent protein
GST: glutathione-S-transferase
HA: haem agglutin
HEK: hum an embryonic kidney
HEPES: N-[2-hydroxyethyl]piperazine -N'-[2-ethanesulphonic acid]
HPIP: haematopoietic PBX-interacting protein
lAP: inhibitor of apoptosis protein
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ABBREVIATIONS

ICAD: inhibitor of caspase activated Dnase
ICE: interleukin-1 P converting enzym e
ICELAP-6: ICE-like apoptotic protease-6
Ig: im m u n o g lo b u lin
IL-3: in terleuk in-3
IPTG: isopropylthio-P'D-galactoside
ITT: in vitro transcrip tion and translation
kDa: kilodaltons
kbp: kilobase pairs
LA/TE: lithium  acetate/TE buffer
MDM-2: m urine double m inute-2
NCBI: national center for biotechnology inform ation
NGF: nerve grow th factor
NLS: nuclear localization signal
ONPG o-nitrophenyl [3-D-galactopyranoside
ORE: open reading frame
PAGE: polyacrylam ide gel electrophoresis
PARP: poly(ADP-ribose) polym erase
PBS: phosphate buffered saline
PCD: program m ed cell death
PCR: polym erase chain reaction
PIDD: p53-inducible death  dom ain
PIPES: Piperazine-N -N '-bis[2-ethanesulphonic acid]
PML: prom yelocytic leukaem ia protein
PMSE: pheny lm ethy lsu lphony lfluo ride
PS: phosphatidylserine
RAIDD: RIP-associated Ich-1 / CED hom ologous protein  w ith  a DD
Rb: retinoblastom a protein
RIP: receptor-interacting protein
SD: synthetic d ropout m edium
SDS: sodium  dodecyl sulphate
SERPIN: serine protease inhibitor
SMAC: second m itochondrial activator of caspases
SV40: sim ian virus-40
TNE: tum our necrosis factor
TRAIL: TNF-related apoptosis-inducing ligand
UAS: upstream  activating sequence
UV: ultravio let irradiation
WDR: WD-40 repeat region
X-Gal: 5-bromo-4-chloro-3-indolyl-P-D-galactoside
X-IAP: X-linked inhibitor of apoptosis protein
Z-VAD.fmk: benzyloxycarbonyl-Val-Ala-Asp-(OM e) fluorom ethylketone
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In troduction

1



1.1. MODES OF CELL DEATH

Apoptosis is a phrase first used in 1972 by Kerr, Wyllie and Currie to describe a 

controlled form of cell death that is widespread during norm al physiological 

function, during development, as well as w ithin the context of various 

pathological states (Kerr et ah, 1972). Apoptosis is characterized by a series of 

hallmark phenotypical changes (See Figure 1), including shrinkage of the cell 

body and nuclear condensation (Kerr et ah, 1972). This culminates in the 

formation of small, membrane-bounded sacs composed of cytosol and nuclear 

fragments, achieved through a process of membrane blebbing. The products of 

this process, apoptotic bodies, become engulfed by macrophages, thus 

completing this cell-specific ablation mechanism (Kerr et al., 1972). As a 

result, no traces of the dead cell remain.

The authors of this landm ark study established the distinction between the 

physiological cell-autonomous suicide program of apoptosis and necrotic cell 

death (Kerr et al., 1972). Necrosis is passive, characterized by rapid cellular 

swelling, cell rupture and loss of plasma membrane integrity. A key difference 

between the two processes is that necrosis provokes an inflam m atory 

response, whereas apoptotic cells retain their plasma m em brane integrity and 

therefore do not. For this crucial reason, necrosis involves the unscheduled 

death of multiple cells in the same locality. In contrast, a single apoptotic cell 

harnesses an innate death program, leaving neighbouring cells completely 

unaffected.

As it transpired, it is not the case that specific stimuli provoke one or other of 

these radically different modes of cell death. Rather, the severity of the insult 

governs how a cell will die. Less severe stimuli allow apoptosis to occur, 

whereas more noxious doses of the same agent otherwise force the cell 

unwillingly into necrosis (Lennon et ah, 1991).

As will be discussed later, in spite of the fact that diverse stimuli can provoke 

apoptosis, these become channeled into relatively few core components of a 

suicide machine. A summary of some of these diverse apoptosis-inducing 

agents can be found in Table 1.
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Figure 1

Schematic diagram illustrating the hallmark phenotypical changes that a cell undergoes 

during apoptosis.

Within the tissue, the cell destined to die shrinks away from other neighbouring healthy 

cells, undergoing margination of chromatin to the periphery of the nucleus (I). During the 

next stage (II), the cell undergoes severe condensation/shrinkage, typified by blebbing— 

the appearance of membrane-bound inclusions. In addition, the nucleus undergoes 

fragmentation into discrete, condensed entities. The membrane blebbing then culminates 

in fragm entation of the cell into num erous, discrete m em brane-enclosed fragments 

containing cytoplasm, nucleus and organelles, called apoptotic bodies (III). These are then 

engulfed through phagocytosis, thus removing any traces of the dead cell from the 

surrounding environment (IV).



Table 1

Table illustrating some of the wide range of stimuli that can induce apoptosis

Proapoptotic stimulus

General Cellular 
Stresses

Genotoxic
Stresses

Cytokines/
Receptors

O ther

Heat Shock UV irradiation Cytokine w ithdraw al Microtubule

depolym erization

Ethanol Chem otherapeutic T-Cell receptor Inhibition of

drugs stim ulation proteasome function

Hypoxia y-Irrad iation Death Ligand (FasL, 

TNFa, TRAIL etc)

Kinase inhibition

Excessive Light Anti death receptor 

agonistic antibodies

Kinase overexpression

H2O2 Mitotic catastrophe 

Inhibition of 

protein synthesis 

RGD peptides 

Glucocorticoids 

Calcium ionophores



Kerr and colleagues proposed that most cell deaths were accomplished 

through apoptosis, not necrosis as was previously believed. They also 

highlighted that apoptosis was not simply restricted to a specific disease state 

or pathology, somewhat divorced from normal physiological conditions (Kerr 

et a l ,  1972). These observations established program m ed cell death as an 

ongoing physiological process as critically important as mitosis.

Subsequent evidence confirmed the premise that program m ed cell death 

events occur throughout every stage of the life cycle. For instance, apoptosis 

occurs widely during embryogenesis, in developm ent of the juvenile and 

throughout adulthood (Jacobson et al., 1997). Indeed, by way of example, every 

single minute, millions of cell deaths occur in the adult hum an. Clearly, 

given this seemingly uneconomical ongoing large-scale loss of cells, one 

would expect that this must be fulfilling an im portant biological im perative. 

This is indeed the case. The paragraphs that follow highlight the num erous 

scenarios that rely on apoptosis in order to stress the biological necessity for a 

regulated cell death programme.

1.2. ROLES OF APOPTOSIS

1.2.1. Apoptosis as a counterbalance to mitosis

An obvious rationale for apoptosis is to provide a counterbalance to the 

opposing cellular process of mitosis. Clearly, while adult m ulticellular 

organisms m aintain a constant size and cell num ber, many cell types are 

continually dividing. Apoptosis therefore represents a homeostatic safety 

valve essential for the maintenance of a stringently defined cell num ber 

(Jacobson et ah, 1997). This form of homeostasis also enables organisms to 

shed aged, worn, superfluous or transformed cells, that constitute a risk to the 

organism as a whole. For example, the hum an digestive tract and skin 

surfaces are sites of ongoing cell death. Via apoptosis, worn or damaged cells 

are shed from tissue, in order to be replaced by properly functioning healthy 

cells: the products of cell division.
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By deleting transformed cells, apoptosis helps to m aintain of the integrity of 

the genome, a prerequisite for multicellularity. Cells subjected to DNA 

damage die for the collective good of the entire organism. This is an essential 

anti-neoplastic mechanism. Typical of this is the loss of epidermal cells 

following sunburn. Interestingly, similar to the ability of different levels of 

the same stim ulus to engage apoptotic or necrotic responses, apoptosis is the 

most severe of the two possible cellular outcomes to DNA damage. If the 

DNA damage incurred is suitably trivial, a block on mitosis is triggered. In 

more severe cases, the cell enters apoptosis, rather than risk deregulated cell 

cycle progression and ultimately, tumourigenesis.

1.2.2. The immune system

In num erous scenarios, apoptosis is used to reduce a large cohort of cells to a 

subpopulation of cells bearing a specific characteristic. This is typified by the 

fine-tuning of the imm une system. For instance, the vast majority of cells 

that enter the thymus (some 95%) die during positive and negative selection 

(Nagata, 1997). Apoptosis enables the selection of cells capable of responding 

to antigen, that do not exhibit self-reactivity. A combination of mitosis and 

apoptosis enables our bodies to produce superfluous cells on a just-in-case 

basis. This allows a rapid immune response to fight infection, and elim inates 

cells which constitute a risk to proper immune function.

1.2.3. Differentiation

A phenom enon similar to apoptosis plays a key role in the term inal 

differentiation of several cell types. For example, the surface of hum an skin is 

composed of dead keratinocytes. Thus these cells play their intended cellular 

role as corpses (Jacobson et ah, 1997; Weil et ah, 1999). Intriguingly, expression 

of the death-inhibitory gene, Bcl-2, interferes with the term inal differentiation 

of these cells, suggesting that they must die in order to realize their intended 

differentiated role (Nataraj et ah, 1994). Certain cell types selectively harness 

some of the components of the suicide machinery w ithout succumbing to 

death per se. For example, during erythropoiesis, erythroblasts undergo an 

enucleation process typified by nuclear condensation and DNA fragm entation 

(De Maria et al., 1999). In addition, there is evidence to suggest that lens
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epithelial cells undergo a differentiation process that shares some of the 

hallmarks of apoptosis, including the appearance of pyknotic nuclei, 

fragmented DNA and even cleavage of certain protein substrates com m only 

encountered in apoptotic cells (Ishizaki et a l ,  1998).

1.2.4 Developm ent

During development, organ morphogenesis relies heavily upon program m ed 

cell death to delete masses of cells not required in the m ature tissue. This is 

akin to sculpture, whereby an am orphous block of material is selectively 

chiseled into a defined shape, the surplus material being deleted. This 

mechanism is typified by the developing m am m alian limb bud, w here 

formation of the digits is achieved by the selective death of superfluous cells 

within the interdigital regions (Jacobson et al., 1997). In a similar example, the 

sculpting of the nervous system is achieved through the selective death of 

some 50% of total neurons produced. This selective culling is mediated 

through the secretion of a nerve growth factor (NGF) by target cells that 

require innervation (Barde, 1989). Thus, in the case of neurons, superfluous 

cells are eliminated by something akin to neglect, since they require a surv ival 

factor in order to evade programmed death.

Apoptosis is a convenient means of ridding the body of obsolete structures, 

typified by the degeneration of the tadpole tail upon developm ent into a frog. 

In this scenario, increases in the levels of thyroid horm one provoke 

programmed death within the obsolete tail. Similarly, during h u m an  

embryogenesis, structures that are non-essential in one or other gender, such 

as the miillerian duct in the case of male mammals, are thought to die by 

apoptosis (Jacobson et al., 1997).

1.3 APOPTOSIS AND HUMAN DISEASE

The evidence above attests to the importance of apoptosis as a key 

developmental, anti-neoplastic and homeostatic mechanism, essential to the 

functioning of multicellular organisms. That factors either prom ote or repress 

cell death suggests that this process involves a defined molecular program that 

can be invoked, as required on a cell-specific basis. Given the ubiquitous roles
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of apoptosis, it is unsurprising that many diseases are the result of abberant 

regulation of this process. The examples below illustrate some of this range of 

diseases.

1.3.1. Cancer
To reiterate, apoptosis is a counterbalance to mitosis. Clearly, cancer can arise 

either as a result of an increased rate of proliferation, or a reduced level of cell 
death. An aggressively transformed cell possessing both of these 

characteristics has a selective advantage over a cell possessing only one of 

these possible tumorigenic determinants.

There is ample epidemiological evidence of transformed cells harbouring 
defects in the mitosis side of the equation, as evidenced by how frequently the 
tumour suppressor genes p53 and pRb are mutated in human neoplasias 
(Weinberg, 1995; Caspari, 2000). p53 is an important transcriptional modulator 

of apoptosis, via expression of death agonist molecules such as Bax and Noxa 
(Miyashita et a l ,  1995; Oda et a l ,  2000). In addition, it is also an important cell 
cycle regulator. It is therefore easy to see how this dual regulator of both sides 
of the homeostatic equation is mutated in half of all human cancers (Caspari, 
2000).

There is also evidence that some human malignancies arise from defects in 
the death machinery. However, the frequency of mutation of these molecules 
in cancers is substantially rarer than that of their cell cycle regulatory 
counterparts (Martin and Green, 1995a). One reason for this paradox is that 
the death machinery may also be required for cell cycle progression (Martin 

and Green, 1995a). Thus, the loss of some of the components of the suicide 
machine may be mutually exclusive with enhanced cellular proliferation 

(Martin and Green, 1995a Martin and Green, 1995b ). In support of this, many 

life-threatening tumours inducibly undergo apoptosis during chemo- and 
radiotherapy, suggesting that most of the components of the death machine 

are intact even in aggressively transformed cells. Moreover, cells transformed 
by deregulated expression of the transcriptional regulator c-Myc are actually
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sensitised to apoptosis, again suggesting that the death nnachinery and cell 

cycle machinery are mechanistically interwoven (Evan et al., 1992).

One of the best examples of a cell death regulator falling foul of m utation is 

the phenomenon of heightened levels of the Bcl-2 death antagonist in h u m an  

follicular B-cell lymphomas (Bakhsi et al., 1985). Bcl-2 was identified w ith in  

the context of a chromosomal abnormality involving a translocation 

breakpoint between chromosomes 14 and 18 in these leukaemic cells 

(Tsujimoto et al., 1985). It was initially hypothesized that Bcl-2 prom oted 

oncogenesis through a pro-proliferative effect. However, it subsequently 

transpired that the cytoprotective effect of Bcl-2 in this malignancy related to 

its ability to repress cell death (Hockenbery et al., 1993). The juxtaposition of 

the IgH promoter and enhancer elements upstream  of the Bcl-2 coding 

sequence results in massively heightened levels of the protein in B cell 

lymphomas (Tsujimoto et al., 1985). This exemplifies how a disruption in the 

relative levels of pro- and anti-apoptotic molecules can alter a cell's sensitivity 

to death stimuli. A decreased susceptibility to death may then allow the 

acquisition of further proliferative advantages. This principle has been aptly 

demonstrated by studies that show a cooperative effect of deregulated c-Myc 

expression alongside increased Bcl-2 levels in transformed cells (Vaux et al., 

1988; Bissonnette et al., 1992 ).

1.3.2. Im mune disorders

Apoptosis plays a key role in regulating one of the key effector components of 

the im m une system: T lymphocytes (Nagata, 1997). One of the m ost 

important functions of cytotoxic T-lymphocytes (CTLs) lies in their ability to 

induce apoptosis in certain target cells displaying non-self peptides. For 

example, cells that are abnormal due to being infected or transformed, are CTL 

targets (Abbas, 1996). T cells thus represent a means of im m une surveillance, 

whereby cells that in some way stand out as aberrant, get detected and deleted 

before further harm can manifest.

In order to explain how m utations in the cell death machinery can im pair 

normal immune function, it is first necessary to deal briefly with the biology
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of one of the n\ost im portant cell death effector m echanisms of the im m une  

system; the Fas (CD95R/CD95L) system (Abbas, 1996; Nagata, 1997). This is one 

of several systems that ultimately engage cell death via a mechanism of 

limited proteolysis of strategic cellular protein substrates. In the case of the 

Fas/CD95 system, binding of an extracellular ligand (knov^n as FasL) to a 

transmembrane death receptor (FasR) provides a means of engaging a family 

of cell death proteases called the caspases (Nagata, 1997). These molecules will 

be discussed in detail later.

Mutations targeting both FasR and FasL result in a variety of sim ilar 

lymphoproliferative diseases collectively called ALPS (A utoim m une 

Lymphoproliferative Syndrome) (Cohen and Fisenberg, 1991; Nagata and 

Suda, 1995; Abbas, 1996). These conditions are typified by a failure in  

activation-induced death (AICD) of T-cells that arise by clonal expansion. This 

results in lymphadenopathy and splenomegaly as a result of an accum ulation 

of superfluous T lymphocytes in these lymphoid organs. Interestingly, in  

addition to mutations targeting the Fas death receptor or Fas ligand, mutations 

in caspase-10, one of the key family of proteases that m odulate the proteolytic 

changes essential for apoptosis, have been detected in a similar disorder of 

lymphocyte homeostasis: ALPS type II (Wang et al., 1999).

A further example of how a m utation within the cell death machinery gives 

rise to neoplasia lies in the phenom onon of im m une escape. A lim ited 

number of tissues within the body—notably, the eye and testes—enjoy 

immune privilege (Nagata, 1997). These cells are protected from the negative 

effects of inflammatory cells and cytotoxic T-lymphocytes through expression 

of FasL. A similar strategy is adopted in a variety of hum an tum ours 

(Medema et al., 1999). These tumours may either secrete FasL inappropriately, 

or harbour defects in other components of the Fas/CD95 pathway. For 

instance, certain malignant melanomas have been found to express Fas ligand, 

thus protecting themselves by inducing apoptosis in Fas-sensitive CTLs 

(Hahne et al., 1996). In addition, upregulation of an endogenous inhibitor of 

the Fas pathway, cFLIP, has been proposed to contribute to the im m une escape 

of certain tumours (Medema et al., 1999). In a final example, upregulation of a
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soluble decoy receptor (DcR3), sequesters FasL away from receptors on the 

tumour cell, thus facilitating immune escape (Pitti et ah, 1998).

The examples above illustrate scenarios where the disease arises from a failure 

to engage the cell death machinery as would norm ally be required. In the 

examples that follow, defects in the regulation of cell death that give rise to 

unscheduled apoptosis, are operative.

1.3.3. Cardiovascular disease

Inappropriate apoptosis is thought to mediate some of the neuronal loss 

associated with diseases of the cardiovascular system, such as strokes and 

coronary heart disease, whereby a temporary blockade of oxygenated blood 

flow leads to cell death in the brain (Cheng et al., 1998). These disorders 

initially trigger widespread necrotic cell death in the imm ediate locality of the 

blockade, as a result of oxygen and glucose deficiency. However, recent 

evidence suggests that the subsequent wave of cell death during ischemia may 

be apoptotic, provoked by less severe hypoxia away from the im m ediate 

epicentre of the occlusion. A peptide-based apoptosis inhibitor, Z-VAD-fmk, 

can attenuate cell death associated with reperfusion injury, suggesting that 

apoptosis plays a role in the pathology of cardiovascular disease (Cheng et al., 

1998).

1.3.4. Neurodegeneration

An increasing body of evidence suggests that apoptosis may play a role in  

neurodegenerative disorders, such as Alzheimer's disease and H untington 's 

disease (Yuan and Yankner, 2000). In both cases, it is hypothesized that the 

accumulation of insoluble protein aggregates provoke neuronal loss. 

Interestingly, a dom inant negative version of one of the caspase family of 

proteases, caspase-1, has been demonstrated to block progression of the disease 

in a transgenic mouse model of huntington's disease (Ona et al., 1999). 

Moreover, there is evidence that caspases play a role in the cleavage of

amyloid precursor protein (APP) into the cytotoxic Amyloid-(3 (AP) moiety 

thought to be responsible for neuronal loss associated w ith A lzheim er's 

disease (Gervais et al., 1999). In another example, inappropriate photoreceptor

9



cell death is thought to contribute to the early onset of blindness in  

individuals suffering from retinitis pigmentosa (Humphries et a l , 1992).

1.3.5. Viruses

Many viruses hijack the death machinery in order either to prom ote death, or 

extend the life of the infected cells (Meinl et ah, 1998). In many cases, this 

involves expression of viral relatives of m am m alian genes, including 

homologues of the Bcl-2 family and the caspase inhibitors, crmA and p35 

(Clem et al., 1991; Ray et ah, 1992; Meinl et al., 1998). The cellular counterparts 

of these viral proteins will be discussed later.

All of these examples highlight the importance of apoptosis as a principle or 

secondary determ inant in many hum an diseases. By extension, it is highly 

desirable that the molecules that regulate cell death be identified and their 

roles dissected. Resultingly, apoptosis has been the subject of intense research 

efforts, largely within the past decade. As will be discussed below, our 

understanding of the molecular basis of this process has been strongly 

influenced by information gleaned from the study of a simplified m odel 

organism: the nematode.

1.4. PROGRAMMED CELL DEATH IN C.elegans 

1.4.1. Nematode death genes

The first evidence that programmed cell death was under molecular control 

came from studies of genetic m utants isolated from the nematode, C.elegans  

(Metzstein et al., 1998). This model was successful in revealing a genetic 

connection underpinning developmentally-regulated cell deaths, largely 

because the fate of defined individual worm cells can be m onitored 

throughout embryogenesis and development using simple visual microscopy. 

The use of a pool of worm genetic mutants not only identified candidate death 

genes, but actually enabled the ordering of these cell death gene products into a 

single signaling pathway (Hengartner, 1997; Metzstein et al., 1998). Critically, 

the discovery that many worm cell death proteins resemble their h u m an  

counterparts, stimulated an explosive effort to unravel the complexities of 

hum an cell death. Thus, the basic paradigm established through the study of
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worm cell deaths has proved a useful framework from which mammalian cell 

death can be studied.

In the worm, from a total of 1090 cells generated during herm aphrodite 

somatic development, 131 are program m ed to die (Sulston and Horvitz, 1977; 

Ellis and Horvitz, 1986; Hengartner, 1997). Intriguingly, monitoring the fate of 

these cells, the majority of which become deleted during embryogenesis, 

revealed that specific dying cells were invariant amongst individual worms. 

Moreover, the death of these cells always occurred at specific times and places 

during development, strongly suggesting that the process was underpinned by 

a molecular program (Ellis and Horvitz, 1986; Hengartner, 1997). Of m ore 

than 100 candidate mutations isolated that affect PCD or the subsequent 

engulfment phase, more than a dozen worm cell death genes have been 

identified (Ellis and Horvitz, 1986; Hengartner, 1997). Collectively, these are 

named the ced genes (cell death abnormal). These genes can be subclassified 

on the basis of their involvem ent in: the decision to die, execution of the 

death program, the engulfment of the doomed cell, or the degradation of the 

dying phagocytosed corpse (Hengartner, 1997). Those that regulate the 

execution of the death program will be discussed below.

Three nematode genes, ced-3 and ced-4 and egl-1, were identified as being 

essential components for the execution of virtually all worm cell deaths (Ellis 

and Horvitz, 1986; Yuan and Horvitz, 1990; Hengartner et al., 1992). Initial 

clues that a cell-autonomous death program existed came from genetic mosaic 

studies (Yuan and Horvitz, 1990). These revealed a direct correlation between 

the loss of function of the ced genes and the failure of cells harboring the 

mutations to die (Yuan and Horvitz, 1990).

Intriguingly, loss of one, or combinations of several of the three genes, 

resulted in identical phenotypes, namely, a failure to ablate the majority of 

somatic cells normally programmed to die (Hengartner, 1997; Metzstein et al., 

1998). This suggested that these molecules cooperated in a common pathway 

(Hengartner, 1997; Metzstein et al., 1998). Further analysis of worm m utants 

defective in one or other these genes revealed that ced-3 and ced-4 formed part
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of a common suicide pathway. It was thought that ced-4 exerted its function 

upsteam of ced-3, since overexpression of the ced-4 gene in worms lacking ced- 

3 failed to invoke the death program, whereas overexpressed ced-3 weakly 

promoted death in the absence of ced-4 (Shaham and Horvitz, 1996). Several 

lines of evidence suggested that the egl-1 gene (egg laying defective) also 

played a role within the ced-3/ced-4 genetic framework (Lavoie et ah, 1998). 

First, the ced-4 gene was identified w ithin the context of a loss-of-function 

allele that nullified the cell death promoting characteristics of the egl-1 gain of 

function m utant, placing egl-1 upstream of ced-4 (Shaham and Horvitz, 1996). 

Additionally, ectoptic expression of egl-1 results in unscheduled cell loss, 

requiring wild type ced-3 and ced-4 alleles, demonstrating that these molecules 

participate in a common death pathway (Conradt and Horvitz, 1998).

A fourth essential regulator of worm program m ed cell deaths was also 

identified: ced-9 (Hengartner et al., 1992). Interestingly, whereas ced-3, ced-4 

and egl-1 appeared to cooperate to promote apoptosis, overexpression of ced-9 

or ectopic expression of the ced-9{nl950) gain of function m utan t prevented 

developmentally scheduled deaths (Hengartner et al., 1992). This resulted in a 

phenotype essentially identical to worms harbouring loss of function 

mutations in ced-3 or ced-4 (Hengartner et al., 1992). Further proof that ced-9 

suppressed cell death was revealed by the discovery of a ced-9 loss of function 

m utant that spontaneously promoted the death of cells norm ally scheduled to 

survive (Hengartner et al., 1992). Interestingly, m utations in ced-3 and ced-4 

were able to counteract the cell loss associated with the ced-9 mutant, im plying 

that ced-3, ced-4 and ced-9 operated within the same pathway to regulate worm 

programmed cell deaths, with ced-9 lying upstream  of ced-4 and ced-3 

(Hengartner et al., 1992). Moreover, whereas loss of egl-1 function prevented 

somatic cell death, as did loss of ced-3/ced-4  function, the concomitant loss of 

ced-9 plus egl-1 function did not rescue the lethality associated with the loss of 

ced-9. This placed egl-1 upstream of ced-9 (Conradt and Horvitz, 1998).
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1.4.2, Nematode cell death proteins
On the basis of the genetic analyses described above, a prototypical fram ework 

for death was established. However, since this model was assembled from  

genetic information, exactly how the gene products participated in a com m on 

pathway was unknown. Intriguingly, subsequent observations, most of w hich 

were published within a single year, revealed that this death pathway was 

mediated through a series of protein-protein interactions.

These data revealed that CED-4 protein could bind to CED-3, in agreem ent 

with the observation that CED-4 expression could activate CED-3 (Irmler et al., 

1997; Chinnaiyan et al., 1997a; Seshagiri et al., 1997a; Seshagiri et al., 1997b). In 

addition, another study reported the physical interaction between CED-9 and 

CED-4, suggesting that this was the likely means by which the the death 

promoting properties of CED-4 were repressed (Spector et al., 1997).

Critically, it transpired that CED-3, CED-4 and CED-9 could interact 

simultaneously and under these conditions, CED-3 failed to be activated 

(Chinnaiyan et al., 1997b; Wu et al., 1997a). This trimolecular complex 

perfectly fitted the predictions of the gene hierarchy obtained from the 

previous genetic studies, summarized in Figure 2. The position of the death 

prom oting EGL-1 protein within this pathway was subsequently confirmed: 

EGL-1 binds to CED-9 and in doing so displaces the CED-9/CEI>4 interaction, 

thus freeing up the CED-3 activating activity of CED-4 (del Peso et al., 1998; del 

Peso et al., 2000). Moreover, the binding of EGL-1 to CED-9 induces a 

relocalization of CED-4 from mitochondrial membranes to the cytosol (del 

Peso et al., 1998). Since a previous report suggested that co-expression of CED-9 

changed the localization of CED-4 to a punctate, m itochondrial-like 

distribution, this suggested that EGL-1 freed CED-4 of its CED-9 m itochondrial 

tether, thereby explaining its role upstream of CED-9 in the pathway (Wu e t  

al., 1997b; del Peso et al., 1998). Finally, a study by Yang and colleagues (Yang e t  

al., 1998a) completed the picture with the observation that CED-4 appeared to 

form oligomers and in doing so, activate CED-3. The significance of this 

mechanism will be dealt with more extensively later.
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The studies described above provided the first evidence that cells direct their 

own demise, by engaging a defined molecular death program, mediated by a 

series of protein-protein interactions. The striking discovery that m am m alian  

cell deaths are orchestrated through a similar mechanism, is detailed in the 

paragraphs that follow.

1.5. MAMMALIAN RELATIVES OF C.elegans DEATH GENES 

1.5.1 Human ICE and CED-3

The first clue that unlocked the identity of the m am m alian executioner came 

with the discovery that CED-3 had an evolutionarily conserved relative: a 

hum an protein called ICE (Yuan and Horvitz, 1993). In 1993, Junying Yuan 

and Robert Horvitz reported that the CED-3 amino acid sequence resembled 

that of a cysteine proteinase termed ICE (interleukin-1 P converting enzyme). 

Intriguingly, one year prior to this, ICE had been identified as a protease that 

mediated the m aturation of the cytokine interleukin-l-(3 specifically through 

proteolytic cleavage (Thornberry et ah, 1992). CED-3 and ICE shared some 29% 

identity throughout their entire length (Yuan and Horvitz, 1993). 

Interestingly, a region of significantly higher identity between the two 

molecules (some 43%) included a completely conserved pentapeptide m otif 

(Yuan and Horvitz, 1993). Since the central cysteine residue (cysteine-285) 

within this shared QACRG motif was necessary for the proteolytic activity of 

ICE, this discovery strongly suggested that CED-3 functioned as an ICE-like 

proteinase (Thornberry et a l, 1992; Yuan and Horvitz, 1993). In addition a 

similar molecule called Nedd-2, identified by Kumar and colleagues w ith in  

the context of a message upregulated in the developing m urine embryonic 

brain, also shared 27% identity with CED-3 (Kumar and Noda, 1992; Yuan and 

Horvitz, 1993).

The implications associated with this observation were manifold. Firstly, it 

appeared that some worm cell death proteins were well conserved in  

mammals. This increased the value of the framework laid down in the 

original nematode genetic analyses. Moreover, the discovery that ICE was a 

cysteinyl protease with an unusual specificity for aspartate residues suggested a 

molecular mechanism for cell death. This was possibly via cysteinyl protease-
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mediated cleavage of as yet undefined cellular substrates (Thornberry et ah, 

1992; Yuan and Horvitz, 1993). Thus, the concept of apoptosis as a m olecular 

process that culminates in proteolysis, was established.

There were further rich gleanings as a result of this discovery. In 

characterizing ICE as an IL-ip processing enzyme, Thornberry and colleagues 

reported that ICE became activated as a result of proteolytic cleavage of a 

precursor molecule (Thornberry et al., 1992). Interestingly, active ICE could 

induce the m aturation of immature ICE precursor molecules (Thornberry et 

al., 1992). The aspartate acid residues thought to mediate the m aturation of 

ICE were also conserved in CED-3 (Yuan and Horvitz, 1993). Moreover, in  

addition Yuan and colleagues reported that six of the eight ced-3 m issense 

mutations identified in cell death defective worms altered amino acid residues 

that were identical in wild type CED-3 and ICE proteins (Yuan and Horvitz, 

1993). This strongly suggested a shared mechanistic death activity am ongst 

mammals and worms: proteolysis.

The hypothesis that an ICE-like activity may mediate m am m alian cell death 

was further tested (Miura et ah, 1993). Intriguingly, overexpression of m urine  

ICE or worm CED-3 induced hallm ark apoptotic changes in fibroblasts, 

suggesting that a cysteine-aspartate proteinase activity was indeed responsible 

for apoptosis (Miura et al., 1993). As will be detailed in the passages that 

follow, CED-3, ICE and Nedd-2 constitute the founding members of a family of 

enzymes called the caspases (Alnemri et al., 1996). Subsequent studies 

demonstrated that ICE (caspase-1) played a role in cytokine processing rather 

than in apoptosis per se. Nonetheless, these observations were pivotal in  

initiating a search to find those caspase-1 relatives, that play a key role in  

apoptosis. Before introducing these caspases, a further landm ark discovery 

will be discussed.
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1.5.2. Human Bcl-2: and C.elegans CED-9

Further work from the nematologists strengthened the connections between 

apoptosis in hum ans and worms. A year following the discovery of the CED- 

3/ICE connection, it was reported that the CED-9 amino acid sequence 

resembled hum an Bcl-2 (Hengartner and Horvitz, 1994). Thus, applying the 

nematode paradigm, it was hypothesized that Bcl-2 blocked caspase activation 

by binding to and inhibiting hum an CED-4 homologues. It is currently 

unclear whether this particular mechanism is conserved in hum ans. 

However, this discovery identified Bcl-2 as an upstream  inhibitor of the 

caspases, albeit probably indirectly in the case of m am m alian apoptosis. Thus, 

the collective evidence suggested that m am m alian apoptosis was regulated 

primarily by promoting or inhibiting caspase activation.

1.6. CASPASES

The discovery that proteolysis constituted the core apoptotic m echanism  

provoked a frantic research effort to identify CED-3/ICE homologues. As it 

transpires, there are m ultiple CED-3 relatives, currently 14 m am m alian  

caspases, of which 12 members have been identified in hum ans (Slee et al., 

1999a; Nicholson, 1999). According to the nom enclature established by a 

working group in the field, hum an CED-3-related enzymes are term ed 

caspases (cysteinyl aspartate specific proteases), so-called since they are cysteine 

proteases possessing an unusual substrate specificity for aspartate amino acid 

residues (Alnemri et al., 1996). Evidence suggests that caspases are 

om nipresent in healthy cells as inactive precursor pro-enyzmes. Thus, in  

many cases, cell death can proceed w ithout the requirem ent to synthesize 

components the death machinery (Weil et al., 1996). This explained the 

observation that inhibitors of transcription and protein synthesis not only fail 

to block apoptosis, but actually accelerate it (Martin et al., 1990). As will be 

detailed later, some cell deaths involve de n o vo  gene expression and are thus 

an exception to this general rule.

1.6.1 Caspase structure and activation

Structurally, inactive caspases (procaspases) consist of a large subunit, typically 

17-21 kDa in size, flanked by a prodom ain at the N -term inus of the m olecule
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of varying size (3-24kDa) and at the C-terminus by a small subunit of some 10- 

13 kDa, depending on the individual caspase (Nicholson, 1999) (See Figure 3). 

The junction between each of these modules is flanked by a tetrapeptide motif, 

that includes an aspartate residue. This suggests that caspases may be activated 

by an autoactivation mechanism. It also suggests that a trickle of active 

caspase can provoke a cascade involving the transactivation of m ultip le  

caspase species. This has indeed been verified by experimental evidence and 

will be discussed in greater detail later and in the general discussion (Chapter 

VI).

Caspases become converted into their active forms via a two step process 

(Martin et a l ,  1996a). As is demonstrated in Figure 4, the first step in caspase-3 

activation involves active caspase-mediated cleavage between the large and 

small subunits of the molecule, generating p l2  and p24 moieties (Martin et al., 

1996a). This may also be achieved by a non-caspase protease called granzyme B 

(Martin et al., 1996a). In a secondary step, caspase-3 then proteolytically 

removes its own prodom ain, further truncating the p24 product into the p l7  

large subunit (Martin e t .a l ,  1996a).

Interestingly, the X-ray cystallographic structures of long prodom ain caspase-1 

(ICE) and short prodomain caspase-3 revealed that an active caspase m olecule 

is composed of a tetramer consisting of a two large:small subunit heterodimers 

(p20:pl0, caspase-1; pl7:pl2, caspase-3) (Walker et al., 1994; M ittl et al., 1997). 

This also revealed that both caspase subunits contribute the residues (S1-S4) 

required for substrate binding (Walker et al., 1994; Mittl et al., 1997; N icholson, 

1999). The S4 cleft, a major determinant of substrate specificity, resides w ith in  

the small subunit (Walker et al., 1994; Mittl et al., 1997; Nicholson, 1999). In 

addition, all caspases possess several conserved hallm ark amino acids 

essential for enzymatic activity (Nicholson, 1999). Most notable of these is the 

invariant QACXG motif contained within the large subunit, of which the 

cysteine residue is critical for catalysis (Nicholson, 1999). In addition, a 

conserved histidine residue that acts in proximity to the active site cysteine, is 

also thought to play an important catalytic role (Walker et al., 1994).

17



32-53 kDa

QACXG 

Asp-X A Z . Asp-X

N -

Prodomain 
(3-24 kDa)

Large subunit 
(17-21 kDa)

Small subunit 
(10-13 kDa)

Figure 3
Schematic diagram illustrating the structure of a typical procaspase.
The prodomain, large and small subunits are indicated. The range of sizes in kDa that 
these respective subunits comprise in different caspase members is show'n. Indicated 
within the large subunit is the conserved active site motif possessing the central cysteine 
residue. X denotes any amino acid. Also indicated flanking the large subunit is a 
conserved aspartate residue required for proteolytic cleavage-mediated maturation of 
the enzyme. Cleavage occurs between the Asp residue at the PI position and the adjacent 
residue indicated by "X". The diagram is adapted from Nicholson, 2000.

Table 2
Table indicating the subdivision of caspases based on their tetrapeptide substrate 
specificity, as reported by Thornberry et al., 1997.

Group P4 P3 P2 PI Caspases

1 Hydrophobic Glu X Asp -1 ,-4 , -5 ,-13

11 Asp Glu X Asp -2, -3, -7

111 Aliphatic Glu X Asp -6 ,-8 , -9 ,-1 0
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Activation of caspase-3 during apoptosis.
Schematic diagram illustrating the two-step mechanism involved in the m aturation of caspase-3. 
Inactive procaspase-3 is a ~32 kDa molecule composed of large and small subunits and a N- 
terminal prodomain. Indicated are the active site QACRG motif within the large subunit and the 
tetrapeptide motifs flanking the large subunit that represent the sites of proteolytic processing. 
The cleavage site after the PI aspartate residue is indicated by " / ”• Numbers refer to the molecular 
weight in kDa of the subunits or cleavage products.
Activation of the molecule is initiated by cleavage between the large and small subunits (I) by an 
acti\ e caspase species or by Granzyme-B. Active caspase-3 then facilitates removal of its own 
prodomain as indicated (II). Finally, the mature enzyme assumes a tetrameric structure, composed 
of a core of two small subunits flanked on the periphery by two large subunits (III).



1.6.2. Criteria for subdividing the caspases

Caspase family members can be subdivided according to a variety of criteria. 

However, it is im portant to note that none of these classifications completely 

mirrors their role in apoptosis. Based on structural criteria, in particular, the 

length of the N-terminal prodomain, caspases can be demarcated either into 

long or short prodom ain species. There have been attempts to m ake 

functional inferences based on this criterion alone, namely that the long 

prodom ain species tend to occupy apical signaling roles, while short 

prodom ain caspases function as downstream  executioners. This useful 

guideline is not unilaterally applicable. Nonetheless, evidence suggests that 

all of the long pro-domain caspases can be recruited by adaptor molecules that 

promote their activation during apoptosis. This interaction is m ediated 

through a conserved motif within the prodom ain called the CARD dom ain 

(caspase recruitm ent domain) (Hofmann et ah, 1997). CARDs and their 

structurally and functionally similar relative, the death effector dom ain (DED) 

are characterized by an abundance of leucines or similar aliphatic amino acids 

in addition to conserved acidic and basic amino acids within the prodom ain 

(Hofmann et al., 1997). Structurally, the CARD motif is composed of six a- 

helices (Hofmann et al., 1997).

Another means of subdividing the caspases relies on their preferred substrate 

specificity—as identified by a combinatorial screening approach using 

tetrapeptides (Thornberry et al., 1997). All caspases have a stringent 

tetrapeptide substrate profile (NH3-P4-P3-P2-P1-COOH) that is characterized by 

an invariant requirement for an aspartate residue in the PI position 

(Thornberry et al., 1997). This is the site where proteolytic scission occurs in  

substrate proteins. In addition to this essential determinant, the combinatorial 

approach identified a preference for hydrophobic residues in the P4 position of 

so-called group I caspases (caspases-1, -4, -5 and -13); an aspartate preference for 

group II caspases (-2, -3, -7 and CED-3); finally, the preference for a P4 aliphatic 

residue in group III caspases (-6,-8,-9,-10; as well as aspase, Granzyme B) 

(Thornberry et al., 1997). This information is sum m arized in Table-2. This 

does not easily explain the presence of short pro-dom ain caspase-6 am ongst 

established initiator caspases, or explain the presence of CARD-bearing
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caspase-2 amongst executioner caspases -3 and -7. Nonetheless, it is interesting 

to note that most of the caspases that bind to adaptor molecules (with the 

exception of caspase-6) fall into group III; the caspases that are thought to 

mediate key substrate proteolytic events, group II, and the caspases that are 

thought to have an involvement primarily in cytokine processing, rather than 

apoptosis, per se, group I (Thornberry et al., 1997).

Another way of subdividing the members of the caspase family—generating a 

dendogram based on m ultiple alignment data—concurs roughly with the 

putative subdivisions laid down by combinatorial chemistry (Figure 5). In this 

analysis, caspases-4 and -5 form a subgroup within a broader ICE subfamily 

that includes caspase-1. These caspases collectively diverge from the CED-3 

subfamily composed of the long and short-prodom ain apoptotic caspases. 

Moreover, the short prodom ain caspases thought to mediate key proteolytic 

events fall into one subfamily (caspases-3, -6 and -7). Finally, caspases-2 and -9 

segregate together and caspases -8 and -10, possessing two death effector 

domains within the prodomain, fall into another distinct subfamily. In 

conclusion, as yet, no particular classification particularly well fits all of the 

evidence concerning the role of these proteases in vivo.

1.6.3. Non-redundant role of caspases

Since there are m ultiple hum an caspases that apparently share overlapping 

tetrapeptide substrate specificites, one critical question pertinent with respect 

to therapeutic targeting strategies is: do these molecules actually have 

overlapping or redundant roles in vivo?

The answers to this essential question are beginning to accumulate, derived 

largely from knockout (See Table-3) and im m unodepletion-based studies 

(Zheng et al., 1999; Slee et al., 2001). One of the most compelling lessons from  

gene targeting experiments in caspase-null mice is that most of these 

molecules occupy non-redundant roles (Zheng et al., 1999). In some cases, the 

knockout phenotype attributable to the loss of a single caspase is profound. 

For example, CASP-9~^' mice incur abnormal brain developm ent and the 

phenotype is lethal before or around birth (Hakem et al., 1998; Kuida et al..
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1996.



Table 3

Summary of the phenotype of mice nullizygous for the indicated caspases.
N /D , not determ ined. A dapted from Zheng et al., 2000.

Caspase D evelopm ental
phenotype

Apoptotic phenotype References

Caspase-1 N orm al Fas? (thym ocytes) K uida et al., 1995; 
Li et al., 1995

C aspase-2 N orm al Germ cells Bergeron et al., 
1998

C aspase-3 P erinata l le thal N euroepithelial progenitors; 
lack of or delayed m orphological 
changes and DNA fragm entation

K uida et al., 1996; 
Woo et a l ,  1998

C aspase-6 N orm al (U npublished) N /D
Caspase-7 Embryonic lethal 

(U npublished)
N /D

Caspase-8 Embryonic lethal Death receptor 
(Fas, TNF, DR-3)-MEFs

V arfolom eev et al., 
1998

Caspase-9 Embryonic lethal N euroepithelial progenitors; 
m itochondrial defects 

(dexam ethasone, staurosporine, 
etoposide, g-irrad iation  

p athw ays im paired) 
-thym ocytes

K uida et al., 1998; 
H akem  et al., 1998

Caspase-11 N orm al Fas? (thym ocytes) W ang et al., 1998



1998). CASP-8'^' mice also exhibit a severe phenotype including embryonic 

lethality, abnormal haematopoietic progenitor development and interestingly, 

abnormal development of heart muscle (Varfolomeev et a l ,  1998). However, 

the organs and tissues affected in this instance differ substantially from that 

exhibited in the CASP-9-null counterparts. Thus, it appears that these 

individual caspases have non-overlapping, distinct roles. While both of these 

phenotypes are arguably severe, another perspective is that in spite of these 

defects, the mice actually undergo a surprising am ount of developm ent and 

differentiation, before lethality occurs.

In contrast, long prodom ain CASP-2-null mice are essentially phenotypically 

normal, with the exception of a transient accumulation in the num ber of 

oocytes (Bergeron et ah, 1998). It is therefore difficult to make predictions 

about the role of a particular caspases as judged by simple structural or in v i tro  

substrate criteria alone. This caveat is particularly well illustrated in caspase-3- 

null mice: obviously the so-called "initiator" caspases are intact in these

animals—and thus one may generously assume, available to channel death 

stimuli as a functional alternative through "executioner" caspases-6 and -7. In 

fact, CASP-3'^' mice actually exhibit a phenotype reminiscent of the caspase-9 

knockout, in terms of impaired brain developm ent and perinatal lethality, 

suggesting that caspases -6 and -7 are incapable of substituting for the absence 

of caspase-3 (Kuida et al., 1996; Woo et al., 1998).

The non-redundancy of executioner caspases in terms of substrate proteolysis 

has recently been demonstrated (Slee et al., 2001). Im m unodepletion of 

caspase-3 from cell free extracts halts the proteolysis of the majority of 

substrates tested when the extracts are triggered to undergo apoptotic changes 

(Slee et al., 2001). This again suggests that caspases-6 and -7 are not simply 

functionally-redundant quasi copies of caspase-3 (Slee et al., 2001). Thus, in  

spite of the relative promiscuity of peptide inhibitors based on a DEXD 

substrate preference for these executioners, in vivo it appears that the choice of 

substrate is much more restrictive (Thornberry et ah, 1997; Slee et al., 2001).
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This could relate to steric contraints placed on the substrate cleavage site 

within the context of the full-length molecule, as opposed to a sim ple 

tetrapeptide, particularly the P4 site. Further reasons that may account for this 

non-redundancy may relate to temporal or spatial restrictions in caspase 

expression (Zheng et ah, 1999). In particular, it is interesting to note that in  

addition to m aintaining a general presence within the cytoplasm, indiv idual 

caspases may reside in other cellular compartments. For instance, there is 

evidence that caspases -2 and -9 may reside within the nuclear com partm ent 

(Colussi et a l ,  1998; Ritter et a l,  2000). In addition, there is evidence to suggest 

that caspases-2,-9 and -3 may undergo release from m itochondria during the 

apoptotic program (Mancini et al., 1998; Krajewski et al., 1999; Zhivotovsky et 

al., 1999). During apoptosis, caspase-3 may translocate to the nucleus, whereas 

caspase-7 is found in association with microsomes (Zhivotovsky et al., 1999). 

Finally, caspase-12 may sublocalize to the ER, the locality where it may exert its 

pro-apoptotic effects, as suggested by knockout studies (Nakagawa et al., 2000).

1.6.4. Functional consequences of caspase activation

In conclusion, since proteolysis forms an irreversible step on the path to cell 

death, caspases constitute an essential core of the suicide machinery. Indeed, 

as is aptly demonstrated by studies using both the pan-caspase inhibitor Z- 

VAD.fmk, as well as similar aspartate-based tetrapeptide drugs presumed to act 

more locally on specific caspases or caspase subfamilies, caspases are clearly 

indispensible for apoptosis (Nicholson et al., 1995). Given the absolute 

requirement for these enzymes, what is the functional consequence of caspase- 

mediated proteolysis during apoptosis?

Caspase substrates can be conveniently subdivided into proteolytic events that 

active a death-promoting factor, those that disable a m echanism essential for 

survival, or those that promote the structural dism antlem ent of the cell 

(Nicholson, 1999). In terms of disabling a cellular mechanism, substrates 

include the DNA repair enzyme, PARP (poly(ADP-ribose) polymerase) and 

cell cycle regulatory molecules such as the PITSLRE kinases (Nicholson, 1999). 

During disassembly of cellular structures, caspase substrates such as nuclear 

lamins A and B and actin are cleaved by active caspases (Nicholson, 1999).
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I.6.4.I. Phagocytosis

Arguably, one of the most critical caspase-mediated events involves the 

changes that a dying cell undergoes that enables it to be recognized and 

engulfed by phagocytes. This endpoint is im portant for two reasons. First, it 

provides a convenient means of ridding the surrounding tissue of apoptotic 

corpses required for organ morphogenesis. Additionally, it is imperative that 

the apoptotic cell is removed from the surrounding environm ent before the 

corpse undergoes a loss of plasma membrane integrity associated w ith 

secondary necrosis. Failure to do this would otherwise lead to an undesirable 

pro-inflammatory response within the locality.

One caspase-dependent mechanism that has been identified as im portant in  

facilitating the engulfment of dying cells involves the externalization of a 

phospholipid called phosphatidylserine (PS) (Fadok et al., 1992; Martin et al., 

1996b). Interestingly in healthy cells, PS is confined to the inner leaflet of the 

plasma membrane. Induction of the death program in diverse cell types 

triggers a radical reorganization in the lipid membrane, leading to exposure of 

PS on the surface of dying cells (Fadok et al., 1992; Martin et al., 1996b). 

Moreover, studies using the PS-specific probe, Annexin V, demonstrate that 

PS exposure is actually an earlier event than the changes associated with the 

apoptotic nucleus (Martin et al., 1995c).

The requirement for PS exposure to enable macrophage engulfm ent of 

apoptotic cells was demonstrated in a study by Fadok and colleagues (Fadok e t  

ah, 1992). Macrophages isolated from the m urine peritoneal cavity were 

unable to recognize apoptotic cells when co-incubated w ith PS liposomes 

(Fadok et ah, 1992). Intriguingly, further evidence for the requirem ent for PS 

externalization in engulfm ent came from another study that identified a 

human receptor capable of mediating PS-dependent phagocytosis (Fadok et al., 

2000). Phagocytic cells expressing the receptor were incapable of engulfing 

apoptotic cells when incubated with an antibody specific to the receptor (Fadok 

et al., 2000). In addition, expression of the receptor enabled non-phagocytic 

Jurkat cells to engulf apoptotic cells (Fadok et al., 2000). Interestingly, current
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evidence suggests that lipid membrane reorganization and PS exposure may 

occur not only in the dying cell, but also in the engulfing cell (Marguet et ah, 

1999). This notion was strengthened by the identification of the h u m an  

homologue of the C.elegans ced-7 engulfment gene, ABCl, that appears to 

promote engulfm ent of dead cells by promoting a redistribution of the lipid 

bilayer that induces PS externalization (Hamon et ah, 2000).

I.6.4.2. Nucleases

Caspases also switch on the molecules responsible for generating the apoptotic 

nucleus. In the case of DNA fragmentation, this is achieved by caspase-3- 

mediated cleavage of an inhibitor of the nuclease CAD (caspase activated 

deoxyribonuclease). W ithin the cytosol of healthy cells, the binding of the 

inhibitor, ICAD, muzzles CAD activity. However, cleavage of ICAD releases 

CAD, prom oting its nuclear import. This facilitates internucleosom al DNA 

degradation (Sakahira et a l, 1998; Enari et ah, 1998). Similarly, the C-term inal 

caspase-3 cleavage product of Acinus (apoptotic chrom atin condenser in the 

nucleus) undergoes nuclear import, wherein it promotes chrom atin 

condensation (Sahara et al., 1999).

1.7 REGULATION OF CASPASE ACTIVITY 

1.7.1 Caspase inhibitory proteins

Since caspases bear the critical reponsibility as to w hether a cell lives or dies, 

many molecules that can prevent cell death do so by inhibiting these enzymes. 

There are two main scenarios where it is desirable to limit or block caspase 

activity. First, in healthy cells, endogenous inhibitors of caspases or caspase 

activation dam pen down any unscheduled, accidental caspase activation that 

may endanger an otherwise normally functioning cell. This sets the threshold 

of susceptibility of a given cell to prevailing stimuli. In another example, the 

genome of many viruses encode caspase inhibitors that act to suppress the 

suicide attempt of the host cell upon infection, thus maximizing the ability of 

the virus to replicate and productively infect further cells (Meinl et ah, 1998).

23



1.7.1.2. Caspase pseudosubstrates

One strategy adopted by viral caspase inhibitors amounts to playing the role of 

a decoy substrate, or pseudosubstrate for active caspases. The baculovirus p35 

protein inhibits cell death by acting as a caspase substrate, achieved by 

possession of a tetrapeptide caspase cleavage site (Clem et ah, 1991; Xue and 

Horvitz, 1995). Interestingly, in addition to undergoing cleavage, this protein 

forms stoichiometric complexes with active caspases, thus blocking their 

activity (Bump et a l ,  1995).

A further class of molecules, the serpins, suppress caspase activity in a sim ilar 

manner, as caspase substrates and competitive inhibitors (Ray et al., 1992; 

Enari et al., 1995). The prototypical member of this family, the cowpox serpin 

CrmA, dampens down pro-inflammatory responses in infected cells by

blocking the proIL-ip processing activity of caspase-1 (Ray et al., 1992; Xue and 

Horvitz, 1995). When transfected into hum an cells, CrmA can also 

successfully inhibit the proximal protease in the Fas/TNFR pathway: caspase- 

8, thus suggesting that serpins can inhibit apoptosis as well as cytokine 

processing (Zhou et al., 1997). Since mammalian serpins have been identified, 

it is likely that these molecules are present as endogenous inhibitors of caspase 

activity in non-infected cells (Young et al., 2000).

1.7.1.3. The lAPs

A further class of inhibitory molecules, the lAPs (inhibitor of apoptosis 

proteins) also have a specificity for individual caspases. For instance, h u m an  

lAPs cIAF-1 and -2 are effective inhibitors of caspases-3 and -7, whereas they 

are ineffective in blocking the activity of caspases -1, -6 and -8 (Roy et al., 1997). 

How these molecules actually target caspases is currently unclear. However, 

evidence suggests that lAPs may prevent both caspase activation and activity. 

In the case of XIAP inhibition of caspase-9, this involves interaction between 

the molecules (Deveraux et al., 1998). However, it remains to be seen if this 

involves the formation of a stable stoichiometric complex, since several in  

vitro  studies that reported the inhibitory properties of these molecules have 

employed massively higher molar ratios of lAP: caspases (Roy et al., 1997; 

Deveraux et ah, 1998). Interestingly, some lAPs actually possess CARDS,
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although an inhibitory role specific to this domain has yet to be dem onstrated. 

Moreover, a region known as the BIR (baculovirus lAP repeats), common to 

all lAPs has been demonstrated to be necessary and sufficient to m odulate the 

inhibitory effects of these molecules, suggesting a non-essential role for the 

lAP CARD in caspase inhibition (Takahashi et al., 1998). Moreover, the so- 

called executioner caspases lack the CARD interaction motif, yet are readily 

inhibited by these molecules. Interestingly, similarly to the p35 and crmA, 

XIAP is cleaved in apoptotic cells. However, since one of the BIR domains of 

this molecule from a region outside of the caspase cleavage site, is sufficient to 

block death, XIAP cleavage may not be the primary m echanism by which this 

molecule inhibits caspases (Takahashi et al., 1998). Finally, another hypothesis 

suggests that these molecules may act as ubiquitin ligases, stim ulating the 

proteasome-mediated removal of certain target proteins. While current data 

suggests that they may catalyze their own removal in this m anner, it rem ains 

to be proven conclusively whether they also target caspases for degradation 

(Yang et al., 2000).

1.7.2 The induced proximity model

How is caspase activation achieved? As has been discussed, the presence of 

aspartate residues in the regions flanking the caspase large subunit suggests 

that caspases may undergo self-activation and may process other dorm ant 

caspase molecules. A variety of evidence supports the "induced proximity" 

model of caspase activation (Salvesen and Dixit, 1999). This m odel 

hypothesizes that caspases in their inactive zymogen form possess a latent 

degree of catalytic activity sufficient to mediate autoactivation if m ultip le  

caspase molecules are brought into close enough proximity. The first evidence 

in support of the induced proximity model came from a study using 

transgenic m urine thymocytes expressing a m em brane-targeted FKBP-fusion 

(FK102 binding protein) of the cytoplasmic portion of the Fas receptor (Spencer 

et al., 1996). Upon exposure to a drug that induced dim erization of the fusion 

protein, these cells underw ent apoptosis. This notion of death receptor 

aggregation as a means of triggering the death program  was supported by 

several other lines of evidence. First, the cognate ligands of the Fas and TNF 

receptors exist in a multimeric form, consistent with the notion of ligand-
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induced receptor m ultim erization (Tanaka et a l ,  1995; Suda et al., 1993). 

Second, several of the antibodies generated against the Fas/Apo-1 receptor 

exhibited death agonistic properties and these were indeed multimeric in  

structure, either as a result of being of the IgM antibody subclass, or in the case 

of the anti-Apo-1 antibody, the IgGj species that is know'n to form aggregates 

(Yonehara et al., 1989; Trauth et al., 1989). Moreover, it was appreciated from a 

much wider cell biology field that the binding of a ligand to its cognate 

receptor frequently causes a phenom enon called 'capping', resulting in a 

localized cluster of multiple receptor: ligand aggregates.

While it was suspected that aggregation of death receptors induced by ligand 

binding constituted the death signal in a variety of cellular contexts, it was not 

appreciated how this mechanism was transduced into caspase activation. This 

perplexing question was answered in 1996/1997 by several groups, headed by 

Vishva Dixit, Marcus Peter and David Wallach (Muzio et al., 1996; Bolden et  

al., 1996; Medema et al., 1997). Strikingly, the connection between the caspase 

component of the death machine and the Fas and TNFR-1 receptors was 

surprisingly intimate: achieved through a single m utual m olecular

intermediary, FADD. This bipartite death adaptor modulates the recruitm ent 

of caspase-8 into death receptor aggregates via through two hom ophilic 

interactions: firstly, between the death effector domains of FADD and caspase- 

8, and secondly, via the death domains of FADD and the Fas/CD95 or TNFR-1 

receptors (Muzio et al., 1996; Bolden et al., 1996; Medema et ah, 1997).

Further studies using FKBP-caspase-8 fusions confirmed that induced 

aggregation of the proenzyme was indeed sufficient to induce its activation 

(Yang et al., 1998b) This highlighted the simplicity of the caspase activation 

process. Moreover, this study revealed that whereas caspase-1 could be 

inducibly activated using the same system, short prodom ain caspase-3 failed to 

become activated when forceably aggregated (Yang et al., 1998b). These data are 

thus consistent with a model whereby the apical caspase activating signal is an 

aggregation based mechanism, whereas executioner caspases m ust undergo 

m aturation as a result of proteolytic cleavage by an active caspase. While this 

is undoubtedly a useful working model, it is worth noting the tentative caveat
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that peptides containing the RGD motif (known to inhibit cell/extracellular 

matrix contact) may induce the activation of caspase-3 directly, possibly by 

inducing a conformational change in the molecule (Buckley et ah, 1999). 

Finally, further evidence in favour of the induced proximity model came 

from the observation that worm CED-4 could aggregate—and thus activate— 

CED-3, suggesting that a common caspase activating mechanism was 

conserved between nematodes and mammals (Yang et al., 1998a).

1.7.2. Caspase Activating pathways

While apoptosis can be induced by a broad range of stimuli (Table-1), 

surprisingly, current understanding suggests that there are probably four 

major cell death pathways upon which most of these diverse stimuli converge 

at the point of caspase activation.

1.7.2.1. Death receptors

Until recently, our understanding of the molecular specifics of cell death 

signaling was restricted to the biology of the death receptors of the TNF 

(tumour necrosis family) (Ashkenazi and Dixit, 1998). As has already been 

partially illustrated, the death receptors (Fas, TNFR-1, DR-3, DR-4, DR-5 and 

DR-6) provide a membrane-localized point at which caspases can be aggregated 

(Kitson et a l ,  1996; Pan et al., 1997a; Pan et al., 1997b; Nagata, 1997; Walczak et 

al., 1997; Pan et al., 1998a). In this example of death signaling, extracellular 

ligands of the TNF family bind their cognate transm em brane death receptor, 

thus provoking the aggregation of a target initiator caspase such as caspase-8, 

via bipartite adaptor molecules such as FADD (specific to caspase-8) and 

RAIDD (specific to caspase-2) (Boldin et al., 1996; Duan and Dixit, 1997). Death 

receptor-mediated caspase activation is illustrated in Figure 6.

1.7.2.2. Granzyme-B

A second mechanism utilized in cell deaths characterized by CTL-mediated 

killing, involves the serine protease Granzyme B, the only non-caspase 

protease that has a substrate preference for aspartate residues. In addition to 

issuing the kiss of death through the Fas death receptor system described 

Dreviously, these cells can also provoke death by releasing cytotoxic granules
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Death receptor-mediated activation of caspases.
Schematic diagram illustrating activation of caspase-8 via ligation of the Fas transmembrane 
death receptor. Binding of multimeric Fas Ligand (FasL) to the extracellular moiety of the 
Fas Receptor (FasR) induces aggregation of the intracellular, death domain-containing 
portions. This enables adaptor molecule FADD to recruit procaspase-8 irito a membrane- 
localized aggregate, thus promoting the proximity-induced autocatalytic activation of the 
molecule and its subsequent assembly into the mature tetrameric structure.



harbouring Granzyme B. Upon entry into the target cell, assisted by CTL 

granule component perforin, Granzyme B kick-strarts the apoptotic machinery 

by activating caspase-3 (Martin et a l ,  1996a). The necessity of this pathway in  

CTL-mediated killing is demonstrated by targeted deletion of Granzyme B in  

mice, since these animals incur impaired CTL-mediated target cell killing 

(Heusel et al, 1994; Shresta et al., 1995).

1.7.2.3. Nuclear stim uli

A third mechanism lies in the ability of cells to commit suicide in response to 

nuclear damage. Evidence suggests that many DNA damage-related cell 

deaths are executed through a p53-mediated transcriptionally dependent 

system (Miyashita and Reed, 1995; Polyak et al., 1997; Komatsu et al., 2000 Oda 

et al., 2000; Lin et al., 2000). However, p53-dependent but transcriptionally 

independent cell deaths have also been reported (Caelles et a/.,1994). W hile  

the proximal signaling events leading to p53-dependent apoptosis are not as 

yet fully clear, this involves an accumulation in p53 protein levels (Fritsche et  

al., 1993). Normally, the cellular levels of p53 are stringently held in check via 

proteasome-mediated degradation of the molecule as a result of its association 

with the ubiquitin ligase, MDM-2 (Haupt et al., 1997). Amino acid residue, 

serine 20, w ithin the N-term inus of p53 is im portant in mediating this 

association (Unger et al., 1999; Shieh et al., 1999).

Downstream of DNA damage, a kinase cascade is reponsible for the 

stabilization of p53 (Caspari, 2000; Matsuoka et al., 1998; Chehab et al., 2000; 

Shieh et al., 2000; Tibbetts et al., 1999). This partially characterized pathway is 

summarized in Figure 7. In response to DNA damage, the kinases thusfar 

identified to be most proximal to the DNA damaging stim ulus—ATM and 

ATR—phosphorylate downstream kinases, CHK-1 and CHK-2, respectively. 

In turn, either of these downstream kinases can phosphorylate p53 at serine-20 

(Chebab et al., 2000; Shieh et al., 2000). This likely alters the ability of p53 to 

associate with MDM-2, promoting dissociation of p53/MDM-2 complexes, 

therefore preventing degradation of p53. Moreover, MDM-2 may be directly 

phosphorylated by ATM in response to ionizing radiation, thereby providing a
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Diagram illustratirig how DNA damaging stim uli achieve stabilization of p53 via a kinase 

cascade involving ATM/ATR and the human homologues of yeast checkpoint kinases, CHK- 

l/CHK-2. Phosphorylation of either CHK-1 or CHK-2 by upstream kinases ATM or ATR results 

in their activation and subsequent phosphorylation of p53 at residue serine-20. This results in 

dissociation of p53/MDM-2 complexes, increasing the cellular levels of p53, facilitating expression 

of cell cycle arrest or apoptosis genes. Also indicated is the pathway where upstream kinases 

ATM and ATR directly phosphorylate p53 on residue serine-15, thereby increasing the affinity of 

the molecule for transcriptional activator CBP, promoting p53-dependent gene expression.



further means of disrupting the binding of this molecule to p53. (Khosravi e t  

a l ,  1999).

In addition, it is known that ATM and ATR can actually phosphorylate p53 

directly, at serine 15 within the N-terminal transcriptional activation dom ain 

of the molecule (Siliciano et ah, 1997; Tibbetts et al., 1999). However, this 

modification is thought to mediate enhanced binding of p53 to the CBP 

transcriptional activator protein, rather than affecting the p53/MDM-2 

association (Dumaz and Meek, 1999). Thus, DNA damage appears to have at 

least two distinct effects on p53: increasing the stabiliy and enhancing the 

transcriptional ability of the molecule, mediated directly and indirectly by 

ATM and ATR. In addition, evidence suggests that ATM acts to stabilize p53 

in response to ionizing radiation (IR), whereas ATR may play a role in signal 

transduction resulting from UV irradiation (Lu and Lane, 1993; Siliciano et al., 

1997; Tibbetts et a l ,  1999).

Interestingly, evidence suggests that the ability of p53 to upregulate genes 

involved in cell cycle arrest can be separated from its capacity as a 

transcriptional mediator of apoptosis (Haupt et al., 1995). Thus, depending on  

the perceived severity of the cellular assault, stimuli that have established cell- 

cycle arresting properties seem to provoke expression of a different set of p53 

target genes in dying as apposed to cell cycle-arresting cells (Zhao et al., 2000).

1.8. MITOCHONDRIAL CONTROL OF APOPTOSIS

Intriguingly, the third major cell-autonomous suicide mechanism involves 

the cellular powerhouse: the m itochondrion. An accumulating body of 

evidence suggests that many cell deaths are regulated through the 

translocation of several important apoptogenic factors from the m itochondrial 

intermembrane space into the cytosol (Adrain and Martin, 2001; Green, 2000). 

These include cytochrome c; a nuclease called AIF; (apoptosis-inducing factor) 

and the lAP-neutralizing pro-apoptotic molecule, Smac/Diablo (Liu et al., 

1996; Susin et al., 1999; Verhagen et al., 2000; Du et al., 2000). Surprising as it 

seems, in addition to its essential role as a key player in the production of ATP 

(the cell's principal energy currency), cytochrome c plays a role as an
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intracellular death-inducing ligand (Mathews, 1985; Liu et ah, 1996; 

Zhivotovsky et al., 1998; Slee et al., 1999b). In terms of its caspase-activating 

abilities, cytosolic cytochrome c could be considered analogous to the 

extracellular ligands that mediate death receptor-dependent apoptosis.

How was this seemingly bizarre connection between the m itochondrial 

powerhouse and the death machinery realized? For some time it had been 

suspected that mitochondria may play some role during the apoptotic 

program. For instance, Guido Kroemer and colleagues observed that upon  

induction of the death program by various cytotoxic drugs, mitochondria in  

these cells appeared to lose their integrity (Zamzami et al., 1996; Marzo et al., 

1998; Susin et al., 1998). This was judged by a readout called permeability 

transition, whereby mitochondrial function becomes disrupted and the 

electron transport system becomes uncoupled.

One of the first suggestions that mitochondria may play a direct role apoptosis 

came from the use of a cell-free system derived from X e n o p u s  egg extracts 

(Newmeyer et al., 1994). Using this system, Donald Newmeyer and colleagues 

routinely performed nuclear assembly and import assays on eggs derived from  

female X e n o p u s  frogs that had been stimulated to undergo oogenesis as a 

result of injection of Pregnant Mare Serum Gonadotrophin (Newmewyer et  

al., 1994). Eggs routinely stripped from frogs 3-10 days following stim ulation  

readily supported both the nuclear assembly and import phenom ena studied 

by this group. Eggs obtained from similar frogs at a later timepoint, some 14-28 

days post-stimulation, also initially exhibited norm al readouts for nuclear 

assembly and import. However, 2-4 hours after initiation of the experim ent 

using the older eggs, the extracts appeared to exhibit some of the hallm ark  

features of apoptosis, including DNA condensation and fragm entation 

(Newmeyer et al., 1994). Moreover, addition of Bcl-2 blocked these events, 

suggesting that this phenom enon involved apoptosis. Presumably, the eggs 

that were harvested later were primed to die, perhaps as part of a program  

designed to facilitate the resorption of eggs in female X e n o p u s  frogs w hen 

mating failed to occur within a defined time following oogenesis. To 

characterize this feature of the extracts, Newmeyer and colleagues then refined

30



the extracts into cytosolic, light membrane and heavy m em brane fractions 

(Newmeyer et a l ,  1994). Extracts composed of cytosol only, or cytosol plus 

light membrane fractions now failed to support these apoptotic changes. 

However, extracts supplemented with the heavy m em brane fraction became 

apoptotic. Since these extracts were particularly enriched w ith 

mitochondria—as judged by electron microscopy of the heavy m em brane 

fraction—the suspicion thus fell on this organelle as a putative instigator of 

the death programme, at least in Xenopus cells.

1.8.1. Cytochrome c

In, 1996 suspicions concerning the possibility that m itochondria m ight 

regulate apoptosis were confirmed in an elegant study by Xiaodong Wang and 

colleagues (Liu et al., 1996). Using a mammalian cell-free extract from healthy 

Hela cells, Wang and co-workers searched for a means of triggering induction 

of the death program in vitro by adding an apoptosis-inducing agent into the 

extracts. The utility of m am m alian cell extracts as an in v itro  tool for 

dissecting apoptotic signaling, including hallm ark apoptotic changes such as 

caspase activation, substrate cleavage and nuclear fragmentation, had been 

previously demonstrated (Martin et al., 1995d). However, these authors 

stimulated cells to die in advance of harvesting them for extracts (Martin et ah, 

1995d). Using extracts made from healthy cells, Wang and colleagues 

discovered that addition of dATP actually forced otherwise non-apoptotic 

extracts to succumb to the death program. These extracts spontaneously 

underwent hallmark apoptotic changes, including enhanced activation of cell 

death protease caspase-3 and proteolysis of death susbtrate PARP (Liu et al., 

1996). Wang's group identified the components responsible for directing these 

dATP-associated apoptotic changes. Using a biochemical fractionation-based 

approach, the group discovered that this activity was derived from several 

distinct components, collectively called Apafs (Apafs, Apoptotic Protease 

Activating Factors) (Liu et al., 1996). The first of the Apafs to be identified 

using the fractionation approach was Apaf-2. Surprisingly, this m olecule 

turned out to have the same absorption spectra and amino acid sequence as 

cytochrome c (Liu et al., 1996).
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While this result initially seemed somewhat too bizarre to be genuine, several 

lines of evidence fom Wang and colleagues offered solid proof for an apoptotic 

signaling role for this molecule. First, they discovered that extracts m ade 

using a buffer supplemented with sorbitol, that was known to preserve 

mitochondrial integrity, failed to undergo apoptotic changes in a dATP- 

dependent manner. This suggesed that a m itochondrial escapee, likely 

cytochrome c, may be essential in inducing the apoptotic changes observed in  

these extracts (Liu et ah, 1996). Second, im m unodepletion of cytochrome c 

eliminated the death-inducing ability of these extracts. Finally, Wang and 

colleagues reported that cells primed to die by treatm ent w ith the cytotoxic 

drug staurosporine underw ent cytochrome c release from m itochondria at an 

early stage during induction of the death program. This suggested that this 

may indeed be an im portant upstream signaling event. Moreover, the 

significance of long-held observations about Bcl-2 could now be explained: the 

death-inhibitory properties of the molecule appeared to stem from its 

sublocalization to mitochondrial membranes (Hockenbery et al., 1990; 

Krajewski et al., 1993). Finally, the ability of Bcl-2 to block death in many death 

scenarios, was discovered to relate to its ability to block cytochrome c release 

(Kluck et al., 1997; Yang et al., 1997), suggesting that cytochrome c had an 

important death effector function.

As it transpires, once an individual m itochondrion is persuaded to part w ith 

its cytochrome c, the process of efflux into the cytosol is accomplished in a 

single, all-or-nothing step, lasting approximately 5 m inutes (Goldstein et al., 

2000). Evidence suggests that mitochondria rem ain coupled during 

cytochrome c release, suggesting that the phenom enon of m itochondrial 

depolarization widely observed during a variety of cell deaths is a secondary, 

caspase-dependent event (Bossy-Wetzel et al., 1998). Indeed, the pancaspase 

inhibitor Z-VAD-fmk is effective in blocking m itochondrial damage observed 

during cell death, whereas cytochrome c release is, in many cases, Z-VAD-fmk- 

insensitive (Bossy-Wetzel et al., 1998). These data support the notion that 

cytochrome c release is a signaling event rather than a bystander event during 

apoptosis.
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1.8.2. Integration of death signals via mitochondria: the Bcl-2 family

Current evidence suggests that mitochondria constitute an im portan t 

integration point for num erous upstream stimuli that converge at the point of 

provoking cytochrome c release (Adrain and Martin, 2001; Green, 2000). 

Cytochrome c release from mitochondria is thought to be governed by an 

agonistic/antagonistic interplay between the death prom oting and death 

inhibitory members of the Bcl-2 family (Kelekar and Thompson, 1998; V ander 

Heiden et al., 1999). This is likely achieved through the formation of dim ers 

or heterodimers of these molecules (Minn et al., 1999; Yang et al., 1995). Thus, 

the relative ratios of death agonists: antagonists of the Bcl-2 family constitutes 

the equation for cytochrome c release.

Dealing firstly with the survival promoting side of the equation, as has been 

discussed already, Bcl-2 regulates apoptosis by inhibiting cytochrome c release 

(Kluck et al., 1997; Yang et al., 1997). On the other side of the cytochrome c 

release equation lie the death agonist members of the family, including those 

that share a only a single Bcl-2-homology (BH) domain in common with other 

family members: the BH-3 only proteins (Kelekar and Thompson, 1998; 

Vander Heiden et al., 1999). Whereas their closest relative, worm EGL-1 

appears to act primarily to displace CED-9 from CED-9/CED-4, evidence 

suggests that in mammals, these molecules link diverse upstream  signaling 

pathways into the commonality of cytochrome c release (del Peso et al., 1998). 

The paragraphs that follow will illustrate examples of the range of stimuli that 

employ BH-3-only proteins as cytochrome c release-promoting factors.

One of the best characterized of these BH-3-only cytochrome c -releasing 

mechanisms is that of death agonist Bid (Wang et a/.,1996; Li et al., 1998; Luo et  

al., 1998; Gross et al., 1999). It had been appreciated for some time that Bcl-2 

was capable of blocking cell death induced by Fas death receptor ligation in  

some cells, but ineffective in other cell types treated w ith the same stim ulus 

(Scaffidi et al., 1998). Possibly as a result of some deficiency in the receptor 

signaling components, or because of higher levels of dom inant negative 

caspase-8-related inhibitor cFLIP, some cell types cannot activate enough 

caspase-8 to die (Scaffidi et al., 1998; Medema et al., 1999). In these cell types, a
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Bid-dependent amplification loop is invoked (Li et al., 1998; Luo et a l ,  1998; 

Gross et a l ,  1999). As a result of caspase-8 cleavage, the C-terminal portion of 

Bid (tBid), translocates into mitochondria where it provokes cytochrome c 

release (Li et al., 1998; Luo et al., 1998; Gross et ah, 1999). The essential role of 

this Bid-mediated amplification loop is demonstrated by Bid-null mice (Yin e t  

al., 1999). Whereas systemic injection of an a-Fas agonistic antibody norm ally 

provokes severe liver damage as a result of widespread hepatocyte death. Bid- 

null mice are protected from these lethal effects, likely because of the failure of 

these cells to engage the mitochondrial death pathway via cytochrome c 

release (Yin et al., 1999).

A variety of other death pathways have been identified as integrating into the 

central mitochondrial executioner. For example, BH-3 protein Bad links 

growth factor deprivation to cytochrome c release (Datta et al., 2000). The 

death agonistic properties of Bad are normally restrained through  

phosphorylation of one or more serine residues by kinase Akt, downstream of 

IL-3 receptor stimulation and PI3 kinase activation (Datta et al., 1997; Datta e t  

al., 2000). When the IL-3 receptor is stimulated. Bad is tethered to the 

phosphoserine-binding protein 14-3-3 (Datta et al., 2000). However, 

dephosphorylated Bad releases from this complex, ultimately engaging 

cytochrome c release.

Nuclear stimuli also access cytochrome c release via BH-3 intermediaries. For 

instance, p53-inducible BH-3-only death agonist, Noxa mediates death 

signaling in response to genotoxic stresses by engaging a cytochrome c release 

pathway (Oda et al., 2000). In addition, the human BH-3-like hom ologue of 

yeast Rad9 protein can dimerize with Bcl-2/Bcl-x and induce BH-3-dependent 

apoptosis in response to DNA damage, presumably by provoking cytochrome c 

release (Komatsu et al., 2000).

How do these seemingly disparate upstream molecules (summarized in  

Figure 8) that share in common only the BH-3 peptide, actually engage 

:ytochrome c release? An accumulating number of hypotheses have emerged

34



'' Death ^
 ̂ receptors ^

V

Growth Factor 
deprivation

BAD

Cellular 
stress

BID Bak

^ Nuclear Damage ^

I
y V

BAX Noxa Rad-9

Cytochrome c release

I
APOPTOSIS

Figure 8
Diagram illustra ting  the principle that cytochrome c release is an  im portan t in tegration  point 
for diverse upstream  stim uli, including  DNA dam age, death  receptor ligation and grow th 
factor deprivation, achieved via death-prom oting m em bers of the Bcl-2 family, including  
the BH-3-only proteins.



to account for this phenom enon, some of which suggest that they m ust 

heterodimerize with other Bcl-2 relatives, as previously discussed.

Other studies suggest that tBid can directly integrate into lipid membranes and 

may possess ion channel forming abilities, suggesting that it can engage 

cytochrome c release in the absence of other Bcl-2 relatives (Schendel et ah, 

1999; Kudla et a l ,  2000). However, further studies suggest that tBid may 

provoke cytochrome c release by heterodim erizing not with death antagonists 

such as Bcl-2, but with the death-inducing molecule Bax, prom oting 

oligomerization of this molecule and its insertion into the m itochondrial 

membrane (Eskes et al., 2000). In turn, Bax which undergoes translocation 

from the cytoplasm to mitochondria in cells undergoing apoptosis, has been 

shown to be sufficient to induce cytochrome c release from m itochondria and 

even pure liposomes (Wolter et al., 1997; Jiirgensmeier et al., 1998; Saito et al., 

2000). In addition, it has recently been suggested that tBid may provoke 

cytochrome c release by inducing oligomerization of Bcl-2-like death agonist 

Bak (Wei et al., 2000). Finally, in response to growth factor w ithdrawal, 

dephosphorylated Bad may displace Bax from inhibitory complexes with Bcl-2 

and Bcl-XL (Yang et al., 1995; Datta et al., 2000).

In addition to the variety of stimuli discussed above, it is possible that

deregulated oncogenes may also sensitize cells to apoptosis by provoking 

cytochrome c release. For example, it has been dem onstrated that 

microinjection of cytochrome c-specific antisera can successfully block 

apoptosis associated with deregulated expression of c-Myc (Juin et al., 1999).

The examples above clearly attest to the importance of cytochrome c—and the 

molecules and systems that regulate its release—as a unifying element in  

death signaling pathways. By implication, the down-stream  effectors that 

mediate the cytochrome c-induced death are consequently critical in

governing the decision as to whether a cell will live or die.
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1.8.3. Apaf-1

Exit from mitochondria mediated by any of the m echanisms detailed above, 

therefore signals a new role for cytochrome c, not as a life giver, but as a life- 

taker. It was initially unclear how cytochrome c actually activated caspases 

(Liu et a l ,  1996). As it turned out, this connection was very intim ate, 

requiring a series of protein-protein interactions minimally featuring Apafs -1, 

-2 (or, cytochrome-c), and Apaf-3 (Apoptotic Protease Activating Factors).

Fractionation approaches yielded two further activites that were essential for 

dATP/cytochrome c-induced caspase activation. One of these, denoted Apaf-1 

was a large protein of a molecular weight of approximately 130 kDa (Zou et al., 

1997). Analysis of the Apaf-1 amino acid sequence revealed that the N- 

term inus of Apaf-1 possesses a CARD motif that was 21% identical to w orm  

CED-3 (Zou et al., 1997) (Figure 9). Furthermore, adjacent to this module was a 

domain 22% similar to worm CED-4 that included conserved nucleotide 

binding sites (Figure 9) (Zou et al., 1997). Thus, Apaf-1 appeared to be one of 

the long sought-after mammalian counterparts of worm CED-4. Based on this 

similarity, Apaf-1 was predictably a caspase-activating apaptor molecule. In 

addition to these features shared with CED-4, Apaf-1 possesses a unique C- 

terminal region, characterized by the presence of m ultiple tryptophan- 

aspartate repeats (WDR) (Figure 9) (Zou et al., 1997). Since this dom ain was 

not present in CED-4, its role could not be easily anticipated.

Intriguingly, co-im munoprecipitation experiments revealed that Apaf-1 and 

cytochrome c could interact, suggesting that a m ultim olecular complex may 

mediate the activation of caspases in this system. However, the exact 

cytochrome c interaction surface on Apaf-1 responsible for this was unknow n  

(Zou et al., 1997). Interestingly, extracts made from cells overexpressing Apaf- 

1 were more sensitive to caspase-3 activation (Zou et al., 1997). This suggested 

that Apaf-1 had caspase activating properties attributable to an as yet 

undefined mechanism. However, since caspase-3 itself lacked the CARD 

motif present in Apaf-1, it was unlikely that Apaf-1 was responsible for directly 

activating this caspase. Thus, the search for Apaf-3 was resumed.
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Figure 9
A, Schematic diagram  illustrating the m odular structure of Apaf-1. Indicated are the CED-3- 
hom ologous CARD motif, the CED-4-homologous, nucleotide-binding region and the WD-40 
repeat region (WDR). N um bers denote am ino acid positions.
B, A lignment of the N-term ini of hum an APAF-1 (Genbank Accession No. AF013263) w ith 
those of C.elegans CED-3 (Accession No. P42573) and  CED-4 (A ccession N o. S72566) 
dem onstrating possession of the CARD motif.
C, A lignment of the CED-4-homologous portion of hum an AFAF-1 (Genbank Accession No. 
AF013263) with C.elegans CED-4 (Accession No. S72566) and Drosophila CED-4 hom ologue 
DARK (Accession No. AF162659). Identical am ino acids are sh ad ed  black; conserved 
substitutions m atching the consensus by three distance units or less are boxed. The W alker's A 
and B consensus nucleotide binding sites are underlined.



1.8.4. Apaf-1 and Caspase-9

Following a six step purification procedure, the group obtained m ultip le  

fractions that possessed Apaf-3 activity (Li et al., 1997). Intriguingly, sequences 

obtained from tryptic digests revealed that caspase-9 was the m issing 

component of this death-inducing complex (Li et ah, 1997). This molecule, 

previously identified as ICE-LAP6/Mch6 is a member of the long prodom ain 

subfamily of caspases (Duan et ah, 1996; Srinivasula et al., 1996). As it 

transpired, Apaf-1 and caspase-9 interact via their CARD regions (Li et al., 

1997). Thus, the collaboration of these molecules was responsible for 

mediating the effects downstream of cytochrome c release. Given the diverse 

stimuli that converge upon this point, these molecules constitute key cell 

death effectors.

1.8.5. Apaf-1 and caspase-9: murine knockout studies

The role of Apaf-1/caspase-9 as key cell death effectors was confirmed by 

murine knockout studies (Cecconi et al., 1998; Yoshida et al., 1998; Hakem et  

al., 1998; Kuida et al., 1998; Honarpour et al., 2000). Interestingly, these 

nullizygous phenotypes are very similar, confirming that they participate in a 

common pathway. Both varieties of knockout mice exhibit perinatal lethality 

(Cecconi et al., 1998; Yoshida et al., 1998; Hakem et al., 1998; Kuida et al., 1998; 

Honarpour et al., 2000). These include craniofacial abnormalities and 

defective brain development, associated with an accumulation of 

neuroepithelial progenitor cells that should normally be deleted during 

development (Cecconi et al., 1998; Yoshida et al., 1998; Hakem et al., 1998; 

Kuida et al., 1998; Honarpour et al., 2000). The deleterious outcome of the loss 

of either of these molecules is demonstrated by the fact that fewer than 8% of 

total mice mice born to caspase-9^^' parents are actually homozygotes (Hakem 

et al., 1998). Similarly, a minority, (approximately 6%) of mice born are A P A F -  

1 nullizygous (Cecconi et ah, 1998; Yoshida et ah, 1998).

Dealing with the caspase-9 knockout phenotype, the nullizygous mice that 

succeed in surviving to birth frequently die post-partum  as a result of 

intracerebral haemhorrage (Hakem et al., 1998). In caspase-9-null 

homozygotes, by day 10.5 during embryogenesis (E10.5), the animals exhibit
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defects in neural tube closure in the hindbrain region. By stage E16.5 of 

embryonic development, the animals exhibit a prom inent extrusion of cranial 

tissues, including an expanded m idbrain (Kuida et.ah, 1998). M oreover, 

examination of brain tissues at a histopathological level reveals that this 

abnormality relates to an enlarged zone characterized by aberrant proliferation 

and decreased apoptosis in the forebrain and m idbrain of caspase-9 

nullizygous mice. This is similarly a feature of Apaf-1 nullizygotes (Cecconi et 

a l ,  1998; Yoshida et a l ,  1998).

Interestingly, the gross morphological phenotype in APAF-T^' animals is 

somewhat more severe than the CASP-9'^' counterparts. For instance, in  

addition to ectopic protrusions of the forebrain, APAF-T^' mice also exhibit two 

other major phenotypical differences. In some, but not all animals, these 

include, a cauliflower-like mass on the face, and a cone-shaped cranial 

protrusion (Yoshida et al., 1998). Moreover, A paf-l-null embryos exhibit a 

delay in the removal of interdigital compared to control littermates (Yoshida 

et al., 1998; Cecconi et al., 1998). Additional differences include impaired eye 

development in APAF-T^' animals. In summary, these data suggest that Apaf- 

1 may regulate one or more initiator caspases, in addition to caspase-9 (Cecconi 

et al., 1998; Yoshida et al., 1998).

Another interesting feature distinguishes APAF-1-null mice from their CASP-  

9-null counterparts. A small proportion of nullizygous mice (some 5%) 

actually indeed survive to adulthood (Honarpour et ah, 2000). M oreover, 

these mice undergo normal embryonic brain development, suggesting that 

there are alternative ways of activating caspase-9 in these tissues (H onarpour 

et al., 2000). W ithin this context, it is also worth noting that the caspase-9 

transcript is expressed most abundantly at embryonic stage E7, whereas Apaf-1 

is minimally expressed at this developmental tim epoint (Kuida et al., 1998). 

Correspondingly, the caspase-9 message has a lower expression level at E15 

and E17 developm ental stages, when significant levels of Apaf-1 continue to 

be expressed (Kuida et ah, 1998). This again suggests that in certain scenarios, 

these molecules may operate in independent pathways.
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In addition to playing an important role in the developing m am m alian brain, 

it is im portant to note a secondary phenotype shared in both APAF-l"^' and 

CASP-9 '' cells. Both varieties of nullizygous cells are resistant to a range of 

cytotoxic agents that are known to provoke cytochrome c release (Cecconi et 

al., 1998; Yoshida et al., 1998; Hakem et al., 1998; Kuida et ah, 1998). For 

example, whereas murine thymi develop normally and harbour normal ratios 

of CD4"̂ :CD8"̂  cells, thymocytes isolated from these same individuals are

resistant to diverse pro-apoptotic stimuli, including etoposide and y- 

irradiation (Cecconi et ah, 1998; Yoshida et al., 1998; Hakem et al., 1998; Kuida 

et al., 1998). Thus, Apaf-1 and caspase-9 additionally play im portant roles in  

the elim ination of cells in pro-pathological settings in m ature tissues. This 

confirms their key role in the m itochondrial/cytochrom e c-dependent 

pathways discussed previously.
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1.9. AIMS OF THIS THESIS

The paragraphs above therefore highlight the importance of the caspase-9 

pathway, not only during m am m alian brain development, but also as a key 

integration point for a variety of cytotoxic stimuli that converge upon 

m itochondria. For this reason, caspase-9 may represent an im portant 

therapeutic target, not only in terms of playing a possible role in neuronal cell 

death in the adult, but also, by participating in modes of cell death that may be 

im portant for anti-cancer strategies. The global aim of this thesis was 

therefore to examine factors that regulate caspase-9 activation during 

apoptosis.

In particular, because the majority of apoptotic signalling events invo lve  

protein-protein interactions, we dissected the role and function of two caspase- 

9-binding proteins, Apaf-1 and DRADD. The passages below introduce in brief 

the key aims of each of the three results chapters.

1.9.1.1. Chapter III: Molecular dissection of Apaf-1 function

Apaf-1 is a caspase-9-activating molecule (Li et al., 1997). However, the precise 

mechanism of Apaf-1 function remains obscure. Because evidence suggests 

that some caspases can be activated via an induced-proximity mechanism, we 

hypothesised that Apaf-1 may act as a caspase-9 aggregating m olecule 

(Salvesen and Dixit, 1997). A key goal was therefore to establish whether Apaf- 

1 could form oligomers. By extension, we wanted to pinpoint the regions 

within Apaf-1 that might play a role in regulating this process. A variety of 

protein-protein interaction assays, including the yeast two-hybrid system, were 

used to achieve these aims. A further goal was to dissect the role of the C- 

terminal WDR region in regulating Apaf-1 function. Because this portion of 

the molecule represents an evolutionary elaboration in comparison to w orm  

CED-4, we speculated that it might have an important regulatory role.

1.9.1.2. Chapter III: Screening for Apaf-l-interacting proteins

A key aim of this chapter involved the use of the yeast two hybrid system to 

further explore the Apaf-1 pathway by library screening for Apaf-l-binding 

partners. An overview of this technique is provided in Chapter II. Because
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the murine APAF-1 ^phenotype appears to be more severe than the CASP-9 '' 

mice, we hypothesised that Apaf-1 may bind to and activate additional 

caspases (Cecconi et al., 1998; Yoshida et ah, 1998; Hakem et al., 1998; Kuida et 

al., 1998). Moreover, returning to the worm CED-3/CED-4/CED-9 paradigm, 

we speculated that this approach might yield Apaf-l-binding, CED-9 relatives 

that modulate the ability of Apaf-1 to activate caspase-9.

1.9.3. Chapter IV: Molecular characterization of DRADD, a novel caspase-9- 

interacting molecule

There is also evidence from the m urine knockout studies to suggest that 

caspase-9 may play a role independent of Apaf-1 in some scenarios. Most 

notably, a minority of APAF-T^' mice survive into adulthood (Honarpour et 

al., 2000). We postulated that these mice m ust possess another means of 

activating caspase-9 within the embryonic brain. To pursue this hypothesis, a 

yeast two-hybrid screen was conducted by another laboratory member. 

Chapter IV describes the molecular characterisation of DRADD, the novel 

caspase-9-binding partner that this approach revealed. This chapter dissects 

DRADD function in a num ber of ways. Firstly, we used a variety of protein- 

protein interaction assays to characterise the DRADD/caspase-9 interaction 

and to delineate which region of DRADD is responsible for caspase-9-binding. 

In addition, we investigated the ability of DRADD to m odulate apoptosis in  

transient overexpression assays. A major priority of this chapter was to 

investigate what cell death pathway DRADD was involved in. A dom inant 

negative-based approach was adopted to achieve this.

1.9.4. Chapter V: Screening for DRADD-interacting proteins

The dom inant negative studies described above failed to reveal a role for 

DRADD in established cell death pathways. To investigate DRADD binding 

partners in an objective way, we performed a two-hybrid library screen using 

DRADD as bait. Chapter V describes the screen and the DRADD-binding 

partner, DRAMP that was obtained.
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CHAPTER II 
Materials and M ethods
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2.1. MATERIALS

2.1.1 Chemicals and general reagents
Unless otherwise stated, reagents were purchased from Sigma-Aldrich, Ireland 

Ltd.

2.1.2. Enzymes
Unless stated otherwise, enzymes were obtained from New England Biolabs 

(NEB, UK).

2.1.3. Antibodies
The following antibodies were obtained from the indicated sources

Anti-Gal-4 DB Santa Cruz, UK

Anti-HA Santa Cruz, UK

Anti GFP Clontech, UK

Anti FLAG Sigma, Ireland

Anti pRb Santa Cruz

Anti Caspase-9 Provided by Doug Green

2.2. PURIFICATION AND MANIPULATION OF NUCLEIC ACIDS

2.2.1. Bacterial strains used for plasmid isolation purposes

E. coli strain DH5a was routinely used to amplify plasmid DNA.

2.2.2. Preparation of chemically competent cells

Typically, cells were made competent for transformation according to the Inoue 

protocol (Inoue et al., 1990). Untransformed DH5a was streaked unto LB agar 

(lOg/L tryptone, 5g/L yeast extract, lOg/L NaCl; supplem ented with 15g/L agar; 

pH7.0) lacking antibiotics and a fresh single colony was used to inoculate an 

overnight 3ml liquid LB starter culture. The following day, 2-3 ml of the 

saturated overnight culture were diluted into 50 ml of SOB m edium  lacking
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antibiotics (2% bacto tryptone, 0.5% yeast extract, lOmM NaCl, 2.5mM KCl, 10 m M  

M gCh, 10 mM MgS04, pH  7.0; sterilized by autoclaving) and grow n at 

approxim ately 18°C w ith rotation at 300 rpm  until an of 0.4-0.6 was

achieved. Cells were harvested by centrifugation at 2,500 g for 10 m in at 4°C, 

resuspended in 20 ml of transform ation buffer (10 mM Pipes, 55 mM M nC h, 15 

mM CaCh, 250 mM KCl, pH  6.7; sterile filtered) and incubated on ice for 10 

m inutes. Following re-centrifugation, cells w ere suspended in 4 ml of the sam e 

buffer and DMSO was added to a final concentration of 7%. Cells w ere incubated

for a further 10 m inutes and 200 |il aliquots were then snap frozen in liquid 

nitrogen and stored at -70°C.

2.2.3. Transformation of competent DH5a

Frozen com petent cells obtained as described above w ere allowed to defrost o n  

ice. 50 )il aliquots were m ade for each transform ation reaction. A liquots of 1 |il

(approxim ately l|o.g) of plasm id or 2-4 |il of ligation products w ere mixed w ith  

bacteria and incubated on ice for 30 m inutes to enable the plasm id to coat the 

cells. Plasmid uptake was induced by heat-shocking cells at 42°C for 40 seconds 

followed by recovery on ice for 2 m inutes. Following addition  of 450 |0.1 of SOC 

(2% bacto tryptone, 0.5% yeast extract, lOmM NaCl, 2.5mM KCl, lOmM MgCl2, 

lOmM MgS0 4 ; pH  7.0), cells w ere incubated for 1 h r w ith  gentle ro tation at 220

rpm  to allow for expression of the antibiotic resistence gene. Aliquots of 20-250 |il 

of cells w ere then spread on LB agar containing either am picillin (100 fig/m l) or 

kanam ycin (50 |ig /m l) to select for transform ants harbouring the plasm ids.

2.2.4. Plasmid DNA isolation procedures

2.2.4.I. Isolation of plasmid DNA from bacteria: minipreparation procedure

A single bacterial transform ant was inoculated into 3 m l of liquid LB m ed iu m  

supplem ented  w ith the appropriate selection antibiotic and grow n u n til 

confluent, approximately 8-12 hours later. 1 ml of culture was then  harvested  by 

benchtop centrifugation at 20,000g for 1 m inute and the supernatan t rem oved by
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aspiration. The cell pellet was resuspended by vigorous vortexing in 100 |il of PI 

buffer (50mM Tris-Cl, pH 8 , 10 mM EDTA). 200 îl of P2 buffer (0.2M NaOH, 1% 

SDS) were added and bacteria were lysed by inverting the tube 5-6 times. 

Following a 1 m inute incubation on ice, genomic DNA and SDS-containing 

complexes were precipitated by the addition of 200 |xl of P3 buffer (3M KAc, pH 

5.5) and samples were mixed by inversion and allowed incubate on ice for 5 

minutes to enhance precipitation. The samples were then centrifuged at 20,000 g 

for 10 m inutes in a microfuge to pellet insoluble material. The supernatant, 

comprising soluble plasmid DNA was subjected to precipitated by the addition of 

0.7 volumes of isopropanol. Following a 30 min incubation at room tem perature 

to promote precipitation, samples were centrifuged for 1 0  minutes at 2 0 , 0 0 0  g and 

the supernatant discarded. Pellets were then washed in 1ml of 70% ice-cold 

ethanol and allowed to air dry at room tem perature for 10 mins. The DNA was

dissolved in 20 |il of 0.5X TE pH 8.0 (5mMTris.Cl pH8.0; 0.5 mM EDTA) and a 2 |il 

sample was analysed by 0 .6 %-0 .8 % agarose gel electrophoresis.

2.2A.2. Isolation of plasmid DNA from bacteria: midiprep procedure

M idipreparations used a scaled-up version of the alkaline lysis procedure 

described in the procedure above. A starter culture was back-diluted into 50-100 

ml of either LB or TB (12g/L tryptone, 24g/L yeast extract, 0.4% glycerol, 17mM 

KH 2 PO 4 , 72mM K2 HPO 4 ). 12-18 hours following inoculation, cultures were 

harvested by centrifugation at 2,500 g in a Sorvall GSA rotor for 10 m inutes at 4°C 

and the resultant pellets were resuspended in 4 ml of PI buffer containing

100|ig/ml Rnase A (Qiagen, UK). Bacteria were lysed by the addition of 4 ml P2 

buffer and samples were inverted 4-5 times to ensure thorough mixing. 

Following a 5 m inute incubation at room tem perature to prom ote lysis, 4 ml of 

P3 buffer were added and samples were mixed by inversion. A 30 m inu te  

incubation period on ice ensured thorough precipitation of SDS-complexes, after 

which, debris was pelleted for 20 minutes at 15,000 g in a Sorvall SS-34 rotor at 

4°C. The resultant supernatant was re-centrifuged if remnants of insoluble debris 

remained in suspension.
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For so-called crude m idipreps, the supernatant was precipitated by adding 0.7 

volum es of isopropanol, m ixed and allowed to incubate for 20 m inutes at room  

tem perature. Plasmid DNA was recovered by centrifugation at 15,000 g for 30 

m inutes in a Sorvall SS-34 rotor and the pellet was w ashed in 1 ml of ice-cold 

70% ethanol and transferred into a 1.5 ml eppendorf. The pellet was re

centrifuged at 15,000 g for 10 m inutes, the supernatan t discarded and the pellet

allowed to air dry before resuspending in 75 |il of distilled H 2O followed by 75 |xl 

of TE pH  8.0 (lOmMTris.Cl, pH8.0, Im M  EDTA).

2.2A.3. Isolation of plasmid DNA from bacteria: phenol/chloroform  extraction 

procedure.

In situations where cleaner DNA preparations w ere required, DNA sam ples w ere 

further purified by extraction in phen o l/ch lo ro fo rm /iso am y l alcohol (25:24:1). 

The DNA pellet obtained from the procedure described above was in itially

dissolved in 400 )il of distilled HjO and a volum e of p h e n o l/ch lo ro fo rm /iso am y l 

alcohol was added. The sam ple was mixed and centrifuged for 5 m inutes at 

20,000 g in a microfuge. The upper, aqueous phase was retained and subjected to 

two further extractions as detailed above. Samples w ere then subjected to two 

further extractions in 24:1 chloroform: isoamyl alcohol and plasm id DNA was 

recovered from the supernatant as described above.

2.2.4.4. Isolation of plasmid DNA from bacteria: Qiagen procedure.

For applications such as transient transfection and in vitro  coupled transcrip tion  

and translation (ITT) reactions that required u ltrapurified  DNA, the Qiagen 

procedure (Qiagen, UK) was perform ed. Briefly, the plasm id su p ern a tan t 

obtained following the P1/P2/P3 m idiprep procedure was clarified of residual 

debris by re-centrifugation. The supernatant was then loaded un to  a Qiagen Tip- 

100 colum n that had been equilibrated by the addition of 4 ml of QBT buffer (750 

mM NaCl, 50mM MOPS, pH7.0, 15% isopropanol, 0.15% Triton X-100) and the 

sam ple was allowed to run  th rough the colum n by gravity flow. The co lum n-
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immobilized plasmid DNA was then washed in 2 x 10 ml of QC (1.0 M NaCl, 

50mM MOPS, pH 7.0,15% isopropanol) and eluted into 5 ml of QF buffer (1.25M 

NaCl, 50mM Tris.Cl, pH8.5, 15 % isopropanol). DNA was recovered ty  

isopropanol precipitation.

2.2.5. Agarose gel electrophoresis

This technique was performed routinely following the plasmid isolation  

procedures and following the restriction digestion and PCR amplification  

procedures described below. Briefly, an electrophoresis matrix was assembled 

using a polymer of agarose (0.6%-2.0%) in TAE buffer (40mM Tris base, adjusted 

to pH 8.0 with acetic acid, ImM EDTA). The matrix was assembled by melting the 

agarose/TAE mixture by microwaving and the solution was allowed to cool 

slightly before casting the gel. As a guideline, a matrix composed of 0.6-0.8% 

agarose was routinely utilized to resolve most plasmid DNA. For smaller 

molecular weight DNA molecules, 1.5-2.0% gels were used. To resolve PCR 

products, a matrix of 0.6-1.0% was used, depending on the anticipated m olecular 

weight of the products and the degree of resolution required between similarly 

sized molecules.

2.2.6. Quantitation of nucleic acids

To estimate the approximate concentration of ultrapure DNA obtained follow ing  

the Qiagen plasmid isolation procedure, samples were subjected to 

spectophotometry. Double-stranded DNA samples were quantitated based on  

their absorbancy under UV light at 260nm. Typically, the plasmid output of the 

Qiagen procedure described above was diluted 1:200 prior to this assay and 

triplicate readings were taken. The DNA concentration in samples was then  

multiplied by a factor of 50—^based on the presumption that an O.D. unit of 1 

represents a DNA concentration of 50|ig/m l—and extrapolated to include the 

dilution factor. Similarly, the purity of DNA with respect to co-eluted protein  

contaminants was obtained by determining the OD 2 6 0 /O D 2 8 0  ratio, with a ratio of 

greater than 1.8 units constituting ultrapure plasmid DNA.
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2.2.7. Genecleaning

2.2.7.1. Genecleaning nucleic acids from suspension

This procedure was used to obtain DNA sufficiently pure to carry out restriction 

digestion, PCR and automated sequencing reactions and was used as the principal 

means of purifying nucleic acids during steps involved in cloning procedures. 

The protocol relies on affinity binding of nucleic acids to a silica matrix in the 

presence of a chaotropic agent. DNA was purified from solution as follows: three

volumes of 6M Nal were added plus 5 }xl of Silica (100 m g/m l suspended in 3M 

Nal) per |j.g of DNA. Samples were incubated at room tem perature with rotation 

for 5-10 minutes. The silica-bound DNA was pelletted at 20,000 g for 10 seconds 

and the supernatant discarded. The silica was washed two or three times by

resuspending in 500 fil of geneclean wash buffer (10 mM Tris-Cl, pH 7.5, 50 mM  

NaCl, 2.5 mM EDTA, 50% Ethanol), then re-centrifuged and the supernatant 

aspirated. The pellet was air-dried for 5 minutes and eluted into distilled water or 

TE.

1.1.7.1. Genecleaning nucleic acids from agarose gel

The band containing the target DNA stained with ethidium  bromide was excised 

from the gel under UV illumination. Three volumes of 6M Nal were added and 

the gel slice was incubated for 5-10 minutes to promote dissolution of the agarose. 

DNA was purified from the solution in the manner described above.

2.2.8. Restriction digestion

Restriction digestions were conducted according to the m anufacturer's 

instructions (NEB, UK).

2.2.9. Ligations

Typically, ligations were setup on a scale of 200 ng of vector and twice the 

corresponding molar am ount of insert, using T4 DNA ligase according to the 

manufacturer's instructions (NEB, UK).
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2.3. PCR

Polymerase chain reaction (PCR) was used to amplify cDNAs possessing flanking 

restriction sites to enable cloning into plasmid vectors. Typical reaction volum es 

for cloning purposes were 100 |il. For screening purposes, 25 |il reactions were 

used. A typical 100 |il reaction included the following components:

• 100-500 ng of genecleaned or Qiagen-cleaned template plasmid DNA.

• dNTPs (dCTP, dATP, dGTP, dUTP) at a final concentration of 200 |im.

• Forward and reverse primers, each at a final concentration of 100 nM.

• 0.5 |il (comprising 2.5 Units) of either Taq (Qiagen) or Vent DNA polymerase 

(New England Biolabs, UK)

These components were assembled in a final volume of 100 |il including PCR 

buffer diluted from lOX stocks supplied by the m anufacturers. A Mĝ "̂  

concentration of 1.5 mM (Taq) or 2.0 mM (Vent) was used as a starting point for 

all PCR reactions. In problematic reactions where longer amplification products 

were sought, the Mg^  ̂ concentration was adjusted between 1.5 and 4.0 mM. The 

diagram below illustrates a typical PCR program.

30-35 Cycles

1 minute 
per Kb of 

target 
DNA

3 minutes 1 minute

10 minutes
Rapid

thermal
ramp 94»C 1 minute

72“C

Tm of lowest primer 
minus 5‘C

oo

4»C
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2.4. AUTOMATED DNA SEQUENCING

All sequencing was conducted on an ABI-Prism 310 Genetic Analyser autom ated 

DNA sequencer using the ABI-Prism Dye Terminator cycle sequencing ready 

reaction kit according to the m anufacturer's instructions (Perkin Elmer, UK). The 

amount of template used in thermocycler reactions was 300-500 ng of genecleaned 

or Qiagen-cleaned plasmid DNA or 30-180 ng of purified PCR products. A 20 |il 

sequencing reaction comprised the following components;

• 8 |il of ready reaction mix

(incorporating all 4 dNTP-conjugated dye terminators)

• Sequencing primer (4.0 pmoles)

• Distilled HjO to 20 |xl

The thermocycler settings used are illustrated below:

25 Cycles

10 seconds

4 minutesRapid
thermal

ramp

96C

5 seconds
60C

50C

oo

4 C

For purification, the thermocycler reaction products were transferred into 1.5 m l 

eppendorfs and precipitated on ice following the addition of 50 )0.1 of 100% ethanol

and 2.0 |xl of 3M NaOAc pH 4.6, for no longer than 10 m inutes. This avoided 

excessive precipitation of unincorporated dye terminators. Products were 

obtained by microcentrifugation at 20,000 g for 30 m inutes and the supernatant

was carefully aspirated off. The pellet was briefly washed in 250 ^1 of 70% 

ethanol and allowed to air dry, then resuspended in template suppression reagent
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(Perkin-Elmer, UK). Samples were sequenced on a 50 cm capillary detector under 

conditions recommended by the manufacturer. Typically, -450-600 base pairs of 

good quality sequence were obtained.

2.5. PLASMIDS
A variety of plasmids encoding mutants of Apaf-1 and DRADD were generated by 

the author. In most cases, this was achieved by PCR-mediated amplification of 

the relevant coding sequences using primers that incorporated restriction sites 

flanking the desired coding sequence. Alternatively, some plasmids were 

generated by sub-cloning an insert directly from one vector to another. For PCR- 

based cloning, plasmid DNA of the full length molecules was used as a source of 

cDNA template. PCR-derived inserts were restriction digested as appropriate and 

ligated into a linearized cloning vector bearing complementary restriction sites. 

DH5a bacteria were transformed with the ligation products. Recom binant 

plasmid DNA clones were identified by agarose gel electrophoresis alongside the 

corresponding empty cloning vector. The authenticity of the plasmids was 

verified by restriction digestion of the inserts out of the recombinant plasmids as 

well as by automated DNA sequencing as described above. Details of the plasmids 

made by the author and the oligonucleotide primers used to generate the inserts 

by PCRcanbe found within the appendix (Tables 22-24). The source of a variety 

of other plasmids not constructed by the author is also acknowledged within the 

appendix (Table 25).

2.6. PROTEIN PRODUCTION AND ANALYSIS 

2.6.1. In vitro  transcription and translation (ITT)

The production of radiolabeled recombinant proteins was achieved using a 

coupled in vitro  transcription and translation (ITT) system from rabbit 

reticulocyte lysate depleted of amino acids (TNT, Promega, UK). Radiolabelling 

of target proteins was achieved in the presence of M ethionine (lOmCi/ml; 

Amersham, UK) using an RNA polymerase directed against a T7,T3 or SP6 

polymerase binding site on the appropriate plasmid cDNA. A typical ITT 

reactions was comprised as follows:
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• 25 |il Reticulocyte lysate

• 2 îl TNT buffer

• 1 }il RNA polymerase

• l | i l  RNasin

• 1 |il amino acid mixture (m inus methionine)

• 1-2 |il comprising 20-40 |iCi translation grade M ethionine

• 0.5 -1.0 |ig  Qiagen cleaned or genecleaned plasm id D N A

• Nuclease free distilled H 2O to 50 jil.

Translation reactions were typically carried out at 30°C for 1-2 hours, although  

reactions involving large proteins were occasionally incubated for longer.

Translated ^^S-labeled proteins were visualized by subjecting 0.5-2.0 |il of ITT 

products to SDS-PAGE, followed by enhanced fluorography (Amersham, UK).

2.6.2. Induction of GST-fused proteins in bacteria

E. coli D H 5a transformants harbouring the pGEX4TK-2 plasm id or its derivatives

were induced to express GST or GST-fused proteins by the addition of 100|iM  

IPTG to culture media. Typically, 200 ml of bacteria in L B /am picillin  m edia w ere 

grown to an of 0.4-0.6 prior to induction. Follow ing the addition of IPTG,

cells were grown at 30°C w ith rotation at 320 rpm for 2-3 hours. Cells w ere 

harvested by centrifugation in a GSA rotor at 2,500 g for 10 m inutes at 4°C. To 

obtain the recombinant proteins, cells partially lysed by one round of freeze-thaw  

were sonicated on ice for 5 pulses of 30 seconds at 50% duty cycle and 4.0 output 

follow ing resuspension in lysis buffer (20mMTris.Cl; lOOmM NaCl; Im M  EDTA

pH8.0; 0.5% NP-40) supplem ented w ith protease inhibitors (lOOfiM PMSF; 

10 |ig /m l leupeptin; 2jxg/ml aprotinin). The lysate w as then clarified by 

centrifugation for 15 m inutes at 20,000 g. A liquots of 50|il of G lutathione-
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Sepharose beads, prewashed in PBS and suspended as a 50 /o slurry, were added to 

each ml of clarified bacterial lysate and GST fusion proteins were captured by 
continuous rotation for 2-3 hours at 4°C. Beads were washed in 4 x 1ml aliquots 
of PBS and recovered by centrifugation at 500 g for 5 minutes. Finally, beads were 
resuspended to a 50% slurry in lysis buffer containing 10% glycerol and 
supplemented with protease inhibitors as detailed above. The approximate yield

of GST protein was determined by electrophoresis alongside known (ig amounts

of BSA.

2.6.3. SDS-PAGE
Standard SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as 

detailed by Sambrook and Maniatis (Sambrook and Maniatis, 1989). 8-12% 

polyacrylamide gels were typically run at 50V to drive protein samples through 
the stacking gel, then at 60-90V through the resolving gel. Protein samples were 
prepared for electrophoresis by denaturing at 90°C for 7 minutes in the presence 

of SDS loading buffer (2% SDS, 50mM Tris.Cl pH6.8, 10% glycerol, 2.5% [3- 

mercaptoethanol).

2.6.4. Immunoblotting

Following electrophoresis, proteins were transferred onto 0.2 |a.M nitrocellulose 

membranes (Biobond-NC, Whatman, UK) for 12 hours at 35-45 mA in transblot 

buffer (39mM Glycine, 48mM Tris.Cl pH 8.3, 0.037% SDS, 20% Methanol). Prior to 

immunoblotting with primary antibody, membranes were incubated in blocking 
solution (lOmM Tris.Cl pH8.0, 150 mM NaCl, 0.05% Tween, 5% Non-fat dried 

milk, 0.05% NaNj) for 30 minutes. Blots were then heat-sealed inside a 

polythene bag containing the primary antibody diluted in fresh blocking solution 
and incubated on a rotating platform for 2 hours. Prior to probing with a 

secondary antibody, blots were washed in TBST solution (lOmM Tris.Cl pH8.0, 

150 mM NaCl, 0.05% Tween, 5%). Typically, blots were washed in 3x 100 ml 

volumes for a total period of 25-30 minutes. For applications involving 

polyclonal primary antisera, blots were occasionally washed for longer. Blots
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were then probed for one hour with a 1:1000 dilution of a horse radish 

peroxidase-coupled antibody (Amersham, UK) in TBST+5% dried milk. 

Following a 20 minute wash in TBST, proteins were detected using enhanced 

chemiluminescence by briefly incubating the blot in equal volum es of 

Supersignal West Pico Stable Peroxide and Luminol/Enhancer solutions (Pierce, 

UK). Images were obtained by exposing blots to autoradiography film (Hyperfilm  

MP, Amersham, UK). On occasions where it was difficult to obtain a signal using  

regular ECL conditions, the Supersignal West Dura reagent (Pierce, UK) was used 

to improve sensitivity.

2.6.5. Coomassie staining.

SDS-PAGE-resolved gels were immersed in coomassie staining solution (45% 

methanol, 10% glacial acetic acid, 0.25% brilliant blue) and incubated with gentle 

rocking for 4-12 hours. To destain, gels were incubated with gentle rocking in  

several successive volumes of destaining solution (45% methanol, 10% glacial 

acetic acid).

2.6.6. Enhanced fluorography.

The presence of ’ Ŝ radiolabeled proteins in SDS-PAGE gels was detected by 

enhanced fluorography using Amplify solution (Amersham, UK). Briefly, 

polyacrylamide gels were fixed for 1-2 hours in autorad fixative solution (45% 

methanol, 10% glacial acetic acid), then incubated for 20-30 minutes in Amplify. 

Following a brief wash in distilled H2O, the polyacrylamide gel was vacuum dried 

unto blotting paper (Whatman, UK) for 1.5 hours at 80°C on a geldryer (Biorad, 

UK). To visualize ^̂ S radiolabeled bands, the autorad was exposed to Hyperfilm  

(Amersham, UK) for 12-36 hours at -70°C.

2.6.7. GST pulldown in vitro  capture assay

0.5-15 |j.l aliquots of ITT [̂ ®S] methionine-labeled proteins were brought to a total 

volume of 200 |il in pulldown buffer (50mM Tris, pH7.6, 120mM NaCI, 0.1% 

CHAPS, 100|iM PMSF, 10|Lig/ml leupeptin, 2 |ig /m l aprotinin). Aliquots of
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approximately 5 ng of bead-immobilized GST or GST-fusions were then added. 

The total bead volume of pulldow n reactions was norm alized by the addition of 

blank glutathione beads that were pre-blocked in a 1% BSA solution. In some 

instances, cytochrome c and dATP were added to pulldow n reactions to a final

concentration of 50fig/ml and ImM, respectively. In vitro  capture reactions were 

incubated for 2-4 hours at 4°C under constant rotation and bead-associated 

complexes were washed 3-5 times in pulldown buffer. Captured proteins were 

detected by SDS-PAGE followed by enhanced fluorography.

2.6.8. Immunoprecipitation

Im m unoprecipitations were conducted using lysates derived from 293 or 293T 

cells overexpressing the appropriate target proteins transfected according to the 

calcium phosphate precipitation method described below. Typically, cells were 

lysed in 800 |il of chilled lysis buffer (50mM Tris.Cl pH 8.0, 150mM NaCl, 1% NP- 

40, 0.5% Sodium deoxycholate, 0.1% SDS) containing 100 |J.M

phenylmethylsulphonyl fluoride, 10 ^ g /m l leupeptin and 2 |ig /m l aprotinin, 24- 

48 hours post-transfection. Where expression of the target genes resulted in  

induction of apoptosis, floating dead cells were pooled with adherent cells 

obtained following trypsinization and centrifuged for 5 m inutes at 400 g. The 

resulting pellet was then disaggregated and resuspended in chilled lysis buffer. 

Where the transfection conditions did not induce apoptosis, cells were directly 

lysed in following the aspiration of culture medium. Lysis was allowed to 

proceed at 4°C for 10 minutes. Prior to im m unoprecipitation, lysates were 

clarified by centrifugation at 20,000g for 10-15 minutes. Typically, lysates derived 

from the contents of a single confluent 10 cm tissue culture plate were

immunoprecipitated using 20-30 |j,l of agarose-coupled protein A /G  (Santa Cruz)

and approximately 1 |xg of the appropriate antibodies. Reactions were incubated 

with rotation for 3-6 hours and complexes were washed 3-4 times in lysis buffer 

containing inhibitors. Immunoprecipitated proteins were visualized by SDS- 

PAGE and immunoblotting as described above.
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2.7. THE YEAST TWO-HYBRID SYSTEM
The yeast two-hybrid system exploits the m odular nature of yeast transcription 

factors (Fields and Song, 1989). The wild type Gal-4 transcription factor is 

composed of two separate moieties: the DNA binding domain (DB), derived from  

the N-terminus of the molecule, and the transcriptional activation domain (AD), 

originally located at the Gal-4 C-terminus (Fields and Song, 1989). In the two- 

hybrid assay, these m odular entities are physically separated and expressed from  

two individual plasmids, the pAS2-l and pACT-2 plasmids, encoding the Gal-4 

DB and AD modules, respectively. These plasmids also encode nu tritional 

markers (pAS2-l, TRPl; pACT-2, LEU2). This enables selection of yeast harboring 

one or both of the plasmids on media lacking tryptophan (for the DB, pAS2-l 

plasmid), or leucine (for the AD, pACT-2 plasmid), or for both, on 

tryptophan/leucine-deficient media. By generating fusions proteins with Gal-4 

DB or AD moieties, the system can be used to investigate interactions between 

known proteins. In addition, DB-"Bait" fusion proteins can be used to screen a 

Gal-4 AD cDNA library for novel interaction partners.

In the presence of a positive protein-protein interaction, Gal-4 transcriptional 

activity is reconstituted, enabling reporter gene expression (Figure 10). These are 

engineered into the Saccharomyces cerevisiae genome and contain a Gal-4 

responsive Upstream Activating Sequence (UAS) in front of the reporter gene 

sequence. The H/S3 histidine synthase gene confers histidine prototrophy in the 

nutritional selection assay. Yeast co-transformed with DB and AD plasmids 

encoding Gal-4 fusion proteins can grow on histidine-deficient media only if they 

harbour interacting pairs. An additional readout is provided by the LacZ reporter

gene, encoding the [3-galactosidase enzyme. This reporter is under the control of 

a different Gal-4-responsive element than the H/S3 gene, in order to reduce the 

num ber of false positives encountered in the assay arising from proteins that 

have an ability to bind to DNA. A protein-protein interaction can be m easured 

using the colony lift assay, judged by the conversion of X-Gal to a blue coloured 

product. For a more quantitative assessment, the LacZ liquid ONPG-based assay 
can be used.
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DB-Bait 
Hybrid fusion

A

PREY

AD-Prey 
Hybrid fusion

Inability to grow on histidine- 
deficient media (///S'i-negative); 

LacZ-negative

B

Growth on histidine-deficient 
media (///S'i-positive); 

L«cZ-positive

Figure 10
Schem atic d iagram  illu stra tin g  the p rin c ip le  of the tw o h y b rid  p ro te in -p ro te in  
interaction assay.
hi frame Gal-4 DNA binding dom ain (DB) and transcriptional activation dom ain (AD) 
hybrid fusions are generated w ith the Bait and Prey proteins respectively. The Prey 
protein may represent a known protein or alternatively, a variey of anonym ous proteins 
encoded by a cDNA library. Plasm ids encoding the Bait and Prey tw o-hybrid fusions 
are then co-expressed in a host yeast strain that is auxotrophic for the am ino acid 
histidine. Yeast harbouring positive interacting pairs are selected for by plating on 
histidine-deficient media.
A, In the absence of a physical interaction betw een the B ait/P rey  proteins, the Gal-4- 
responsive HIS3  histidine synthetase gene fails to be transactivated. As a result, yeast 
cannot grow on histidine-deficient selective media.
B, If the yeast host is harbouring positive interacting B ait/Prey proteins, the activity of 
the Gal-4 transcription factor is reconstituted, enabling expression of the HIS S  and LacZ  

reporter genes. HIS3  expression confers histidine prototrophy, enabling yeast to grow 
on the selective media. To confirm the interaction, the LacZ (3-galactosidase assay m ay 
be perform ed on histidine prototrophic yeast colonies.



All two hybrid protein-protein interaction assays and library screenings were 

conducted using the Matchmaker Two-Hybrid System 2 and H um an Leukemia 

Matchmaker cDNA Jurkat library kits (Clontech, UK). All yeast protocols are 

derivatives of the m anufacturer's instructions (Clontech, UK).

2.7.1. Yeast strains

Yeast strain Y190 (Clontech, UK) was used as a recipient for the Gal-4 AD and DB 

plasmids. This strain harbours the leu 2-3, trp 1-901 and his 3-200 m utations, 

rendering it auxotrophic for the amino acids leucine, tryptophan and histidine. 

Y190 harbours both HISS and LacZ Gal-4-responsive reporter genes.

2.7.2. Media for maintenance of yeast strains

Recipes for yeast culture media used in the transform ation and screening 

procedures are detailed below:

• YPD liquid medium: lOg/L yeast extract, 20g/L Peptone, 2% dextrose; 

added from a filter-sterilized 40% stock following autoclaving.

• YPD agar: As above, supplemented with 20g/L Agar.

• Selective Dropout (SD) Liquid media: 6.7 g/L  Yeast nitrogen base w ith 

amm onium  sulphate/w ithout amino acids (DIFCO, UK), 100 m l/L  of lOX 

amino acids stock solution (300 m g/L  L-Isoleucine,1500 m g/L  L-Valine, 200 

m g/L  L-Adenine hemisulfate salt, 200 m g/L  L-Arginine HCL, 200 m g/L  L- 

Histidine HCL monohydrate, 1000 m g/L  L-Leucine, 300 m g/L  L-Lysine 

HCL, 200 m g/L L-Methionine, 500 m g/L  L-Phenylalanine, 2000mg/L L- 

Threonine, 200 m g/L  L-Tryptophan, 300 m g/L  L-Tyrosine, 200 m g/L  L- 

Uracil), 2% glucose. To select for transformants harbouring pAS2-l Gal-4 

DB plasmids or derivatives, L-Tryptophan was omitted from the m ixture; 

to select for pACT-2 Gal-4 AD plasmids, L-Leucine was omitted. To select 

for double transformants, both of these amino acids were omitted. In 

situations where co-transformants were being tested for protein-protein 

interaction, L-Histidine was additionally omitted and media was
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supplemented with 25mM 3-Aminotriazole (3-AT) to attenuate leaky non

specific activation of the Gal-4 reporter gene.

• SD agar: As above, supplemented with 20g/L Agar

2.7.3. Routine yeast culture and inocula for transformation
Yeast were maintained under aerobic growth conditions at 30°C, either under 

static conditions on agar plates, or in an orbital shaker while in liquid culture. 
Untransformed Y190 (Clontech, UK) was maintained on YPD agar by routine re

streaking every 3-4 days.

2.7.4. Inoculation of liquid yeast cultures (Starter cultures)

To create an inoculum of untransformed Y190, a single colony obtained from a 
freshly streaked 2-3 day-old YPD plate was disaggregated by vortexing in 1 ml of 

liquid YPD medium. This was used to inoculate a 50 ml starter culture in YPD 
and grown overnight at 30°C in an orbital shaker at 250 rpm. For sequential 

transformations, pre-transformed host strains harboring a single plasmid of 

interest were grown in selective dropout (SD) medium. Initially, a large colony 
or several small colonies grown on SD medium were resuspended by vortexing 
in 1 ml of SD liquid, then transferred into 4ml of SD liquid medium for 
overnight growth at 30”C and 250 rpm in an orbital shaker incubator. The 

following day, the inoculum was back-diluted into a 50 ml selective starter 
culture of the appropriate SD liquid medium and was allowed grow overnight 
until stationary phase (OD600 -2.0) had been reached.

2.7.5.I. Midi yeast transformation protocol (Untransformed yeast strains)

This protocol was used either prior to the actual library screening process to 
obtain yeast transformants harboring a single plasmid directing expression of the 

bait protein, or to test for an interaction between two known Gal-4 AD/BD-fused 
proteins or deletion mutants. To obtain yeast for transformation, a starter culture 

of untransformed Y190 host strain was set up as described above. When the 

culture had reached stationary phase approximately 12-18 hours later (ODeoo -2.0), 
it was back-diluted 1 in 11 by adding 30 ml of inoculum into 300 ml of fresh YPD.
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The culture was allowed to expand for approximately 3 hours until an OD600 of 
-0.5 ± 0.1 was achieved. Yeast were harvested by centrifugation in 50 ml screw- 
capped tubes at 1000 g for 5 minutes in a bench-top centrifuge and the supernatant 

was discarded. The pellet was disaggregated by vortexing and washed in 25 ml of 
Ix TE at room temperature. Cells were recovered by re-centrifugation in a 25 m l 

universal tube and the supernatant carefully aspirated off.

To make the yeast competent, the cells were resuspended in 1.5 ml of freshly 
made LA/TE solution (lOOmM LiAc, lOmM Tris-Cl, ImM EDTA pH 7.5) at an 

approximate density of 10“̂ cells/ml. Cells were incubated for 10 minutes at room 
temperature and were subjected to vigorous vortexing every 2 minutes to ensure 
adequate disaggregation of yeast clumps. For the transformation phase, aliquots 

of 1-5 |ig of plasmid in a total volume of 5 |J.l were placed into 1.5 ml eppendorfs 

and mixed with 100 |xg aliquots of herring sperm carrier DNA that was freshly

denatured at 100°C for 20 minutes. To this, aliquots of 100|il containing ~10  ̂yeast 

cells were added and the samples vortexed briefly, prior to the addition of 600 |il 

of 40% PEG 4000 in LA/TE. Samples were then thoroughly mixed by vortexing 
for 10 seconds before incubation at 30°C and 200 rpm for 30 mins in an orbital

shaker. To induce the uptake of plasmid DNA, 70 |J.l aliquots of DMSO were 

added and the cells mixed by gently inverting 4-5 times. Cells were then heat- 
shocked at 42°C for 15 minutes. Following a two minute recovery period on ice, 
cells were gently transferred into 20 ml of chilled TE and were recovered by 
centrifugation at lOOOg for 5 minutes. Depending on the amount of input DNA 
and the predicted transformation efficiency, following resuspension in 1ml of TE, 

100 |il aliquots of undiluted yeast, or from 1/10, 1/100 and 1/1000 serial dilutions 

were spread on selective dropout media (SD). For the selection of transformants 

harboring pAS2-l Gal-4 DB or pACT-2 AD-based plasmids, cells were spread onto 

SD medium lacking the amino acids tryptophan or leucine respectively. 

Alternatively, co-transformants harboring both of these plasmids and their 
derivatives were selected on double dropout medium lacking both tryptophan 

and leucine. For protein-protein interaction experiments, cells were additionally
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plated unto media additionally lacking histidine and supplem ented with 25 m M

3-AT. Under the conditions described above, a tranform ation efficiency of

approximately 10^/|ig of input plasmid DNA was achieved for single 

transformations or 10^/|ig for transformation of yeast already harbouring one or 

other of the Gal-4 plasmids.

2.7.5.2. Midi yeast transformation protocol (Sequential transformations).

This protocol was used to maximize the chances of obtaining double

transformants as an alternative to co-transformation in situations where 

sim ultaneous expression of both plasmids were toxic to host strains.

Additionally, yeast single transformants harboring a bait fusion were transformed 

for library screening purposes using this method. Yeast transform ants obtained 

from the 50 ml selective starter culture described above were back-diluted 1 in 10 

by diluting 30 ml of starter culture into 270 ml of non-selective YPD medium, to 

provide cells with a nutritional boost prior to the transform ation process. Cells 

were grown for 3-6 hours until an OD600 of 0.5 + /- 0.1 was reached and were 

harvested and transformed as described above for untransformed host strains.

2.7.6. Two hybrid protein-protein interaction assays

The ability of Gal-4 AD and DB fusion proteins to physically interact w hen 

expressed in yeast was assessed by the transactivation of two independent Gal-4- 

responsive reporter genes—the HIS3 histidine synthetase and LacZ (3- 

galactosidase reporter genes.

2.7.6.I. HIS3 nutritional selection assay

For the HIS3  nutritional selection assay, several colonies of yeast transform ants 

harboring the desired plasmids were picked from SD m edium  and pooled ty  

suspending in 40 |il of sterile TE. Yeast were then streaked either unto m ed ium  

lacking tryptophan and leucine as loading controls, or unto m edium  additionally 

lacking histidine and supplemented with 25mM 3-AT, to select for positive
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interacting pairs. The presence of interacting pairs was judged by the ability to 

grow on histidine-deficient media 3-5 days following inoculation.

1.7.6.1. LacZ colony lift assay.

Positive interacting pairs identified by the H I S S  nutritional selection assay were 

also assessed for their ability to transactivate a second independent P- 

galactosidase, reporter gene. Following selection on histidine-deficient m edium  

supplemented with 25mM 3-AT for 3-5 days, colony lifts were performed by 

applying 90 mm discs of W hatman No. 5 filter paper on the surface of the agar. 

Yeast removed from the plate in this way were then subjected to two rounds of 

freeze thaw at -70°C followed by two incubations at room tem perature to lyse the 

cells. Filters were soaked in Z-Buffer (60 mM Na2HP04, 40 mM NaH 2P0 4 , 10 mM  

KCl, 1 mM MgSO^, 0.26% 2-mercaptoethanol) supplem ented w ith 325|ig /m l X- 

Gal (Melford laboratories, UK) and incubated in a sealed chamber for 8  hours. A 

positive protein-protein interaction was determined by the presence of a blue 

reaction product.

2.7.6.S. LacZ liquid assay

For the liquid (3-galactosidase assay, a cell pellet representing 3 units of

liquid culture was washed briefly, then resuspended in 300 |il of Z-buffer. 

Triplicate 100 |0.1 aliquots were subjected to several rounds of freeze-thaw in liquid 

nitrogen, followed by vortexing in the presence of glass beads. 700 |xl of Z-buffer 

were then added to samples, followed by 160|xl of ONPG (4m g/m l in Z-buffer). 

Samples were incubated at 30°C and m onitored for the developm ent of a yellow 

product, typically 20-24 hours later. Reactions were stopped by the addition of 400

|il of Na2C0 3  and the OD420 of the samples determined relative to a blank.
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2.7.7. Preparation of Yeast protein lysates for immunoblotting

Yeast transformants were expanded by 1/10 dilution into 50 ml YPD from a 

overnight selective starter culture until an OD600 of 0.4 + 0.1 was attained. To 
minimize the risk of yeast protease activity, cells were harvested by decanting 
cultures into centrifuge tubes partially filled with ice. Cells were pelletted at 1000 

g for 5 minutes, washed briefly in ice-cold water and recovered by re

centrifugation. Yeast were snap-frozen in liquid nitrogen then resuspended in 

-250 nl of cracking buffer prewarmed to 60°C (35 mM Tris-Cl pH 6.8, 90 |iM EDTA, 

7M Urea, 4.5% SDS, 0.35 m g/m l bromophenol blue, 125 mM 2-mercaptoethanol) 

supplemented with protease inhibitors (6 |ig /m l pepstatin A, 2 |iM Leupeptin; 9 
mM benzamidine 20 )j.g/ml aprotinin, 4.5 mM PMSF). Samples were normalized 

with respect to cell number by adding additional cracking buffer to take into 

account differences in culture ODeoo at harvesting, then heated at 70°C for 10 

minutes and vortexed for 1 minute in the presence of 300 mg of acid washed glass 
beads. Lysates were clarified by centrifugation at 22,000 g for 5 minutes at 4°C then 
subjected to electrophoresis and western blotting.

2.7.8. Two hybrid library screening

2.7.8.1.Preparation of library plasmid

Approximately 300 |J.g of pACT-2 Jurkat library plasmid was amplified and 

purified from stock aliquots obtained from Clontech (Clontech, UK) as follows. 
Having determined that the library stock titre was in the region of 4.5x10^ cfu/ml, 
approximately 5 million individual bacterial colonies, representing under twice 

the library complexity, were expanded by plating on a total of 80xl5cm 

LB/ampicillin plates. 24 hours later, colonies were harvested using a cell scraper 
and purified according to the Qiagen plasmid preparation protocol.

2.7.5.2. Library scale screening

The two library scale screenings that were taken to the DNA sequencing stage 

were conducted essentially as described in the sequential midi transformation 

procedure above, only on a larger scale. Briefly, for both screens 100 |ig of pACT-2
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Jurkat library DNA were transforn\ed in 20 separate reactions employing 10* yeast 

cells and 5|J,g of library plasmid per reaction. To reflect the saturating amounts of 

DNA used in the library screening protocol, twice the am ount of herring sperm  

DNA (200|J.g) was used in each of the 20 transform ation reactions. Following the 

transformation procedure, cells were resuspended in a total of 1 litre of YPD and 

incubated for ~1 hour with gentle rotation (~200rpm). This provided cells with a

nutritional boost prior to plating. 250)J,1 aliquots of cells were plated on a total of 

40xl5cm histidine-deficient screening plates, supplem ented with 3-AT. Parallel 

aliquots were additionally plated on media containing histidine to determine the 

approximate scale of the screen. In both screens, approximately 6 million clones, 

approximately twice the complexity of the library were screened.

2.7.S.3. Plasmid rescue and insert amplification from yeast library clones

To obtain total yeast plasmid from library clones harbouring both the bait and 

prey plasmids, the pellet derived from a saturated 5 ml leucine-deficient liquid 

yeast culture was resuspended in plasmid rescue solution (10 mM Tris, pH8.0, 

lOOmM NaCl, ImM EDTA, 2% Triton X-100, 1% SDS). Yeast were then disrupted 

in a combination of 200 mg of glass beads (~500 microns diameter) and 200|il of 

phenol/chloroform /isoam yl alcohol (25:24:1) by vigorous vortexing for 2 

minutes. Following centrifugation at top speed for 5 m inutes in a microfuge, 

nucleic acids were precipitated for 20 minutes at -70°C by the addition of 1/lOth of 

a volume of 3M NaOAc and two volumes of absolute ethanol. Precipitated DNA 

was pelleted at top speed in a microfuge for 20 minutes and washed briefly in 70% 

ethanol. DNA was dissolved in 20 |il of lOmM Tris.Cl, pH  8.5.

To obtain the library plasmids, leucine auxotrophic E. coli strain HBlOl was 

transformed with 1-2 |li1 of yeast plasmid DNA and plated on leucine-deficient SD 

media supplemented with ampicillin. In addition, to provide template for DNA 

sequencing and Alu-l digestion reactions, the equivalent to l /8 th  of a m icrolitre
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of the yeast plasmid prep was used in 50 |il PCR reactions incorporating the 

pACT-2 Forward and Reverse screening primers (see appendix).

2.8. MAMMALIAN CELL CULTURE

2.8.1. Routine cell culture conditions

Cells were m aintained in exponential growth at 37°C and 5% CO2 by routine 

passaging every 2-3 days. Complete culture m edium  was assembled w ithout 

antibiotics from RPMI supplemented with 5% FCS. Alternatively, DMEM was 

supplemented with 10% FCS. L-Glutamine was added from lOOX stocks to a final 

concentration of 2mM. W here required for passaging, all centrifugation was 

done in a swing-bucket centrifuge at 250 g for 5 minutes. Adherent cells were 

passaged by gently washing monolayers in pre-heated serum-free m edium  and 

were dissociated from culture plates by trypsinization in approximately 1-2 ml of 

Trypsin-EDTA (Gibco-BRL) (0.25% Trypsin, ImM EDTA4Na, in Hanks Balanced 

Salt Solution). Cells were returned to the incubator for a period of 5-10 m inutes 

and dissociation of monolayers was m onitored by visual inspection under light 

microscopy. The trypsin was then neutralized by the addition of approximately 5 

ml of complete m edium and cells were resuspended in fresh pre-warm ed 

m edium following centrifugation in order to remove traces of EDTA.

2.8.2. Cell cryopreservation and thawing

Individual cell-lines in routine culture were m aintained in continuous passage 

for no longer than 2-3 months in order to avoid in vitro accumulation of further 

mutations that might alter the defined characteristics of the line. Upon receipt of 

a new cell-line, cells of a low passage num ber were harvested in exponential 

growth, pelletted by centrifugation and resuspended at a cell density of IxlO^/ml

in freezing m edium (50% FCS; 5% DMSO; 45% RPMI). Aliquots of 500|xl of cells 

were placed in cryogenic storage vials and allowed to freeze slowly in a -70°C 

freezer. Following freezing, cells were maintained in liquid nitrogen tanks for 

long-term storage.
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To revive frozen stocks, cells w^ere rapidly defrosted by placing storage vials in a 

37°C water bath. Complete thawing or warming of aliquots was avoided. The 

cryopreservative medium was removed by diluting 500 |4,1 of defrosted cells in 20 

ml of cold medium, followed by centrifugation at 250g. Cell pellets were then  

resuspended in 20 ml of cold complete medium to facilitate outgrowth.

2.8.3. Transient Transfection

Cells maintained in exponential growth were passaged approximately 24 hours 

prior to transfection by either calcium-phosphate precipitation or lipofection- 

mediated gene transfer.

2.8.3.1. Calcium phosphate precipitation method

Generally, where over-expression of a protein was required for the production of 

protein lysates. Human Embronic Kidney 293 or 293T fibroblasts cells were plated 

at a density of 1.5-2.0 x 10* cells on 10 cm plates precoated with 0.3% gelatin in a 

total volume of 10 ml of DMEM/10% PCS. On the day of transfection, calcium

phosphate complexes were assembled by diluting a m axim um  of 20|j,g of plasmid 

DNA in a total of 200 jxl of sterile dH20. 50 [xl aliquots of 2.5M CaCl2 were mixed 

with diluted DNA and added dropwise unto 250 |il aliquots of 2x HBS (280mM 

NaCl, lOmM KCl, 1.5mM Na2HP0 4  12mM Dextrose, 50mM Hepes pH 7.1). 

Complexes were allowed assemble for 20-25 m inutes at room tem perature, 

during which time the presence of fine calcium phosphate/D N A  precipitates was 

monitored by microscopy. 500 )il aliquots of complexes were added dropwise 

unto culture plates. On some occasions, complexes were rem oved 12 hours post

transfection. Cells were harvested 24-36 hours following transfection.

2.5.3.2. Liposome-mediated transient transfection.

For transient overexpression-based cell death assays, MCF-7 (Human Breast 

Adenocarcinoma) cells or HeLa (Human Epitheloid Cervical carcinoma) cells 

were plated at a density of 1x10® cells per well in 6-well plates in 2ml of RPMI/5%

65



FCS. 24 hours later, cells were transfected using the Fugene-6 (Roche Molecular 

Biochemicals) lipofection reagent. The effect of transient over-expression of the

target gene was monitored by co-transfection with a limiting amount of the P-

galactosidase (pCMVP) reporter plasmid or the pEGFPCS (GFP) plasmid. A ratio 

of at least 4:1 of assay plasmid: reporter gene was maintained to ensure that there 

was a statistically higher liklihood that p-galactosidase-positive cells also 

expressed the gene of interest. Typically, a mastermix was assembled in a 25 m l 

universal by diluting 2|il of Fugene-6 per treatment into a total volum e of lOOixl 

(per treatment) of RPMI. The Fugene-6 was added dropwise into RPMI. 

Following a 5 minute incubation, 100 |il of diluted Fugene-6 were added dropwise

unto a maximum of 1 |Xg of plasmid DNA in a 96-well TC plate. The mixes were 

tapped gently and incubated for 20 minutes at room temperature. Complexes 

were pipetted gently prior to adding to cells. Approximately 2-6 hours following  

addition of complexes, cells were washed in 2 mis of pre-warmed serum-free 

medium and fresh RPMI/5% FCS was added. Assays were typically conducted for

24-48 hours. Cells were fixed in ] ml of P-Galactosidase fixative solution (2% 

Paraformaldehyde, 0.2% Gluteraldehyde, in PBS pH 7.2 at 4°C for 5 m inutes. 

Following rehydration in 2 ml of ice-cold PBS, 800 |il aliquots of X-Gal (20m g/m l, 

dissolved in dimethylformamide) diluted to Im g/m l in p-gal staining solution  

(5mM KFe3 (C N ),, 5mM KFe4 (CN)„ 2mM MgCl^, 0.01% SDS, 0.02% NP-40 in PBS 

pH 7.2) were added. Culture plates were incubated at 37°C to allow the

development of blue (P-gal positive cells). The percentage of apoptotic cells was 

scored based on a morphological assessment of blue cells under standard light 

microscopy. Alternatively, cells transfected using with the GFP reporter plasmid 

were fixed in 4% paraformaldehyde for 5 minutes, rehydrated in ice cold PBS 

pH7.2 and mounted for examination under UV microscopy in m ounting  

solution (98% Glycerol, 2% PBS). GFP-positive apoptotic cells were enumerated. 

A vector-transfected well was included to indicate the proportion of cells that 

underwent apoptosis as a result of the transfection regime.
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2.8.4. Subcellular localization analysis

The subcellular distribution of overexpressed GFP-fusions of DRADD and its 

m utant derivatives was determined by transient transfection of MCF-7 cells 

plated on autoclaved glass coverslips at a density of 3x10^ in 6-well plates. One 

day following plating, cells were transfected using Fugene-6 as described 

previously. Typically, 500 ng of pEGFPC3 based plasmids encoding GFP or GFP- 

DRADD and its derivatives were transfected per treatment. Cells were washed 

briefly in prewarmed serum-free RPMI 3-5 hours post-transfection and media was 

replaced. Approximately 18 hours post-transfection, cells were fixed for 5 

minutes at 4°C in 4% paraformaldehyde in PBS, pH7.2, then allowed to rehydrate 

for 10 m inutes in PBS. Coverslips were then m ounted (Glycerol/2% PBS) and 

examined under UV microscopy using a FITC filter.

2.8.5. Jurkat cell free extracts

Where in vitro reactions employed Jurkat cell free extracts, aliquots prepared as 

described were obtained from Dr. Liz Slee (Slee et ah, 1999b).

2.8.6. Trypan blue exclusion and Hoechst cell viability assays.

These were conducted as described by Cotter and Martin, 1996.
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CHAPTER III:
Molecular dissection of Apaf-1 function
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3.1. INTRODUCTION

As was discussed in Chapter I, a large body of evidence supports a role for 

mitochondria as key regulators of caspase activation, through the release into the 

cytosol of pro-apoptotic molecules such as cytochrome c and Smac/Diablo (Liu et 

a l ,  1996; Verhagen et ah, 2000; Du et ah, 2000; Adrain and Martin, 2000; Green, 

2000). The importance of Apaf-l/caspase-9 as key effectors of this pathway, has 

already been discussed. To reiterate briefly, both APAF-1 and CASP-9  m urine  

knockout models demonstrate that this pathway plays a critical role during the 

developm ent of the embryonic brain, acting as a negative regulator of neuronal 

populations (Cecconi et al., 1998; Yoshida et al., 1998; Hakem et al., 1998; Kuida et 

al., 1998; Honarpour et al., 2000). Although it has yet to be demonstrated, it is 

therefore plausible that Apaf-1 may also play a role in regulating neuronal 

lifespans in the adult. In addition, Apaf-1 is a key downstream  regulator of 

deaths provoked by a number of diverse cytotoxic stimuli (Cecconi et al., 1998; 

Yoshida et al.,1998). As a result, Apaf-1 constitutes a very attractive target 

molecule, particularly relevant in the treatm ent of neoplastic disease. Thus, for 

all of these reasons, it is desirable to elucidate the function of Apaf-1 as a caspase 

activating molecule.

Structurally, Apaf-1 bears striking resemblance to worm CED-4, possessing both 

an N-terminal CARD motif known to mediate interaction with caspase-9, as well 

as a CED-4-homologous region that includes conserved nucleotide binding motifs 

(Figure 11) (Zou et al., 1997). In addition to the domains that exhibit obvious 

similarity to nematode CED-4, Apaf-1 also possesses a m odule comprising twelve 

tryptophan/aspartate repeats, known as WD-40 repeats (WDR) (Figure 11), that 

are not present in CED-4. These modules play diverse roles in num erous cellular 

signal transduction pathways, making it difficult to speculate as to the role of this 

portion of Apaf-1. However, a consensus is that WDRs may mediate protein- 

protein interactions (van de Voorn and Floegh, 1992; Neer et al., 1994). While it 

has yet to be determined what functional role this region plays in the regulation 

of Apaf-l-mediated activation of caspase-9, it is postulated that cytochrome c may
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Figure 11
The modular structure of Apaf-1
A, Schematic diagram illustrating the domain structure of human Apaf-1 S isoform (Genbank 
Accession number AF013263). Indicated are the CED-3 -homologous, CED-4-homologous, 
linker and WD40-repeat containing portions of the molecule. Numbers denote amino acid 
positions.
B, Amino acid sequence of Apaf-1. The dashed underlining highlights the CARD motif, the 
CED-4-homologous domain is emboldened and the WDR region is enclosed by shading. 
Walkers A and B box consensus nucleotide binding sites within the CED-4 domain are 
underlined.
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Figure 11
The modular structure of Apaf-1 (continued)
C, AHgnment of the CED-4-homologous portion of human Apaf-1 (Genbank Accession 
No. AF013263) with C.elegans CED-4 (Accession No. S72566) and Drosophila CED-4 
homologue DARK (Accession No. AF162659). Identical amino acids are shaded black; 
conserved substitutions matching the consensus by three distance imits or less are boxed. 
The Walker's A and B consensus nucleotide binding sites are underlined.



bind to Apaf-1 in this area and potentially unlock the death inducing properties 

of the molecule (Li et ah, 1997)

Given the similarity between worm CED-4 and hum an Apaf-1, a key question is 

whether hum an Apaf-1 regulates caspase activation in a similar fashion to w orm  

CED-4. Certainly, evidence suggests that Apaf-1 does indeed bind to and activate 

its cognate protease, caspase-9 (Li et a l ,  1997; Slee et ah, 1999b). These data concur 

with the worm apoptosome framework, whereby CED-4 recruits and activates 

CED-3 (Chinnaiyan et al., 1997a, b).

The death-inducing properties of the worm apoptosome are nullified by CED-9 

binding to CED-4 (Chinnaiyan et al., 1997b; Wu et al., 1997a). However, it is 

unclear whether hum an CED-9 relatives Bcl-x and Boo/Diva block apoptosis by 

binding to Apaf-1, since there are conflicting reports concerning whether these 

interactions occur (Pan et al., 1998b; Hu et al., 1998a; Inohara et al., 1998; Song et 

ah, 1999; Moriishi et al., 1999; Newmeyer et al., 2000).
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3.2. CHAPTER AIMS

The global aim for this phase of the project was to explore the mechanism of 

Apaf-1 function. In particular, the hypothesis that Apaf-1 may act as a caspase-9 

aggregating molecule was tested. Similar to worm CED-4, prelim inary 

observations have suggested that Apaf-1 can self-associate in co- 

im m unoprecipitation assays (Yang et ah, 1998a; Srinivasula et ah, 1998). 

However, it is unclear whether this is achieved directly through an intrinsic 

oligomerization mechanism specific to Apaf-1 molecules, or whether this is 

dependent upon other adaptor molecules. We therefore sought to discrim inate 

between these two possibilities. To address this question we examined Apaf-1 

within the context of two independent protein-protein interaction tests: the Yeast 

two-hybrid interaction trap assay and GST-pulldowns.

We also used the same protein-protein interaction assays to map the domains of 

Apaf-1 that may participate in the formation of oligomers. This was achieved 

through the generation of Apaf-1 deletion mutants possessing minimally defined 

structural modules. In particular, the conserved CED-4-homologous domain was 

scrutinized in this regard, given its evolutionary conservation between hu m an  

and worm. In addition, given the presence of the WDR m odule on hum an Apaf- 

1 and its conspicuous absence in worm CED-4, we also explored the role this 

module in the regulation of the pro-apoptotic activity of Apaf-1.

The final part of this portion of the study attempted to extrapolate observations 

m ade from the protein-protein interaction assays into a functional cell death 

consequence. This was achieved using a mammalian transient transfection-based 

expression system to examine the ability of Apaf-1 deletion m utants to m odulate 

apoptosis.

We also sought to identify novel Apaf-1 interaction partners using the two- 

hybrid screening procedure. The background to this technique is described in  

Chapter II. There were several justifications for this approach. First, differences 

between the APAF-1 and CASP-9 knockout phenotypes (see Chapter I, section
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1.8.5.) suggest that other molecules—possibly caspases—may be regulated by Apaf- 

1 (Cecconi et al., 1998; Yoshida et al., 1998; Hakem et al., 1998; Kuida et al., 1998; 

Honarpour et al., 2000). However, work by others in the laboratory (Slee et al., 

1999b) suggests that none of the currently identified hum an caspases can interact 

with Apaf-1 with an affinity comparable to the Apaf-l/caspase-9 interaction. W e 

therefore reasoned a two hybrid screening approach would be required to identify 

these binding partners of Apaf-1. Moreover, we hoped that establishing the 

network of Apaf-1 interactors, even as part of a blind survey would undoubtedly 

further our understanding of Apaf-1 and the pathway(s) within which it operates. 

Finally, since the binding of CED-9 homologues to Apaf-1 is currently 

controversial, we hypothesized that a two-hybrid screen may help to resolve this 

debate (Pan et al., 1998; Hu et al., 1998; Inohara et al., 1998; Song et al., 1999; 

Moriishi et al., 1999; Newmeyer et al., 2000).
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3.3. RESULTS

3.3.1. Design and generation of Apaf-1 two-hybrid deletion m utants

To investigate whether Apaf-1 can self-associate independently of other putative 

m am m alian adaptor proteins, we designed and generated a series of Apaf-1 

deletion m utants (Figure 12A). To test for Apaf-1 self-association we used the 

Gal-4-based Yeast two-hybrid protein-protein interaction assay (Fields and Song, 

1989). Because Apaf-1 exhibits extensive sequence similarity to the worm CED-4 

adaptor within the CED-4-homologous portion of the molecule, we reasoned that 

the portion of the molecule spanning the CED-4-homologous dom ain might be 

important for Apaf-1 self-association.

As illustrated in Figure 12A, we created a series of Apaf-1 deletion m utants by 

standard PCR amplification of the relevant coding sequences using prim ers 

specific to hum an Apaf-1 S (Accession No. AF013263) and inserted these into the 

pACT-2 plasmid. This generated in-frame N-terminal fusions between the 

various Apaf-1 truncations and the transcriptional Activation Domain (AD) 

moiety of the Gal-4 transcription factor. The plasmids were constructed as 

described in Chapter II and were subjected to digestion to confirm the presence of 

an insert flanked by the appropriate restriction sites.

We then confirmed expression of the Gal-4 AD-Apaf-1 fusion proteins in yeast 

("Prey" proteins) by transforming yeast host strain Y190 with the appropriate 

Apaf-1 expression plasmids. Yeast protein extracts were then analyzed by SDS- 

PAGE analysis and following western blotting, were probed with an antibody 

directed towards the HA epitope present upstream of the pACT-2 Gal-4 sequence. 

Figure 12B demonstrates that yeast transform ants harboring the various Gal-4- 

AD-Apaf-1 m utants expressed recombinant proteins of the predicted m olecular 

weights.
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Figure 12
Generation and expression of Apaf-1 two-hybrid deletion m utants
A, Schematic diagrams illustrating the two-hybrid activation domain (AD) Apaf-1 deletion 
mutants that were generated for protein-protein interaction analysis.
B, Immunoblot of lysates derived from yeast Y190 transformants overexpressing the indicated 
Gal-4 AD-Apaf-ldeletion mutants. Proteins were detected by immunoblotting with a polyclonal 
antibody directed towards the HA epitope present within the N-termini of the fusion proteins. 
The image shown is over-exposed to reveal detection of the Apaf-1 ACED-3 m utant (lane-6).



3.3.2. Detection of Apaf-1 self-association by two-hybrid analysis

We then used this panel of AD-Apaf-1 deletion m utants to test for interaction 

with a Gal-4 DNA binding domain (DB) fusion of Apaf-1 (amino acids 92-601) 

spanning the CED-4-homologous and adjacent linker regions of the molecule: 

denoted DB-CED-4/Linker: the "Bait" (Figure 13A). To this end, we generated 

Y190 yeast co-transformants expressing the DB-Apaf-1 CED-4/Linker m utant in  

combination with the various AD-Apaf-1 deletion m utants illustrated in Figure 

12A.

Following transformation, yeast co-transformants harboring both pAS2-l and 

pACT-2 plasmids or their derivatives were identified by growth on SD m edium  

lacking the amino acids tryptophan and leucine, to select for transform ants 

harbouring the DB and AD plasmids respectively. To assay for protein-protein 

interactions, we took several representative colonies of each of the yeast 

transform ant combinations plus yeast transform ants harboring the DB-Apaf-1 

CED-4/linker m utant alongside the pACT-2 AD vector as a control. Yeast were 

streaked on selective media that additionally lacked the amino acid histidine 

(Figure 13B, right panel). As a control, we also streaked the same yeast 

transformants on plates lacking only tryptophan and leucine to demonstrate that 

equal num bers of live yeast were loaded into each sector of both plates (Figure 

13B, left panel).

This analysis revealed that the bait protein alone failed to transactivate the HIS3  

histidine synthase reporter gene when co-expressed with the pACT-2 AD empty 

vector (Figure 13B, right panel). However, yeast transform ants expressing prey 

fusions of either Apaf-lAWD-40 or Apaf-lCED-4/linker alongside the CED- 

4 /linker Bait, transactivated the GAL-4-responsive histidine synthase (H1S3) 

reporter, as judged by their ability to grow on histidine-deficient media, indicative 

of a positive protein-protein interaction (Figure 13B, right panel). This result 

suggested that Apaf-1 can hom odim erize and that this interaction occurs 

minimally between the CED-4/linker portions of the Apaf-1 molecule, since the 

yeast transform ants harboring the Apaf-1 CED-4 domain-only, or the linker
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His+ His-

DB hybrid: Apaf-lCED-4/linker

AD hybrids:

a None
bApaf-lAW D-40 
c Apaf-lCED-4/linker 
dApaf-1 CED-4 
eApaf-1 Linker 
f  Apaf-lACED-3

Figure 13
Yeast Tw o-hybrid protein-pro tein  interaction assay illu stra ting  Apaf-1 d im erization
A, Schem atic representation  of the DB-Apaf-1 C E D -4/L inker deletion  m u tan t that w as 
transform ed alongside a panel of Gal-4 AD Apaf-1 deletion m utants.
B, Interactions between Gal-4-DB-Apaf-1 CED-4/linker and transcriptional activation dom ain 
(AD) fusions of the indicated proteins were determ ined by the yeast tw o-hybrid assay. The 
presence of interacting pairs was indicated by transactivation of the HIS3  reporter gene in the 
yeast, w hich confers an ability to grow on m edium  lacking histidine. Left, control plates 
showing equal loading of yeast; right, the same transform ants grow ing on plates lacking 
histidine where colony grow th indicates an interaction. Data show n are representative of at 
least three independent experiments.



domain only AD fusions, failed to activate the reporter system when co-expressed 

with the Apaf-l-CED-4/linker (Figure 13B, right panel). Strikingly, the Apaf- 

lACED-3 m utant, encompassing the CED-4/linker portions but additionally, 

possessing the WDRs (Figure 12A) failed to associate with the Apaf-ICED- 

4/linker m utant (Figure 13B, right panel). This interesting result strongly 

suggested that Apaf-1 self-association was repressed by the presence of the W DR 

module. The results obtained using the HISS  reporter system were verified using

a second independent LacZ P-galactosidase colony lift assay (Table 4). As 

anticipated from the nutritional selection assay, Apaf-1 readily self-associated via 

the CED-4/linker portions of the molecule, with a LacZ signal intensity similar to 

the Apaf-1 / caspase-9 interaction. The outcomes of both the HISS  and LacZ assays 

are summarized in Table 4.

3.3.3. Generation of GST-Apaf-1 fusions and ^®S-labeled in vitro  translated (ITT) 

Apaf-1 mutants for in vitro pulldown analysis

We next sought to verify Apaf-1 self-association using an in v it ro  protein-protein 

interaction assay. To this end, we generated plasmid derivatives of the 

pGEX4TK2 bacterial expression vector encoding GST-Apaf-1 fusions of either 

amino acids 1-412 or amino acids 1-601 (See schematic representations. Figure 14 

A, B). Recombinant GST-Apaf-1^'^^^, GST-Apaf-1^'^°^ or GST, were affinity purified 

from bacterial lysates. Purification of GST-Apaf-1 and GST-Apaf-1 of the 

approximate predicted molecular weight was confirmed by SDS-PAGE analysis 

and coomassie staining (Figure 14C, left and right panels).

As an interaction partner for these GST-Apaf-1 fusions, we generated pcDNAS- 

based m am m alian expression plasmids encoding various Apaf-1 deletion 

mutants and a pBluescript II plasmid encoding Apaf-1 92-1194 (ACED-3 m utant) 

(Figure 15A). Using the T7 RNA polymerase binding site upstream  of the 

multiple cloning site, we generated ^®S-radiolabeled Apaf-1 m utant proteins using 

a rabbit reticulocyte lysate-based coupled in v itro  transcription and translation 

(ITT) expression system. We then used SDS-PAGE followed by fluorography to
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Table 4
Sum m ary of all the tw o-hybrid  Apaf-l/Apaf-1 com binations tested  in  the  HISS and 
LacZ  p-galactosidase assays

denotes no growth; - /+ , weak growth. ND, not determ ined. The caspase-9/A paf-l 
interaction is included as a positive control.

BD hybrid AD hybrid Growth on His- P-?al assay

CED-4/linker none - _

CED-4/linker CED-4 -/+ (weak) +-f-
CED-4/linker linker - -
CED-4/linker CED-4/linker +-I-+ -t-++
CED-4/1 inker AWD-40 -I-1-+ +-(-+
CED-4/linker ACED-3 - -
CED-4 CED-4 - ND
CED-4 AWD-40 - ND
Caspase-9pro AWD-40 -1-)-+
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Figure 14
Purification of recombinant GST-Apaf-1 fusion proteins
A, Schematic representation of full-length Apaf-1. Indicated are the CED-3-homologous, 
CED-4-homologous, linker and WDR regions of the molecule.
B, Schematic representation of GST, GST-Apaf-1'’̂ '̂  and GST-Apaf-1^"“ ^
C, Images of coomassie stained, SDS-PAGE-resolved, G S T - A p a f - 1 a n d  GST-Apaf-1' 
Arrows indicate the position of the purified recombinant proteins. The additional bands 
likely represent degradation products of the Apaf-1 recombinant proteins.
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Figure 15
Design and production of radiolabeled Apaf-1 deletion m utant proteins
A, Schematic representation of pcDNA3-derived full length Apaf-1 and its associated deletion 
mutants that were generated for in vitro transcription and translation (ITT) and mammalian 
expression.
B, Aliquots of 2 ^1,1^1 and 0.5 |j,l of ITT ^^S-labeled Apaf-lACED-3 (lanes 1-3), or full length 
Apaf-1 (lanes 4-6) were subjected to 8% SDS-PAGE followed by fluorography.
C, Aliquots of 2 |j.l, l |il and 0.5 |il of ITT ^^S-labeled Apaf-1 CED-4 (lanesl-3), CED-4/linker 
(lanes 4-6), AWD40 (lanes 7-9) and full length caspase-9 (laneslO-12) were subjected to 10% SDS- 
PAGE followed by fluorography. Both images represent 12 hour exposures.



verify that the constructs directed expression of proteins of the predicted 

molecular weights (Figure 15B, C). We also produced radiolabeled caspase-9 as 

a positive control for Apaf-1 binding under our GST-pulldown conditions (Figure 

15c).

3.3.4. Detection of Apaf-1 self-association by GST pulldown analysis

To verify our two-hybrid observations using an independent assay, we used the 

reagents described above to determine whether GST fusions of Apaf-1 m utants 

could specifically capture their radiolabeled counterparts in GST-pulldown assays

(Figure 16). Aliquots of approximately 5 |xg of GST or GST-Apaf-1^'^^^ or GST- 

A paf'‘̂ “̂  were typically used in pulldown reactions.

In agreement with the results obtained using the two-hybrid deletion m utants, 

we consistently observed enhanced capture of ^S-Apaf-CED-4/linker and ^̂ S-

Apaf-AWD40 by the G S T - A p a f - 1 c o m p a r e d  to GST alone (Figure 16B, left 

panel). Interestingly, the GS T- A p a f -1 ^ m ut a n t  failed to efficiently capture the 

CED-4/linker protein, again highlighting that efficient Apaf-1 self-association 

required both the CED-4 and adjacent linker portions of the molecule (data not 

shown). Strikingly, in experiments employing either GST-Apaf-1 fusion, the in 

vitro translated caspase-9 used as a positive control in this assay bound to bead- 

immobilized Apaf-1 with a considerably higher affinity than the Apaf-1 self 

association interaction (Figure 16B, left panel and data not shown).

3.3.5. The WDR inhibits Apaf-1 self-association

Since a primary difference between Apaf-1 and worm CED-4 is the presence of the 

C-terminal WDR region in Apaf-1, we next sought to examine whether the WDR 

played a role in regulating Apaf-1 self-association. Since the Apaf-lACED-3 

deletion m utant failed to associate with the Apaf-l-CED4-/linker m utant in yeast 

(Figure 13 and Table 4) this strongly suggested that the WDR region inhibited 

oligomerization. We first attempted to repeat this striking result by pulldow n 

analysis (Figure 17A, B). In agreement with the results encountered in yeast.
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Figure 16
Detection of Apaf-1 self-association using GST-pulldowns
A, Schematic representation of in vitro translated radiolabeled Apaf-1 AWD40, CED-4/ 
linker and CED-4 deletion mutants that were subjected to the in vitro capture assay.
B, Left panel, fluorogram illustrating GST-Apaf-1 ̂ '^^^^pulldown capture of ITT ^^S-labeled 
Apaf-1 mutants; right, fluorogram illustrating 10% of the amounts of radiolabeled proteins 
added to pulldown reactions. Input amounts of radiolabeled proteins were normalized by 
signal intensity.
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Figure 17
The WDR region of Apaf-1 inhibits self-association in in vitro GST pulldown assays
A, Schematic representation of the ^^S-labeied and GST-fused Apaf-1 deletion mutants generated for 
the in vitro capture assay; schematic representation of GST-Apaf-l^'^^l q s T.

B, GST-pulldown illustrating specific capture of the Apaf-lACED-3 mutant by GST-Apaf-1 in 
the presence of cytochrome c (50|j,g/ml) and dATP (ImM). Left panel, fluorogram of GST pulldown 
capture assay; right, fluorogram illustrating 10% of the total amount of radiolabeled proteins used in 
the pulldown reaction. Input amounts of radiolabeled proteins were normalized by signal intensity.



whereas the ^^S-labeled Apaf-1 AWD40 m utant was readily captured by its GST-

fused counterpart, the Apaf-1 ACED-3 radiolabeled m utant bound GST-Apaf-1 

with a considerably lower affinity (Figure 16B). These results confirmed our 

suspicion that the C-terminal WDR plays an im portant role in inhibiting the 

ability of Apaf-1 to form oligomers.

3.3.6. Cytochrome c/dATP overcome the inhibitory effect of the WDR

Since Apaf-1 was identified by Wang and colleagues as a factor that collaborated 

with cytosolic cytochrome c to m odulate apoptosis (Zou et a l ,  1997), we next 

examined whether cytochrome c could regulate the assembly of Apaf-1 oligomers. 

While it has yet to be demonstrated directly, it is believed that cytochrome c binds 

to Apaf-1 somewhere within the WDR of the molecule. Since we have observed 

that the WDR of Apaf-1 seems to exert an inhibitory effect over the formation of 

oligomers (Figures -13 and -17; Table 4), we reasoned that cytochrome c might be a 

good candidate for a regulator of WDR function. To this end, we added 

cytochrome c and dATP to pulldown reactions and assessed the ability of GST- 

Apaf-l*'’”̂  to capture Apaf-lACED-3 under these conditions (Figure 17B). 

Surprisingly, in comparison to pulldown reactions lacking cytochrome c/dATP, 

Apaf-lACED-3 was readily captured by GST-Apaf-1 with an affinity similar that 

of the ®̂S Apaf-1AWD40 mutant. These data strongly suggest that the inhibitory 

properties of the WDR can be overcome by cytochrome c/dA TP (Figure 17B).

3.3.7. Caspase-9 recruitment of Apaf-1 is negatively regulated by the WDR

Having observed that the WDR plays an im portant role in the regulation of the 

ability of Apaf-1 to form oligomers, we next examined the effect that this m odule 

has upon the recruitment of caspase-9. To this end, we generated a plasm id 

encoding GST fused to the N-terminal CARD domain present w ithin the caspase-

9 prodom ain (GST-Caspase-9^^°) and induced E.coli DH5a to express the 

recombinant protein. This portion of caspase-9 has been dem onstrated to be 

necessary and sufficient for the binding of Apaf-1 to caspase-9 (Slee et al., 1999b).
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Figure 18A shows purified GST-caspase-9‘̂ '̂ ’̂ ° alongside an aliquot of unfused 
GST.

We then set up pulldown reactions to assess the ability of similar amounts of 
bead-immobilized GST or GST-Caspase-9‘̂ '̂ °̂ to specifically capture either full 

length in vitro translated ^^S-labeled Apaf-1 or a deletion mutant lacking the 

inhibitory C-terminal WDR (Figure 18B). Surprisingly, whereas GST-Caspase- 

9CARD captured ^^S-labeled Apaf-1AWD40, albeit to a slightly more modest

extent than the reciprocal of this interaction demonstrated above (Figure 16B), 

equivalent amounts of full length Apaf-1 failed to be captured in parallel 
pulldown reactions (Figure 18B). Surprisingly, this suggested that the WDR not 

only regulates Apaf-1 at the level of formation of oligomers, but critically, also at 
the level of recruitment of caspase-9 by Apaf-1.

3.3.8. Deletion of the WDR renders Apaf-1 constitutively pro-apoptotic
If removal of the WDR enables spontaneous Apaf-1 oligomerization and caspase-

9 recruitment, this would predict that the Apaf-1 AWD40 mutant ought to be 

constitutively pro-apoptotic in the absence of cytochrome c. To test this 
hypothesis, we used a transient overexpression system based on lipofection- 
mediated transient transfection of MCF-7 breast adenocarcinoma cells to evaluate 

the effect of ectopic expression of the Apaf-1 AWD40 deletion mutant in 

mammalian cells (Figure 19). We used pcDNA3-derived mammalian expression 

plasmids of Apaf-1 and its deletion mutants in these experiments. For 

comparison, the established pro-apoptotic molecule FADD was used as a positive 

control. To determine the population of cells that received plasmid, we co

transfected cells with the pCMVP (3-galactosidase reporter plasmid. 48 hours 

following transfection, cells were stained for P-galactosidase activity in order to 

identify transfected (blue) cells. Figure 19 illustrates that whereas expression of 

the pcDNA3 vector provoked minimal apoptosis when transfected into these 
cells, FADD dramatically attenuated cell survival. Similarly, transfection of a

plasmid encoding Apaf-1AWD40 resulted in a substantial reduction in the
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Figure 18
Detection of caspase-9‘̂ ''''° recruitment of radiolabeled Apaf-1 by the GST pulldow n in vitro 
capture assay
A,Coomassie stained SDS-PAGE gel illustrating affinity purified GST- caspase-9‘̂ '^° (lane 1) or 
GST alone (lane 2). Purified recombinant caspase-9‘̂ '^° protein is indicated with an arrow. The 
GST-caspase-9^-^^^ plasmid was made by Mary Harte.
B, GST-pulldown capture assay illustrating that full length Apaf-1 cannot bind GST-Caspase- 
9CARD Left panel, fluorogram of pulldown; right, fluorogram illustrating 10% of the total amount 
of radiolabeled proteins used in the pulldown reaction. Input amounts of radiolabeled proteins 
were normalized by signal intensity. Results are representative of two independent experiments.
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Figure 19
Evaluation of apoptosis associated with forced Apaf-1 expression
MCF-7 human breast adenocarcinoma cells were transiently transfected with 2.5 H-g of the indicated 
pcDNA3-derived plasmids encoding either Apaf-1 full length (F.L.), an Apaf-1 deletion mutant 
lacking the WDR (AWD40), FADD or pcDNAS vector alongside limiting amounts (500ng) of the 
pCMVp reporter plasmid. Cells were fixed and stained for p-galactosidase activity 48 hours post
transfection as described in the Materials and Methods section. Cell survival was determined as 
the percentage of transfected (blue) cells for each treatment. All treatments were normalized 
with respect to the background cell death associated with transfection of pcDNA3 vector, expressed 
as 100% cell survival. A minimum of 3 fields of 100 cells were counted for each treatment. Results 
represent the mean of three independent experiments + /-  SEM. The experiment was carried out 
in collaboration with Elizabeth Slee.



num ber of live blue cells, albeit to a more modest degree in comparison w ith 

FADD (Figure 19). Interestingly, overexpression of full length Apaf-1 failed to kill 

cells (Figure 19), consistent with the inability of m utants possessing the WDR to 

self-associate or recruit caspase-9‘̂ ^̂ ‘̂  (Figures -13, -17, -18; Table 4). Thus, there is 

a clear correlation between the ability of the WDRs to repress 

dimerization/caspase-9 recruitm ent and the ability of this region to repress the 

death prom oting activities of Apaf-1. This indeed suggests that the inhibitory 

properties of the WDR m ust be neutralized in order to unlock the pro-apoptotic 

activity of Apaf-1.

3.3.9 In vitro  modulation of caspase-9 activity

3.3.9.1 Attempts to recapitulate caspase-9 activation in vitro

As was detailed previously, Apaf-1 is a very attractive therapeutical target. Our 

data suggests that the pro-apoptotic activity of Apaf-1 derives from its ability to 

form oligomers. Thus, we suggest that therapeutic intervention ought to 

specifically target this oligomerization mechanism, either to repress or prom ote 

Apaf-l-dependent apoptosis. In addition we reasoned that an in vitro readout of 

Apaf-1 self-association would be very valuable assay to employ in screening for 

drugs that repress or promote oligomerization.

We initially determined whether these m utants could activate caspase-9 in vitro,  

since the development of this assay might enable screening for peptide inhibitors 

of Apaf-l-mediated caspase-9 activation. To this end, we incubated ^^S-Caspase-9 

with aliquots of GST-Apaf-1 GST-Apaf-1''^°^ or GST alone, at 37°C in the

presence of a buffer containing ImM DTT in order to stabilize the thiol group in  

the active site of caspase-9 (Figure 20A). Unfortunately, whereas both of these 

mutants readily captured caspase-9 in pulldown reactions (Figure 16 and data not 

shown), they failed to promote the maturation of caspase-9 (Figure 20A).

Since we considered this an im portant question, as an alternative approach we 

examined the ability of radiolabeled ITT Apaf-1AWD40 to prom ote m aturation of 

endogenous caspase-9, w ithin the context of reactions incorporating Jurkat cell
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Figure 20
Attempts to modulate caspase-9 activation using recombinant Apaf-1
A, Fluorogram illustrating the inability of G S T - A p a f - 1 o r  GST-Apaf-1' “ ' to activate 
radiolabeled caspase-9 in vitro. Aliquots of approximately 5|J,g of GST, GST-Apaf-l^ -412 or GST- 
A p a f - 1 pre-washed in WCEB buffer containing ImM DTT, were incubated in 10|il reactions 
containing ImM DTT supplemented with 50|J.g/ml cytochrome c /lm M  dATF containing 1 |j,l 
of 35s radiolabeled caspase-9. Samples were incubated for 2 hours at 37°C, followed by subjection 
to 10% SDS-FAGE and fluorography.
B, Anti-caspase-9 immimoblot illustrating the inability of a ^^S-labeled Apaf-1 deletion mutant 
lacking the WDR (Apaf-1 AWD40) to activate endogenous caspase-9 in ceU free extracts. Aliquots 
of either 2,1 or 0.5 |il of 35s-Apaf-1 AWD40 or equivalent amounts of control rabbit reticulocyte 
lysate were added to Jurkat S-15 cell-free extracts containing ImM  DTT in a total reaction size of 
10|j,l. Samples were incubated at 37°C for 2 hours and subsequently subjected to 10% SDS- 
PAGE and immunoblotting with an anti-caspase-9 polyclonal antibody. The reaction indicated 
by the lane on the extreme right was supplemented with 50n.g/ml cytochrome c and ImM 
dATF and serves as a positive control for caspase-9 activation. The arrows denote the processed 
form of caspase-9.



free extract. As is illustrated in Figure 20B, a control reaction comprising extract 

treated with cytochrome c/dATP to trigger the apoptotic program, induced 

m aturation of caspase-9 into the p35/p37 active subunits, as assessed by 

im m unoblotting of endogenous caspase-9 in extracts using a caspase-9-specific

polyclonal antibody. In contrast, extracts treated with ^^S-labeled Apaf-1AWD40 

failed to propagate caspase activation (Figure 20B).

S.3.9.2. Attempts to repress caspase-9 activation in vitro

To address the problem from a different angle, we speculated that the CED- 

4/linker m utant may be able to interfere with endogenous Apaf-1 activity by 

binding to endogenous Apaf-1 and preventing the form ation of caspase-9- 

activating complexes. This m utant lacks the N-term inal caspase-9 recruitm ent 

motif and therefore can form oligomers, but cannot bind to caspase-9 (Figure 

21A). To test this, we incubated ^^S-labeled Apaf-lCED-4/linker with Jurkat S-15 

cytosolic extracts activated by the addition of cytochrome c and dATP. Reactions 

were analyzed at relatively short endpoints, in order to observe any subtle or 

transient inhibitory effect that might occur. Unfortunately, we were unable to 

observe any inhibitory effect attributable to the addition of Apaf-lCED-4/linker as 

judged by detection of radiolabeled caspase-9 added exogenously to extracts 

(Figure 21B).

3.4. Two-hybrid Screening for Apaf-1 interactors

We next sought to identify novel Apaf-1 binding partners as a means to further 

dissecting the role of the molecule during apoptosis. As described in section 3.2. 

of this chapter, it is likely that molecules including novel caspases and CED-9 

homologues may bind to Apaf-1. Moreover, as a result of our observations 

concerning the ability of Apaf-1 to dimerize, we were keen to investigate w hether 

novel interacting partners might inhibit or promote this mechanism  by binding 

to Apaf-1.

Since the Apaf-1 protein is a multi-modular molecule, possessing at least three 

clearly defined structural entities (Figure 22A), we reasoned that screening w ith
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Figure 21
A ttem pt to repress in vitro activation of caspase-9 using  recom binant Apaf-1
A, Schematic representation of the ̂ ^S radiolabeled Apaf-1 CED -4/linker deletion m utant used 
to attem pt to inhibit in vitro activation of caspase-9.
B, Fluorogram  illustrating the inability of ̂ ^S Apaf-1 C ED -4/linker to inhibit in vitro caspase-9 
activation. Aliquots of 1 p.! of ̂ ^S Caspase-9 plus 5 .̂1 of Jurkat S-15 cell free extract (CFE) were 
incubated in buffer containing Im M  DTT alongside either 2 ,1  or 0.5 |il of ^^S Apaf-1 CED-4/ 
linker. Where indicated, samples were treated by the addition of cytochrome c (50|j,g/ ml) and 
dATP(lmM ) to initiate A paf-l-dependent activation of caspases. Samples were incubated at 
37°C for the ind icated timepoints and reactions were stopped by the addition of an equal volume 
of 2x SDS-PAGE loading buffer. Sam ples w ere th en  subjected  to  10% SDS-PAGE and 
fluorography. The image shown represents a 12 hour exposure. Control treatments incorporating 
2 |0,1 of rabbit reticulocyte lysate were included for both of the indicated tim epoints. The solid 
line indicates unprocessed caspase-9, the arrows denote the caspase-9 cleavage product. ^^S 
Apaf-1 CED-4/linker protein is indicated by an asterisk.
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Figure 22
Selection of an Apaf-1 Gal-4 DB mutant suitable for screening purposes
A, Schematic representation of full length Apaf-1 protein. Indicated are the CED-3- 
homologous, CED-4-homologous, Linker and WD-40 repeat regions of the molecule.
B, Schematic representation of the Two-Hybrid Gal-4 DNA binding domain (DB) fusion 
proteins of Apaf-1 mutants that were preliminarily tested for the screening procedure.

Table 5
Summary of the suitability of the Two-Hybrid Apaf-1 DB m utants for screening purposes.

Apaf-1 DB-Fusion Comment Suitability for Screening
pAS2-l ACED-3 Toxic when expressed in yeast No
pAS2-l AWD40 Autoactivates reporter systems No
pAS2-l CED-3 Autoactivates reporter systems No
pAS2-l CED-4/Linker Toxic No
pAS2-l CED-4 Mildly Toxic No
pGBT-8 CED-4 Non-Toxic Yes



the full length molecule would offer the greatest chance of success in retrieving 

an interaction partner. However, we were concerned about the use of the full 

length protein as a screening bait for two reasons. Firstly, during the earlier

studies, we had observed that expression of the Apaf-lACED-3 contruct was in fact 

considerably toxic to yeast, thus rendering it unsuitable for screening purposes 

(See Table 5). By extension, it was likely that the full length protein would 

similarly prove toxic when expressed in yeast. Moreover, because the actual 

function of the WDR region of Apaf-1 was unknow n, it thus constituted an 

attractive screening target. However, we were concerned that because of the 

relatively ubiquitous presence of WDR modules in num erous other cellular 

proteins, the screen might retrieve many non-specific W DR-binding m olecules 

that did not have a genuine specificity for Apaf-1.

On this basis, we considered that it was most logical to screen w ith the Apaf-1 

AWD40 mutant, since this truncation possessed both CARD and CED-4 motifs. 

This offered two potential interaction faces with which to retrieve binding 

partners. Moreover, in earlier analyses, we observed that this m utant could 

readily dimerize; thus, screening with this portion of the molecule may yield 

interactors that promote or repress dimerization. To this end, we designed and 

generated a pAS2-l-derived plasmid encoding an in-frame fusion with the coding

sequence of amino acids 1-601 of Apaf-1 (designated DB-Apaf-1 AWD40; Figure 22 

and Table 5). To obtain a yeast transform ant for screening purposes, we 

transformed the host strain Y190 with the DB-Apaf-1AWD40 plasmid, according 

to the lithium acetate technique described in Chapter II. To select for 

transformants harboring the pAS2-l-derived Gal-4 DB-Apaf-1 plasmid, yeast were 

plated on SD media lacking the amino acid tryptophan.

Before progressing towards the screening procedure, Y190 host strain was 

additionally transformed with the DB-Apaf-1AWD40 construct together with the 

pACT-2 AD empty vector to ensure that expression of the recombinant Apaf-1 

molecule did not autonomously autoactivate the reporter genes. These
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transformants were plated on media lacking tryptophan and leucine to select for 

the presence of the DB and AD-encoding plasmids, respectively. In order to test 

for auto-activation, representative colonies were then retreaked on m edia 

additionally lacking the amino acid histidine. Only yeast transform ants 

harboring positive interacting pairs—or an autoactivating bait fusion p ro tein— 

should be able to grow on this media, as a result of transactivation of the HISS  

histidine synthetase gene under control of a Gal-4-responsive Upstream  

Activating Sequence (UAS). Unfortunately, preliminary analysis revealed that

the DB Apaf-1 AWD40 m utant did indeed autoactivate the HISS  reporter gene 

(Table 5). Moreover, this m utant also transactivated the second, LacZ  reporter 

gene in p-galactosidase colony lift assays (Table 5). As a compromise strategy, we 

contemplated using a DB-Apaf-1 CED-3-only m utant, encoding a fusion of the 

Apaf-1 CARD. However, this construct also autonom ously transactivated both 

reporter genes, thus preventing it from being used in the screening procedure 

(Table 5).

We next re-directed our focus towards screening for Apaf-1 CED-4-domain 

interactors. Since the previous analyses demonstrated that the Apaf-1 CED- 

4/Linker m utant readily self associated in yeast and did not autoactivate the 

reporter systems (Figure 13 and Table 4), we decided this was a suitable candidate 

for screening. However, consistent with a report concerning the toxicity of w orm  

CED-4 protein when expressed in yeast, expression of this construct was sim ilarly 

toxic (James et ah, 1997). We therefore opted to screen w ith the DB-CED-4 

domain-only mutant, encoded by amino acids 92-412 of the full-length Apaf-1 

protein (Figure 22A and Table 5). Since this m utant possessed the m inim ally- 

defined, conserved CED-4-homologous region and retained an albeit weak self

association ability, we decided to to seek interacting proteins that might m odulate 

Apaf-1 self-association.

As a prelude to screening, we generated Y190 yeast transform ants of the pAS2-l 

DB Apaf-1 CED-4 plasmid in the m anner described above. In order to determ ine
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whether this mutant was suitably non-toxic for efficient screening purposes, we 
then conducted a series of test sequential transformations, by transforming the 

Y190 DB-Apaf-1 CED-4 host with pACT-2 jurkat cDNA library plasmid intended 

for the library screening procedure. For comparison, host strain Y190 and a Y190 
mutant expressing the unfused Gal-4 DB protein were included as controls for 

these test transformations. The outcome of these experiments is summarized in 
Table 6. Untransformed Y190 yeast regularly yielded in the region of -10^ 

transformants/|ig of input library DNA, and Y190 overexpressing the unfused DB 

moiety yielded approximately one log fewer transformants than this. 
Unfortunately, the Y190 Apaf-1 CED-4 mutant generally yielded in the region of 

5x10'̂  transformants/|ig of DNA (Table 6). Since substantial subsequent efforts 

designed to optimize screening with this construct failed to measurably improve 
the transformation efficiency, we decided to proceed into a screen, albeit with a 

reduced efficiency.

As a guideline, information concerning the technicalities of the screen is 
provided in Table 7. As is illustrated, an attempt to screen one complexity of the 
pACT-2 Jurkat cDNA library, some 3x10  ̂ individual library clones, would have 

required using 600 îg of library plasmid. As a compromise, we opted to screen 

500 |ig of plasmid: aiming to cover in the region of 2.5x10^ cfu, or some -80% of 

the total library complexity. As a further necessary compromise, we increased the 
plating density of yeast by five-fold, thus using 80, rather than the required 400, 15 
cm screening plates (Table 7).

The screening procedure was performed as detailed in the Chapter II. To 

determine the transformation efficiency of the screen, we plated identical aliquots 

of library-transformed yeast onto control plates composed of leucine and 

tryptophan-deficient SD media. This revealed that the actual efficiency of the 

screen was only in the region of ~3.0xl0^/|Xg of DNA, predicting that 

approximately 1.5x10  ̂ individual library clones had been screened. 

Unsurprisingly given the paucity of clones screened in this attempt—
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Table 6
Table illustrating a comparison in the average transform ation efficiency of yeast 
strains Y190, Y190 DB empty vector and Y190 Apaf-1 CED-4 w hen transformed 
with pACT-2 library plasmid.

Yeast Host Strain Average Transformation Efficiency/^ig 
of pACT-2 library DNA

Y190 1.4x105
Y190-pAS2-l Vector 1.6x10^
Y190-pAS2-l Apaf-1 CED-4 5.6x103

Table 7
Table illustrating the relationship between yeast transform ation efficiency and 
the scale of library screening undertaken.

Predicted Screening Efficiency ~5xl(P/\ig library DNA

Library Complexity ~3xl0'’ Independent Clones

No. |ig required to screen 1 library Complexity 3x1075x103=600 |Xg

No. ng required to screen -80% Complexity 2. 5xl0V5xl03=500|ig

Maximum DNA amount transformable 5|0.g/10® yeast cells

No. yeast cells required for 500 (J,g 1.0x10“ cells

Recommended plating density 2.5x10^ cells/ 15 cm plate

Total plates required 1.0x10^/2.5x10^ = 400 plates

Total plates required at 5X normal density 80 plates

Table 8
Table illustrating a comparison between the library transform ation efficiency of 
Y190 pGBT-8 empty vector and that of the Y190 pGBT-8 Apaf-1 CED-4 strain.

Mean Transformation Efficiency/p,g library DNA

Yeast Strain 

Y190 pGBT-8 DB empty vector 

Y190 pGBT-8 Apaf-1 CED-4

Experiment #1 Experiment #2 

1.1x10= 5.1x10^

1.2x105 5.9x10^



representing approximately only 5% of the total library complexity—this 
screening procedure failed to reveal any significant candidate clones, as judged by 

a lack of histidine prototroph colonies 10-14 days following plating. Thus, due to 
the toxicity of this molecule as well as possible compromization of the screen 
because of plating the yeast at a higher than recommended screening density, this 

approach was unsuccessful in retrieving Apaf-1 binding partners.

Since our failure to conduct a library screen related to a toxic effect of the 

overexpressed DB-Apaf-lCED-4 protein, we reasoned that reducing expression 

levels of the protein might reduce toxicity, making this molecule more amenable 
for screening. To explore this possibility, we obtained the pGBT-8 Gal-4 DB- 
encoding plasmid. This progenitor of the more modern pAS2-l plasmid encodes 
the same sized Gal-4 DB moiety, the first N-terminal 147 amino acids of the wild- 
type transcription factor. However, it possesses a weaker promoter than its pAS2- 

1 derivative. It was correspondingly likely that the expression levels of the 
resultant fusion protein would be lower than those obtained from the pAS2-l 
vector.

To see if reduced expression levels of our toxic bait could remedy the 
transformation efficiency problem, we subcloned the Apaf-1 CED-4 insert directly 
from the pAS2-l DB Apaf-1 CED-4 plasmid used in the failed screen. The insert 
was excised, as described in Chapter II, using the restriction enzymes Sma-1 and 
Sal-1 and then ligated into the linearized pGBT-8 empty vector bearing 

complementary restriction sites. Following screening for recombinant clones that 
possessed the insert flanked by the appropriate restriction sites, Y190 yeast host 

was transformed with the pGBT-8 Apaf-lCED-4 plasmid, alongside the 

corresponding pGBT-8 empty vector as a control. Strikingly, both of these 

plasmids transformed with a similar efficiency/|ig, suggesting that the DB-Apaf- 

1CED4 was less toxic than its predecessor. This probably related to reduced 

expression levels of both the Gal-4 DB protein and its Apaf-1 mutant derivative.
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On the basis of this encouraging result, we then proceeded to test the Y190 DB- 

Apaf-lCED-4 m utant to determine whether the sequential transform ation 

efficiency was also much improved due to reduced toxicity levels. As is detailed 

in Table 8, these experiments revealed that the pGBT-8-based Apaf-1 m utant was 

readily transformable with pACT-2 jurkat library DNA, w ith an efficiency ranging 

between ~6xlO‘*-lxlO .̂ Thus, on this basis it was decided to proceed with the 

screening procedure, the toxicity problem having been solved by switching 

expression vectors.

We embarked upon a second two-hybrid screen, this time using 100|ig of library 

DNA to screen a predicted 5x10^ individual library molecules, assuming an 

efficiency of 5x10^ cfu/|ig  of DNA. The screening procedure was conducted as 

detailed within Chapter II. Briefly, based on control platings, we screened some 

6x10^ clones, approximately twice the complexity of the library. These were plated 

on a total of 40x15 cm plates lacking the amino acids histidine, leucine and 

tryptophan, supplemented with 25mM 3-AT to dampen down leaky expression of 

the reporter genes, according to the m anufacturer's protocol. Visual inspection of 

the screening plates 9 days later revealed the presence of many small candidate 

histidine prototrophs. These were re-streaked on fresh histidine-deficient m edia 

to assess their ability to grow on media that did not initially have a covering of 

dead yeast.

The pGBT-8 plasmid features a lower expression level than its pAS2-l derivative. 

We therefore reasoned that it might be difficult to make a decisive assessment as 

to the preferential candidacy of specific putative interactors based on the LacZ 

colony lift assay, since the extent of blue colour developm ent may have been 

hampered by the low cellular levels of the protein. Thus, some 80 of the clones 

that regrew upon restreaking on fresh histidine-deficient media were subjected to 

further analysis, independent of an assessment of LacZ activity. To this end, we 

created inocula of the candidate clones and grew these in liquid selective m edia 

in order to obtain yeast pellets for the isolation of total yeast plasmid DNA. W e
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used a mixture of phenol and glass beads to achieve disruption/isolation of the 

yeast, as described in Chapter II. As is described therein, plasmid obtained in this 

procedure was used as template for PCR-based insert screening reactions, 

incorporating primers that flank the pGBT-8 multiple cloning site.

In an attempt to collapse these candidate clones into more managable putative 

subgroups, we next performed Alu-l restriction digest analysis on the PCR 

products amplified from the yeast plasmid template. Since this enzyme is a 

frequent cutter, library clones harbouring contiguous portions of the same gene 

therefore ought to exhibit similar hallmark A lu-l banding patterns. 

Disconcertingly, in spite of our having screened approximately twice the 

compexity of the library, this analysis failed to reveal any striking similarity in  

Alu-l banding patterns. As a result, approximately the first forty of these clones 

were arbitrarily chosen for sequencing.

To reveal the identity of some of the putative Apaf-1 interactors, we used the PCR 

products described above as template for automated DNA sequencing reactions, 

as described in Chapter II. The samples were then subjected to autom ated 

sequencing using a Perkin Elmer ABI-PRISM 310 Genetic Analyzer autom ated 

sequencer, according to the manufacturer's instructions. The resultant nucleotide 

sequences were stripped of any vector-specific DNA and subjected to database 

interrogation using the BLASTN and BLASTX algorithms, accessed via the NCBI 

web interface. These algorithms were used to search the non-redundant database 

for similarities to hum an and non-hum an genes. The BLASTN algorithm  

directly interrogates nucleotide sequences, whereas the BLASTX algorithm  

performs a conceptual amino acid translation of a nucleotide sequence in all 

three reading frames and then probes a protein database.

Unfortunately, interrogation of the non-redundant NCBI database revealed the 

screen to be a failure, as judged by the lack of multiple copies of any particular 

molecule. On this basis, the screening procedure was abandoned as a means of 

retrieving Apaf-1 interactors. For reference, the identity of some of the library 

clones is recorded in Tables-9 and -10.
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TABLE 9

Table illustrating clones obtained from the Apaf-1 Yeast-Two-hybrid Screen identified by 

DNA sequencing followed by BLAST database searching

Clone
No.

Iden tity /
S im ilarity

Accession
No.

Species E-Value
(BLASTN)

E-Value
(BLASTX)

IB Human p311 U30521 Homo
sapiens

0.030

ID SWl/SNF complex 
170kDa subimit

U66616 Homo
sapiens

8e-55

2A Sequence from cosmid 
L60G9B, 

Huntington's Disease 
Region

Z69363 Homo
sapiens

0.0

2D Proteasome Iota Chain P34062 Homo
sapiens

9e-34

2E Prolyl 4-hydroxylase 
alpha subunit

M24487 Homo
sapiens

0.0

2F Tyrosine 
phosphoprotein SLP-76

A56110 Homo
sapiens

9e-80

3A Ubiquitin fusion 
degradation protein 

homolog

AF059906 S.
pombe

4.8

3B Alu subfamily SB 
warning entry

P39189 Homo
sapiens

4e-04

3D Human rac protein 
kinase alpha mRNA

M63167 Homo
sapiens

0.0

3E Mammary tumour- 
associated protein INT- 

6

U94174 Homo
sapiens

2e-47

4A Cytoskeletal gamma- 
actin

X04098 Homo
sapiens

0.0

6A Ribosomal protein L30 M94314 Homo
sapiens

e-179

6B Heat shock factor 
binding protein

AF068754 Homo
sapiens

0.0

8C 18S ribosomal RNA L15195 Bybl is
l ini f lora

0.42

9C SSR alpha subunit Z12830 Homo
sapiens

7e-18

14B Mucin SAC S53363 Homo
sapiens

0.001

15B COX17 mRNA L77701 Homo
sapiens

0.0



TABLE 10

Table illustrating clones obtained from the Apaf-1 Yeast-Two-hybrid Screen identified by 

DNA sequencing followed by BLAST database searching

Clone
No.

Iden tity /S im ila rity Accession
No.

Species E-Value
(BLASTN)

E-Value
(BLASTX)

18A Carnitine 
palm itoyltransferase II 

precursor

U09646 Homo
sapiens

e-110

19A Mus musculus mbac6, 
complete sequence

AC004407 Mus
musculus

0.10

19B Chromosome 17, clone 
HRPC1169K15

AC003963 Homo
sapiens

0.027

19D Ribosomal protein S3a M77234 Homo
sapiens

0.0

21A 60S ribosomal protein P52859 Rat tus
norve^icus

5e-44

21B SEC14L mRNA D67029 Homo
sapiens

e-173

21C Hypothetical protein AL022245 S. pombe 6.1
23A ribosomal protein L7a 

(surf 3)
M36072 Homo

sapiens
0.0

23D Replication factor C M87339 Homo
sapiens

e-111

26A DNA sequence from 
cosmid U84B10

Z7G274 Homo
sapiens

5e-07

34A Streptomyces cyaneus 
plasmid pSA l.l

AB010724 Streptomy
ces

cyaneus

0.46

37A Immunoglobulin gamma 
chain

M81769 Sus scrofa 169

37B PIG-L D88364 Rat tus
norve<^icus

4e-24

38A 60s ribosomal protein 
L23

P23131 Homo
sapiens

5e-34

39A K1AA0005 gene D13630 Homo
sapiens

0.0

40C C37E2.2 Z81046 C. ele^ans 8.5
41B DNA sequence from 

BAC 1216H12 on 
chromosome 22ql2

AL008715 Homo
sapiens

0.12



3.5. DISCUSSION

3.5.1. Summary

In this study, we have identified the WDR region as a critical regulator of Apaf-1 

function, dually in term s of the ability of this molecule to self-associate, as well as 

by m odulating  caspase-9 recruitm ent. Using two-hybrid and GST p u lld o w n  

deletional analyses, we have dem onstrated that Apaf-1 is capable of direct self

association in the absence of other cytosolic adaptor m olecules. M oreover, we 

have pinpoin ted  the CED-4 and adjacent linker dom ains of the m olecule as the  

oligom erization surfaces necessary and sufficient for the form ation of Apaf- 

1/A paf-1 complexes.

3.5.2. Apaf-1 functions via an induced proximity mechanism

O ur observation that Apaf-1 is capable of self-association further supports the  

"induced proxim ity" m odel of caspase activation (Salvesen and Dixit, 1999) 

whereby inactive procaspase zymogens become converted into their m atu re  

enzym atically active forms via an aggregation-dependent m echanism . It is th u s  

tem pting to speculate that Apaf-1 acts prim arily  as a procaspase-9-aggregating 

molecule. As a result, negative regulation ought to act at the level of restricting 

the ability of the m olecule to form  oligomers. H erein, w e have dem onstrated  

that the WDR region of Apaf-1 perform s this role. Interestingly, a report has 

suggested that artificially induced aggregation of procaspase-9 is sufficient to 

prom ote its autocatalytic processing (Srinivasula et a l ,  1998). W ithin this context, 

it is also interesting to note a report that suggests that nem atode CED-4 activates 

its cognate caspase, CED-3, via a sim ilar clustering m echanism  (Yang et. al., 

1998a). Indeed, this study reveals a direct correlation betw een the ability of 

nem atode CED-4 to oligom erize and its ability activate the CED-3 caspase, since 

oligom erization-dead CED-4 m utants fail to have CED-3 activating properties 

(Yang et. al., 1998a). Thus, Apaf-1 and CED-4 share a conserved induced 

proxim ity caspase-activating mechanism.
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3.5.3. Apaf-1 oligomerization requires the CED-4-homologous domain

These data therefore im ply that hum an Apaf-1 and worm  CED-4 share not only a 

com m on ability to self associate in order to activate their respective target caspase, 

but m oreover, that they possess an evolutionarily  conserved o ligom erization  

surface: the CED-4 dom ain. Interestingly, the CED-4-homologous region of 

Drosophi la  Apaf-1 relative, DARK is sim ilarly well conserved (Figure IIC) 

(Rodriguez et al., 1999).

W hile our analyses reveal that oligom erization of hu m an  Apaf-1 is dependen t 

on the CED-4-homologous dom ain, the results suggest that optim al Apaf-1 self

association additionally requires the so-called "linker" region. The req u irem en t 

for the latter in hum an Apaf-1 oligom erization m ay represent a divergence in the 

com ponents of the oligom erization surface betw een hum an  Apaf-1 and w orm  

CED-4. It is more likely however, that the presence of this additional motif in the 

CED -4/linker deletion m utants m ay stabilize the folding of this artificially 

truncated m utant. How ever, it is nonetheless interesting to note that several 

other groups have reported a sim ilar requirem ent for both the CED-4 dom ain as 

well as portions of the adjacent "linker dom ain" for m axim al form ation of 

oligom ers (Hu et al., 1998b; Srinivasula et al., 1998). Clearly how ever, since the  

linker region alone is insufficient to m ediate even a w eak degree of self

association (Figure 13 and Table 4), these data suggest that the evo lu tionarily  

conserved CED-4-homologous region plays an essential role in Apaf-1 

o ligom erization.

3.5.4. The WDR plays a dual role in regulating Apaf-1 activity

Clearly, hum an  Apaf-1 and nem atode CED-4 differ considerably w ith respect to 

the presence of m ultiple WDRs in the former. O ur results reveal the critical role 

of the WDRs w ithin hum an Apaf-1 as a m eans of safely m uzzling  inappropriate

Apaf-1 activity in the absence of cytosolic cytochrom e c, since the Apaf-lACED-3 

m utant lacks spontaneous oligom erization/caspase-9 binding abilities. We h av e  

dem onstrated that the WDRs act as a death-repressing m odule via two im p o rtan t 

and distinct m echanisms.
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Under normal conditions, Apaf-1 is prevented from self-association by the 

presence of the WDR. From our data, we predict that the removal of the WDR 

mimics the in vivo  binding of cytosolic cytochrome c to Apaf-1. Using GST 

pulldow n analysis, we have demonstrated that cytochrome c and dATP can 

overcome the block that the WDRs exert on Apaf-1 oligomerization. W hereas 

the ACED-3 m utant failed to be captured by GST-Apaf-1 1-601 in the absence of 

cytochrome c, addition of this molecule to pulldow n reactions enabled self

association of Apaf-1 with an affinity similar to the WDR-deficient Apaf-1AWD40 

m utant.

Importantly, we provide additional evidence for the WDRs as a regulator of 

caspase-9/Apaf-1 interaction. Whereas the AWD40 m utant that was capable of 

self-association was readily captured by GST-caspase-9‘̂ '̂ °̂, full-length Apaf-1 

failed to be recruited under similar conditions. Given this, it is tempting to 

speculate that cytochrome c binding to the WDR may overcome this block on  

procaspase-9 recruitment.

These data therefore highlight the critical importance of the WDR as a regulator 

of Apaf-1 activity and suggest that the binding of cytochrome c to Apaf-1, 

presumably within the WDR, may induce a conformational change in the 

molecule that has long-range effects, influencing both the formation of oligomers 

as well as the recruitment of procaspase-9.

3.5.5. The WDR represses the pro-apoptotic activity of Apaf-1

In this study, we have demonstrated a functional correlation between the ability 

of Apaf-1 m utants to spontaneously oligom erize/recruit caspase-9 and their 

ability to induce apoptosis in the absence of a cytochrome c-mediated death signal. 

Whereas transiently overexpressed Apaf-1 failed to provoke apoptosis and 

moreover, elicited a slight pro-survival effect (Figure 19), the AWD40 m u tan t 

autonom ously initiated apoptosis. These data therefore highlight the critical
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importance of both Apaf-1 oUgomerization and the recruitm ent of caspase-9 

during Apaf-l-mediated apoptotic signal transduction. Further studies will be 

required to determine whether caspase-9 recruitm ent and the formation of 

oligomers occur simultaneously upon the binding of cytochrome c, or w hether 

one of these steps occurs following the other.

In this study, we have not examined the role of dATP either w ith respect to its 

influence upon the formation of oligomers or the binding of caspase-9 to Apaf-1. 

Moreover, we have not discriminated between cytochrome c and dATP-mediated 

effects upon the WDR. However, on the basis that m utation of the P-loop in  

worm CED-4 abrogates its CED-3 activating activity, it is likely that dATP 

binding/hydrolysis is im portant for hum an Apaf-1 function (Chaudhary et al., 

1998).

3.5.6. Screening for Apaf-l-interacting proteins

In this study we have attempted to further elucidate the Apaf-1 pathway using a 

two-hybrid approach to identify novel Apaf-1 interacting molecules. 

Unfortunately, due to technical difficulties, relating to the toxicity of the 

molecule, this approach has been unsuccessful. Interestingly, our observation 

that Apaf-1 expression is toxic in yeast concurs with a report concerning the 

toxicity of C. elegans CED-4 (James et al., 1997). It is unlikely in either of these 

cases that CED-4 or its hum an relative can trigger a specific death program in  

yeast, most obviously since no caspase homologues have been identified in these 

prim itive eukaryotes. It is nonetheless interesting to note that the nucleotide 

binding motif, or P-loop can be found conserved amongst a family of plant genes 

that play a role in host defense, the R —or resistance—genes. In particular, this 

family of plant proteins regulate the so-called hypersensitive response, whereby a 

plant will mount a localized suicide response to the invasion of a pathogen (Van 

der Biezen and Jones, 1998; Ellis and Jones, 1998).
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3.5.7. Modulation of Apaf-1 oligomerization represents an important therapeutic 

target

The relevance of Apaf-1 as a therapeutic target has already been discussed. Our 

observation that oligomerization is critical for Apaf-1 function suggests that a key 

means of modulating Apaf-1 activity would involve prom oting or repressing 

dimerization. Our in vitro capture assay could be applied to an autom ated 

screening procedure designed to identify candidate molecules capable of 

preventing the formation of productive Apaf-1 oligomers. Equally, drugs 

directed towards promoting the spontaneous aggregation of Apaf-1, independent 

of cytochrome c, may be one possible option to artificially prom ote cell death in  

neoplastic tissue.

Unfortunately, our preliminary attempts to m odulate Apaf-l-m ediated caspase-9 

activation have been unsuccessful. However, because of the potential value of 

intervening in Apaf-1 mediated apoptosis, future work may apply the in v itro  

assay as a means for finding peptide inhibitors or prom oters of Apaf-l-m ediated 
caspase-9 activation.

The discussion section above primarily places the results of our study w ithin the 

context of published observations that were undertaken concurrently by other 

groups. For a more global, up-to-date appraisal of our observations within the 

context of significant recent developments in this area, the reader is directed 

towards the General Discussion in Chapter VI.
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CHAPTER IV:
Molecular characterization of DRADD, 
a novel caspase-9-interacting molecule
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4.1. INTRODUCTION AND AIMS

This chapter deals with the molecular characterization of DRADD, a novel 

caspase-9-interacting molecule that was identified as a result of a two-hybrid 

screen previously conducted in the laboratory. As was detailed in Chapter I, there 

are some obvious differences between the CASP-9'^' and APAF-T^' m urine  

knockout phenotypes. The survival of a fraction of APAF-2-nullizygous anim als 

into adulthood (-5%) indicates that there are certain genetic contexts, admittedly, 

thusfar obscure, within which other caspase-activating adaptor molecules may 

substitute for the loss of Apaf-1 function (Honarpour et al., 2000). Intriguingly, 

apart from male sterility, these APAf-I-nullizygous mice are healthy and exhibit 

few defects in cell death regulation (Honarpour et al., 2000). Therefore, we 

reasoned that there might be other caspase-9-interacting adaptor molecules that 

substitute for Apaf-1 function in the minority of APAF-2-null mice that surv ive 

into adulthood. The sections below that describe the screening and subsequent 

identification of DRADD as a caspase-9-selective molecule are initially written in  

the passive tense. This is to demarcate work that the author did not participate 

in, that is included so as to place DRADD within the context which it was cloned.

4.2.1 Identification of DRADD as a caspase-9-selective interaction partner by yeast 

two-hybrid screening

To search for interaction partners that may potentially regulate the activity of 

caspase-9 during apoptosis, a two hybrid screen was conducted in the laboratory 

using the N-terminal pro-domain (amino acids 1-130) encompassing the caspase- 

9 CARD motif (Figure 23A, B). As was demonstrated in Chapter III, this portion 

of caspase-9 is sufficient for mediating the CARD/CARD interaction with caspase- 

9 adaptor molecule Apaf-1, making it likely that it would also be sufficient for 

CARD-based interactions with other caspase-9-interacting molecules.

For screening purposes, a Gal-4 DB fusion incorporating amino acids 1-130 of the 

caspase-9 CARD (designated DB-Caspase-9^'^^'^; Figure 23B) was transformed into 

yeast Y190 host strain. After verifying that the hybrid protein was suitably n o n 

toxic and did not autonomously autoactivate the two-hybrid reporter genes, a
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A Full Length Caspase-9

D 315 D 330
416

CARD Large /  \  Small 
Subunit QACGG Subunit

Gal-4 DB Caspase-9 

B 1 130

Gal-4 DBD CARD
(a.a. 1-147)

Figure 23
Illustration of the caspase-9‘̂ ‘' “'̂  bait used for two-hybrid library screening
A, Schematic representation of the domain structure of full length procaspase-9. Indi
cated are the CARD motif, and the large and small subunits of the molecule. The active 
site QACGG motif is indicated within the large subunit. Also shown are the P4 Aspartate 
positions of sites cleaved by caspase-9 (Asp 315) and caspase-3 (Asp 330) during activa
tion of the molecule. Numbers denote amino acid positions; amino acids are represented 
using the single letter code.
B, Schematic representation of the Gal-4 DNA binding domain (DB) fusion with the 
caspase-9 CARD motif (the "Bait") that was used in the 2-Hybrid screening procedure.



library screen was conducted. This involved the sequential transformation of the 

DB-Caspase-9‘“'̂ ‘̂  ̂ Y190 transform ant with pACT-2 AD Jurkat cell cDNA library 

plasmids (Clontech). Figure 24 provides a sum m ary of the steps that were 

undertaken during the screening procedure.

Briefly, yeast co-transformants expressing both bait and library plasmids were 

plated on histidine-deficient m edium  supplem ented w ith 25 mM 3- 

Aminotriazole (3-AT) to select for bait-interacting proteins. From an estim ated 

pool of 1.3 X 10  ̂ library clones, multiple candidate colonies were found to grow on 

the original histidine-deficient screening plates, potentially indicating an 

interaction with the DB-Caspase-9‘“'̂ ’̂  ̂ bait (Figure 24). Of these, some 79 

individual yeast colonies survived a second round of histidine-deficient selection 

when streaked on fresh selective plates, by transactivating the H ISS  reporter gene. 

Candidate interactors were then subjected to a further round of screening, judged 

by the ability to transactivate a second Gal-4-responsive reporter gene {lacZ) in the 

colony lift assay. Of the original 79 colonies, 63 of these were found to 

transactivate both Gal-4 reporter genes and these were subjected to further 

analysis.

Yeast transformants harboring the putative positive interacting clones were then  

subjected to a plasmid isolation procedure (see Chapter II) and the resultant 

pACT-2-derived library clones were partially sequenced. Analysis of the 

nucleotide sequences obtained revealed the presence of 15 clones encoding 

overlapping portions of an identical open reading frame (ORF). The identity of 

several of these overlapping candidate clones was revealed by BLASTX database 

searching against the public databases at the NCBI 

(www.ncbi.nlm .nih.gov/BLAST/). This algorithm performs a conceptual 

translation of an input nucleotide query in all three possible reading frames and 

this information was used to probe the non-redundant (nr) NCBI protein 

database. Database interrogation revealed that the candidate clones were identical 

in the regions tested to an 84 kDa protein of unknow n function, designated p84 

(Genbank accession No. AAA53571), that had previously been identified by two-
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15 Copies of 
p84/DRADD

Selection for interactors on Selective Dropout media lacking histidine

Rescue of Prey library plasmids from HIS3/LacZ double positive yeast clones

79 Clones regrew upon restreaking (HISS positive)

63 HIS3 and LacZ double positive clones

Transformation of caspase-9‘̂ *“‘’Bait plasmid into Saccharomyces cerevisiae Y190 Host Strain

Automated DNA sequencing of double positive clones

Sequential transformation of Y190-Casp-9‘̂ ‘̂““host with Jurkat cDNA Prey library

Database interrogation

Figure 24
Flow diagram illustrating the stages involved in the identification of DRADD as a 
caspase-9 interacting protein



hybrid screening using the N-term inus of pRb as bait (Durfee et ah, 1994). The 

published sequence of p84 is illustrated in Figure 26A.

4.2.2 p84 binds specifically to caspase-9‘̂ ''“’̂

A preliminary two-hybrid protein-protein interaction assay was then conducted 

to investigate the specificity of the full-length library clones for caspase-9 (Figure 

25). Full length AD-p84 failed to interact with the N-term inal moieties of either 

caspases -7, -8, -10 or the Gal-4 DB alone, as judged by the ability to transactivate 

the HIS3 reporter gene. In contrast, AD-p84 specifically bound to the DB-caspase- 

gCARD pj-otein, enabling yeast transformants to grow on histidine-deficient 

media (Figure 25). The previously reported interaction between p84 and the N- 

term inal 300 amino acids of pRb (Durfee et al., 1994) was included as a positive 

control in this assay (Figure 25).

4.2.3. Domain structure of p84

Given the specificity of the interaction between p84 and the caspase-9 CARD bait, 

the amino acid sequence of p84 (Genbank accession No. AAA53571; Figure 26A) 

was subjected to further inspection using the BLASTP algorithm at the NCBI 

database. Strikingly, systematic database analysis of truncated portions of the 

published amino acid sequence of p84 revealed a region in the C-terminus of the 

molecule (amino acids 585-649; Figure 26B, D) that resembled a death dom ain. 

This module is commonly used during apoptotic signaling by the TNF family of 

death receptors and their associated adaptor proteins (Ashkenazi and Dixit, 1998). 

Moreover, further BLASTP analysis revealed the presence of a leucine-rich 

region located towards the centre of the molecule with similarities to the CARD 

motif (Hofmann et al., 1997) (amino acids 296-384; Figure 26B, C). The CARD-like 

and death domain regions of DRADD are aligned for comparison with other 

molecules that have been established to possess these apoptotic signaling motifs 

(Figure 26B, C).

Given the dom ain structure of this molecule in terms of the possession of two 

hallm ark apoptotic signaling modules, and its abilty to regulate apoptosis (see
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AD hybrid: DRADD

DB-hybrids
a Gal-4 DB only 
b Caspase-7P"° 
c Caspase-8P™ 
d Caspase-9P'‘° 
e Caspase-10P'‘° 
f pRB-NT

Figure 25
HISS  yeast Tw o-H ybrid pro tein-pro tein  iiiteraction assay illu stra ting  the  selectivity of 
DRADD b in d in g  for caspase-9‘̂ '''̂ ‘’.
Interactions betw een a Gal-4 Activation Dom ain (AD) fusion of DRADD and the indicated 
Gal-4 DNA binding dom ain fusions of the indicated proteins were determ ined using the 
Two-hybrid assay. The presence of interacting pairs w as identified through the ability to 
transactivate the H I S S  reporter gene. Left, control plates illustrating equal loading of yeast 
transform ants; right, posihve interacting pairs exhibit the ability to grow  on histidine- 
deficient media. The experim ent was conducted by M ary H arte and  Helen Egan.
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Figure 26
Identification of DRADD
A, The published amino acid sequence of p84/DRADD (Accession No. AAA53571). The 
areas shaded and underlined respectively denote the CARD-like and Death Domain modules 
in the molecule.
B, Schematic representation of full length DRADD protein. The CARD-like and Death Do
main modules are indicated.



below), we refined the previous designated of this pro tein  to p84°*^^° (Death- 

inducing Rb-Associated Death Dom ain protein).

4.2.4. Identification of DRADD hom ologues

We characterized DRADD in terms of its sim ilarity to other n o n -m a m m alia n  

eukaryotic proteins contained w ithin  the public databases, accessed via the NCBI 

BLAST web interface. Interestingly, using TBLASTN searches based on the full- 

length nucleotide sequence of one of the DRADD AD library clones, we identified 

putative hom ologues of DRADD in Caenorhabditis elegans  (Accession No. 

AAF39962; 25% identity). Drosophila melanogaster (Accession No. AAF51946; 

33% identity) and intriguingly, Schizosaccharomyces p o m b e  (Accession no. 

CAB62828; 24% identity). These respective hypothetical p ro te in  sequences are 

aligned alongside the full length DRADD sequence for com parison (Figure 27). 

Interestingly, several regions of DRADD were well conserved in the sequences of 

both C.elegans and Drosophila, including several rem arkably well conserved 

regions w ithin the N -term inus and centre of the m olecules (Figure 27). 

Significantly, the region of hum an DRADD hom ologous to the CARD m otif 

(am ino acids 296-384) was found to be highly conserved in the fly and w orm  

sequences (Figure 27). In contrast, some am ino acids w ith in  the death d o m ain  

hom ology region w ere poorly conserved in w orm  and fly DRADD. H ow ever, 

low stringency BLASTP database searches using the death dom ain-like regions of 

these proteins were successful in retrieving the death  dom ains of hum an  RAIDD 

as well as hum an DRADD.

4.2.5. A CARD-like region w ith in  DRADD is responsible for caspase-9 b ind ing

Given the specificity of DRADD for the CARD of caspase-9, w e next undertook a 

tw o-hybrid deletional analysis in order to identify the region of DRADD tha t 

interacted w ith DB caspase-9^'^*^. To this end, we designed a series of DRADD 

deletion m utants (Figure 28A) that were generated by PCR using prim ers tha t 

incorporated flanking Sm a-l/B am H -1 restriction enzym e sites, using the full 

length AD-DRADD library clone as a source of tem plate. The prim ers w ere 

designed to allow insertion of DRADD deletion m utan ts into both  AD and DB-
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Figure 27
Identification of DRADD homologues
Alignment of human DRADD with homologous non-human sequences retrieved following BLAST 
interrogation of the non-redundant NCBI database (Human p84, Genbank Accession No. 
AAA53571; Drosophila protein. Accession No. AAF51946; C.elegans protein, Genbank Accession 
No. AAF39962; Schizosaccaromyces pombe protein, Genbank Accession No. CAB62828). The CARD- 
like and Death Domain regions in human DRADD are indicated on the alignment by hatched 
and solid lines respectively.
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Figure 28
Deletional analysis of DRADD/caspase-9 interaction in yeast
A, Schematic representation of Gal4-AD fusions of DRADD’’̂  and the indicated DRADD 
deletion mutants. The CARD-like region and Death Domain are indicated by hatched and 
black shading respectively. Numbers refer to amino acid positions.
B, Western blot analysis of protein lysates from Y190 yeast transformed with either pACT2 
empty vector (lane 1), pACT2-DRADDl'120 (lane 2), pACT2-DRADDl'388 (lane 3), pACT2- 
DRADD^^^'^^^ (lane 4), or pACT2-DRADD^^ (lane 5), demonstrating expression of Gal4- 
AD (lane 1) and the indicated Gal4-AD-DRADD fusions—revealed by blotting with an 
anti-HA antibody. The experiment was conducted in collaboration with Helen Egan.



encoding two-hybrid vectors. The expression of Gal-4 AD-DRADD m utan t 

proteins of the predicted molecular weights was confirmed by immunoblotting of 

lysates derived from Y190 transformants (Figure 28B).

The AD-DRADD m utants illustrated in Figure 28 were then screened for 

interaction against the DB-caspase-9‘"'̂ °̂ used in the original two-hybrid screen. 

The N-terminal CARD domain of Apaf-1 (Apaf-1 '̂® )̂ was included as a caspase-9- 

interacting positive control for the HIS3 nutritional selection assay. As expected, 

full length DRADD readily interacted with DB-caspase-9'^'^^°, as judged both by the

HISS reporter assay (Figure 28C) and the LacZ liquid (3-galactosidase assay (Figure 

28D). The DRADD deletion m utants spanning either the N-terminal 1-120 

amino acids or the C-terminal deletion m utant encoding the putative death 

domain (amino acids 387-657) failed to interact with caspase-9*^^^°, as judged by 

both assays (Figure 28C, D). In contrast, the AD-DRADD '̂^®® mutant, spanning the 

putative CARD-like region of DRADD, bound specifically to caspase-9' '̂'^ '̂  ̂ (Figure 

28C, D). Moreover, analysis of this interaction using the LacZ liquid assay 

revealed that the DRADD'"̂ ®® m utant containing the CARD-like region interacted 

with a substantially stronger affinity than full length DRADD. This was 

m easured by arbitrary OD 4 2 0  units indicative of the conversion of the ONPG 

substrate to a coloured product by the LacZ enzyme (Figure 28D). These data 

therefore suggested that DRADD and caspase-9 bind via a hom ophilic 

CARD/CARD interaction, much in the same m anner as other caspases and their 

cognate adaptors such as Apaf-1/Caspase-9, FADD/Caspase - 8  and 

RAIDD/Caspase-2 (Li et al., 1997; Boldin et a l ,  1996; Duan and Dixit, 1997).
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Figure 28
Deletional analysis of DRADD/caspase-9 interaction in yeast (Continued).
C, Yeast two-hybrid assay illustrating interaction between Gal4-DB-Caspase-9‘“'̂ ‘"̂  (amino acids 
1-130) and the indicated Gal4-AD-DRADD truncations. Left, control plates showing equal load
ing of yeast; Right, the same transformants growing on plates lacking histidine where colony 
growth indicates an interaction.
D, Two-hybrid lacZ liquid assay. Yeast transformants co-expressing Gal4-DB-Caspase-9^''‘® plus 
Gal4-AD alone, or the indicated Gal4-AD-DRADD truncations, were assessed for their ability to 
transactivate the lacZ reporter, as indicated by the conversion of ONPG to a coloured product 
that absorbs at 420 nm. Data are representative of three replicate experiments, each carried out 
in triplicate. The Histogram illustrates a comparison in arbitary units of OD readings. The

420
experiment was conducted in collaboration with Helen Egan.



4.2.6. Detection of DRADD/caspase-9 association by a GST in vitro  capture assay

We next verified the two-hybrid interactions within the context of other 
estabhshed protein-protein interaction assays. We also needed to ascertain 
whether full length caspase-9 could interact with DRADD. Moreover, we had 

thusfar utilized only the N-terminal CARD region of caspase-9 in our analyses 

and it was therefore critical to establish that full length caspase-9 could also 

interact with DRADD. Initially, to address the question of the specificity of 
DRADD for other caspases, we designed and contructed a Glutathione S- 

transferase (GST)-fused deletion mutant, DRADD̂ ®̂ '^̂ ,̂ a truncation that spans 

both the CARD-like and death domain regions of the molecule. (Figure 29A). We 
assessed the ability of GST-DRADD̂ ®®'̂ ^̂ , or GST alone, to specifically capture 
various ^^S-labeled caspases (Figure 29B). As is illustrated in Figure 29B, GST- 
DRADD̂ ®̂ "̂ ^̂  specifically captured ^^S-labeled caspase-9, while caspases-2 and -8 
failed to be captured in parallel treatments. Under the same conditions, GST 
alone failed to capture significant amouts of any of these caspases (Figure 29B).

4.2.7. DRADD and caspase-9 interact in mammalian cells

To determine whether the DRADD/caspase-9 interaction takes place within the 
more physiologically relevant context of mammalian cells, we designed and 
made a series of Green Fluorescent Protein (GFP)-epitope tagged DRADD*"  ̂ and 
DRADD deletion mutants (Figure 29D). The GFP epitope was fused to the N- 
terminus of DRADD or its deletion mutants in all cases. The mutants were 
generated as described in Chapter II. Expression of these fusions was verified by 
calcium phosphate-mediated transfection of HEK 293T cells and subsequent 
immunoblotting with a GFP-specific monoclonal antibody. This analysis 
revealed expression of GFP-DRADD®^ or its derivatives of the predicted 

molecular weights (Figure 29E, lower panel).

To investigate DRADD binding to full length caspase-9 within the context of 

mammalian cells, we transfected HEK 293T cells with GFP vector, GFP-DRADD*"*' 

or its derivatives alongside a pcDNAB-derived plasmid encoding full-length 

caspase-9 (Figure 29E). We then used a monoclonal aGFP antibody to
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Figure 29
DRADD interacts with caspase-9 in vitro and in mammalian cells.
A, Schematic diagram of the GST-DRADD“’ ®̂  mutant used in the in vitro capture assay.
B, Fluorogram illustrating that GST-DRADiy®’'*̂  ̂selectively binds caspase-9 in pulldown as
says. Aliquots (2 pig) of bacterially expressed, affinity purified GST, or GST-tagged DRADD 
(amino acids 289-657), immobilized on glutathione beads were incubated with ^^S-labeled in 
vitro transcribed and translated caspases -2, -8 and -9. Bead-associated caspases were then visu
alized by SDS-PAGE and enhanced fluorography. The experiment was conducted by Helen Egan.
C, Co-immunoprecipitation of FLAG-DRADD with caspase-9 from HEK293T cells. HEK293T 
cells were transfected with 7.5 |xg of pcDNA3-FLAG-DRADD plus 7.5 |J.g of pcDNA3-Caspase-9. 
Lysates were made 48 h post-transfection and immunoprecipitates prepared with 30 |0.1 of pro
tein A /G  agarose beads plus 4 |il of polyclonal caspase-9 antibody, or an equivalent amount of 
control pre-immune (PI) antisera. Following extensive washing, samples were electrophoresed 
and immunoblotted using a FLAG-specific monoclonal antibody (Clone M2, Sigma). The lower 
panel indicates the amount of caspase-9 specifically captured during the immunoprecipitation. 
The experiment was conducted by Mary Harte.
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DRADD interacts with caspase-9 in vitro and in mammalian cells
D, Schematic d iagram  of the GFP-epitope tagged DRADD m utan ts  used  in co- 
immunoprecipitation analysis.
E, Co-immunoprecipitation of caspase-9 with GFP-DRADD from HEK293T cells. HEK293T 
cells were transiently transfected with 10 |ig of pEGFP-C3 plasmid encoding GFP, or the 
indicated GFP-DRADD deletion mutants, along with 10 \ig of pcDNAS Caspase-9. Lysates 
were made 24 h post-transfection and immunoprecipitations were conducted using 1 |J.g of 
monoclonal anti-GFP antibody plus 20|al of protein A /G  agarose. The presence of caspase- 
9 in immunoprecipitates was detected by immunoblotting using a rabbit polyclonal anti
body specific to caspase-9 (upper panel). The middle and bottom panels illustrate 10% of 
total input amounts of caspase-9, GFP, or GFP-DRADD deletion mutants.
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immunoprecipitate GFP-tagged proteins from cell lysates. We typically used a 
lysis buffer that incorporates 0.1% SDS in order to ensure maximal lysis of all 
cellular organelles/compartments in which DRADD may reside. Following 
extensive washing, bead-immobilized immunoprecipitates were subjected to 
SDS-PAGE followed by immunoblotting with a caspase-9-spedfic polyclonal 

antibody (Figure 29E). This analysis revealed the ability of full length DRADD to 
interact with full length caspase-9, whereas bead immobilized GFP alone failed to 

capture caspase-9 in parallel reactions (Figure 29E).

To confirm the reciprocal of this interaction, HEK 293 cells were transfected with 

similar amounts of FLAG-epitope tagged DRADD and the same caspase-9- 
encoding plamid as was used above. Using polyclonal anti-caspase-9-specific 
antisera as the immunoprecipitant, capture of FLAG-DRADD was consistently 
observed, whereas an isotype control IgG antibody failed to mediate capture of 
DRADD (Figure 29C). The lower panel of this figure illustrates that capture of 
DRADD was indeed dependent of the presence of caspase-9 in 
immunoprecipitates (Figure 29C).

We then determined the ability of the GFP-DRADD deletion mutants to interact 
with caspase-9 in the same assay. Surprisingly, whereas the Gal-4 AD DRADD '̂̂ ®* 
mutant readily bound to its DB-caspase-9‘̂ '̂ '̂‘̂ counterpart in the yeast two-hybrid 
assay (Figure 28), the GFP-DRADD '̂^®* mutant was unable to capture caspase-9 in 
immunoprecipitation reactions (Figure 29D), possibly because of incorrect protein 

folding in the context of the -29 kDa GFP epitope. However, the GFP-DRADD^®  ̂
mutant readily bound caspase-9 in the same experiment, confirming the result 

obtained by GST-DRADD pulldown analysis (Figure 29B, D). Taken together, 

these data suggest that the caspase-9-interacting region of DRADD lies within the 
CARD-containing motif spanning amino acids 289-388 (Figure 26B). This is 

compatible with a direct CARD/CARD-based interaction between these two 

molecules. Further deletional studies will be required to demonstrate 

conclusively that conserved CARD consensus residues within DRADD critically 

mediate this interaction.
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4.2.8. Detection of DRADD oligomerization

A wide body evidence suggests that the so-called initiator—or CARD dom ain- 

containing long prodom ain caspases—become activated via an oligom erization- 

dependent mechanism (Salvesen and Dixit, 1999) (reviewed in Chapter I). This is 

probably achieved through the clustering action of an associated adaptor 

molecule such as Apaf-1 (Adrain et al., 1999), or through aggregation via a death 

receptor/adaptor complex, such as Fas/TNFR-1 and FADD (Muzio et al., 1996). 

To investigate whether DRADD can dimerize independently of other putative 

m am m alian accessory proteins, we used the panel of two-hybrid deletion 

m utants described previously (Figure 28A) to test for DRADD self-association 

(Table 11). Interestingly, whereas full length DRADD was observed to dim erize 

only very weakly within the context of the H ISS  and LacZ  reporter assays, both 

the N-terminal deletion mutants, DRADD^"^^“ and DRADD '̂^®* amino acids 

readily dimerized, as judged by the LacZ  colony lift assay (Table 11). Since the 

DRADD^ '^“ mutant could self-associate, as well as binding to the FL and DRADD^' 

hybrid proteins, we concluded that a region within the extreme N-term inus of 

DRADD may mediate self-association of the molecule (Table 11). These data 

suggest that DRADD and Apaf-1 may share a common caspase-9 activating 

mechanism, achieved through direct self-association of these adaptor molecules. 

Interestingly, since full length DRADD failed to self-associate substantially 

(reminiscent of Apaf-1), we postulated that the binding of a protein cofactor, or 

some form of post-translational modification, may be required to unlock the 

ability of DRADD to form oligomers.

4.2.9. DRADD interacts with pRb in yeast

Because preliminary two-hybrid analysis confirmed the previously reported 

interaction between DRADD and the retinoblastoma protein, pRb (Figure 25) 

(Durfee et al., 1994), we next sought to further evaluate this interaction within the 

context of the AD-DRADD m utants used for two-hybrid-based caspase-9*^'^ 

interaction analysis. To this end, yeast host strain Y190 was co-transformed w ith 

the panel of DRADD deletion m utants alongside a DB fusion of the N -term inal
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Table 11
Detection of DRADD self-association in yeast
Yeast Two-Hybrid assay. Y190 yeast transformants expressing the indicated DRADD 
Gal-4 DB and AD fusions were streaked on selective media lacking histidine and 
grown for 5 days prior to the assay. Streaking on control non selective media plates 
indicated equal loadings of each yeast transformant. Histidine prototrophs were 
then subjected to the (i-galactosidase filter lift assay. The development of a blue 
colony colour, indicative of the presence of positive interacting pairs, was monitored 
and the relative intensity of blue colour in each treatment was scored at a 5 hour 
endpoint.

DB HYBRID AB HYBRID Relative P-galactosidase 
Signal

Vector DRADD F“iiLe-̂ g* -

DRADD 1-120 DRADD Full Length +
DRADD DRADD Full Length + +
DRADD DRADD Full Length Autoactivation
DRADD Full Length DRADD Full Length -

DRADD 1-388 Vector _

DRADD 1-388 DRADD 1-120 ++-I-I-
DRADD 1-388 DRADD 1-388 ++-I-I-
DRADD 1-388 DRADD 387-657 -

DRADD 1-388 DRADD Full Length +

Caspase-9 DRADD Full Length + + +



300 amino acids of Rb (Figure 30B, C). Interestingly, this portion of pRb (Figure 

30A) has been speculated to play a role in the oligom erization of the m olecule 

(Hensey et al., 1994). The established Rb interaction partner SV40 large T antigen 

was included as a positive control for the assays. W hereas the N -term inal 

deletion m utants DRADD’"̂ °̂ and DRADD '̂^** failed to interact with Rb, both full 

length DRADD and the C-terminal deletion m utant DRADD^* '̂^^^ bound to Rb. 

This was assessed by growth on histidine-deficient plates as well as by the LacZ 

ONPG liquid assay (Figure 30C, D). Moreover, analysis of the interaction using 

the semi-quantative LacZ liquid assay revealed that the C-terminal DRADD^® '̂^^  ̂

m utant bound Rb with a substantially higher affinity than full length DRADD 

(Figure 30D). Intriguingly, these data suggest that the Rb interaction motif lies 

w ithin the region that includes the death domain of DRADD (Figure 26B). 

Moreover, because Rb interacts with DRADD within a region outside the caspase- 

9 binding motif, a complex involving all three of these molecules may occur 

under certain conditions.

4.2.10. DRADD interacts with pRb in mammalian cells

We then confirmed the binding of DRADD/Rb within the context of mammalian 

cells (Figure 30E). To achieve this, we transfected HEK 293T cells using the 

calcium phosphate-based transfection protocol to overexpress either GFP- 

DRADD*"^ alone, or in combination with Rb. Overexpressed GFF was included as 

a specificity control (Figure 30E). Cell lysates were generated as described above

and GFP or GFP-DRADD, were immunoprecipitated with aGFP antibody coupled 

to protein A/G-agarose beads. As is indicated in Figure 30E, whereas relatively 

similar input am ounts of both GFP proteins (Figure 30E, lower panel) and Rb 

(middle panel) were incorporated into co-im m unoprecipitation experiments, 

im m unoblotting of bead complexes with an Rb-specific m onoclonal antibody 

revealed that Rb was present only in GFP-DRADD im m unoprecipitates (Figure 

30E). Collectively these data confirm the DRADD/Rb interaction and m oreover, 

imply that the region containing the DRADD death dom ain may be responsible 

for Rb binding (Figure 30).
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Figure 30
DRADD interacts with the retinoblastoma protein, pRb
A, Schematic diagram illustrating the domain structure of the retinoblastoma gene product. 
The N-terminus, A, B and C pocket modules are illustrated. Numbers denote amino acid 
positions
B, Schematic diagram illustrating the Gal-4 DB fusion with the pRb N-terminal deletion mu
tant (DB-pRbl'300).
C, Yeast two-hybrid assay. The indicated Gal4-AD fusions were tested for interaction with the 
DB-pRb^'^®® mutant shown above. Left, control plate illustrating equal loading of yeast co- 
transformants; Right, the same transformants growing on plates lacking histidine, where colony 
growth indicates an interaction. The pRb-interactor SV-40 Large T antigen, is included as a 
positive control. The experiment was conducted in collaboration with Liam Carlin.
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Figure 30
DRADD interacts w ith  the R etinoblastom a pro tein  pRb (continued)
D, Two-hybrid lac Z  liquid assay. Yeast transform ants co-expressing Gal4-DB-Rb^’^^® 
plus Gal4-AD alone, the indicated Gal4-AD-DRADD truncations, or Gal4-AD-SV40T, were 
assessed for their ability to transactivate the lacZ reporter, as indicated by the conversion 
of ONPG to a coloured product that absorbs at 420 nm. Data are representative of three 
replicate experim ents, each carried out in triplicate. The H istogram  illustrates a com pari
son in arbitary units of OD readings. The experim ent was conducted in collaboration

420
w ith  Liam Carlin.
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Figure 30
DRADD interacts with Retinoblastoma protein pRb (continued)
E, Co-immunoprecipitation of Rb with GFP-tagged DRADD. HEK293 cells were transiently 
transfected with 10 |0,g of pEGFP-C3 plasmid encoding GFP alone, or GFP-DRADD, along 
with 10 |ig of pCMV-Rb, as indicated. Lysates were made ~24 h post-transfection and 
immunoprecipitates were prepared using 1 |ig of monoclonal anti-GFP antibody (Clontech) 
coupled to protein A /G  agarose beads. The presence of Rb in immunoprecipitates was de
tected by immunoblotting using a monoclonal anti-Rb antibody (Santa Cruz). The middle 
and bottom immunoblots illustrate 10% of total input amounts of Rb, GFP, and GFP-DRADD 
respectively.



4.2.11. DRADD is a nuclear protein

The subcellular locaHzation of classical death dom ain-containing molecules such 

as FADD, TRADD or RIP is cytosolic, consistent with the role of these m olecules 

as adaptors for transmembrane receptors. Thus, we were intrigued by the 

observation that DRADD can interact with the nuclear-localized phosphoprotein 

pRb. Moreover, analysis of the amino acid sequence of DRADD using the PSORT 

II algorithm revealed the presence of two putative nuclear localization signals 

(NLSs) within the C-terminus of DRADD (amino acids 409-416 and 561-567) 

(Nakai and Horton, 1999; www.psort.nibb.ac.jp). This suggested that the protein 

may be unique among death domain family members in terms of its subcellular 

distribution (Figure 31A; Table 12). As is shown in Table 12, the more C- 

terminally localized putative NLS exactly matches the Pat-7 class of NLS 

consensus, characterized by a sequence starting with a proline and followed 

within three residues by a peptide motif of basic residues containing 3 K or R 

residues out of a total of four (PXXRRXK; amino acids 561-567) (Figure 31A; Table 

12). The other, more N-terminal putative NLS (PXRXXRKR; amino acids 409- 

416) shared several hallmarks of classical NLSs, including a proline residue and 

several basic (R or K) residues (Table 12).

To establish the subcellular localization of DRADD, we used the panel of GFP- 

DRADD deletion m utants previously described, alongside an additional death- 

domain-containing truncation encoding DRADD amino acids 441-657 to exam ine 

the subcellular distribution of DRADD and its truncated derivatives. Figure 31B 

shows a schematic representation of all of the GFP-fused deletion m utants used 

in the analysis. Expression of all of these m utants was confirmed by calcium 

phosphate-mediated expression in HEK 293T cells and subsequent 

immunoblotting with a GFP-specific antibody (Figure 31C).

We then used a lipofection-based transfection system (see Chapter II) to 

transiently overexpress these mutants in MCF-7 hum an breast adenocarcinom a 

cells (Figure 31D). Cells transfected with plasmids directing expression of the
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Figure 31
DRADD sublocalizes to the nucleus
A, Schematic diagram illustrating the position of putative nuclear localization signals 
within DRADD. The single letter amino acid sequences representing putative nuclear 
localization consensus sequences are indicated; 'X' denotes any amino acid.
B, Schematic diagrams of the pEGFP-C3-derived GFP epitope tagged DRADD and 
DRADD deletion mutant constructs that were used in the sublocalization experiments. 
The CARD-like and Death Domain regions of the molecule are denoted by hatching 
and shading respectively. Numbers denote amino acid positions.

Table 12
The position of putative NLSs within DRADD
Table illustrating the DRADD peptide sequences that represent candidate NLS 
sequences. Numbers represent amino acid positions.

DRADD Peptide Significant residues Comment
409-PTRI1RKR-416

561-PDVRRDK-567

PXRXXRKR

PXXRRXK

Proline followed by four 
basic residues

Matches pat7 NLS consensus
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Figure 31
DRADD sublocalizes to the nucleus
C, Expression of the GFP-epitope tagged DRADD proteins used in the subcellular 
localization analysis. Protein samples from HEK 293T cells transiently transfected with 
the indicated pEGFP-C3 derived plasmids were obtained 45 hours post-transfection and 
subjected to SDS-PAGE followed by immunoblotting with an aGFP antibody (Clontech).



indicated GFP-fused mutants were fixed approximately 18 hours post-transfection 
and images were captured using a digital camera fitted to a UV microscope. Cells 
expressing unfused GFP protein exhibited fluorescence in all cellular 
compartments, including both the nucleus and cytosol. In sharp contrast, cells 
transfected with GFP-DRADD plasmid exhibited fluorescence only within the 
nuclear compartment, implying that overexpressed GFP-DRADD was sharply 
confined within the nucleus (Figure 31D).

We next studied the subcellular distribution of the overexpressed GFP-tagged 
DRADD deletion mutants in an attempt to pinpoint the NLS within DRADD that 
was directing the nuclear import of the molecule. In keeping with the predicted 

NLSs being localized to the C-terminus of DRADD, the DRADD̂ '̂ ®® mutant failed 
to be restricted within the nucleus and exhibited a distribution similar to GFP 
alone (Figure 31D). However, overexpression of the GFP-DRADD^® '̂*^  ̂and GFP- 
DRADD̂ ®̂ '*̂  ̂mutants exhibited a distinctive nuclear localization, consistent with 
the presence of both of the putative NLSs in the C-termini of these truncations 
(Figure 31A). Strikingly, however, the GFP-DRADD^^ '̂^^  ̂ deletion m utant 
exhibited a distinctive cytosolic sublocalization and in fact this protein appeared 
to be excluded from the nuclear compartment (Figure 31D). These data suggest 
that the putative NLS most adjacent to the DRADD N-terminus (409-416; 
PXRXXRKR) was active in directing nuclear import (Figure 31A).
The exclusion of the DRADD^̂ ''®̂  ̂mutant suggests that DRADD may also possess 

a motif containing a nuclear exclusion signal (NES) that was activated because of 
the folding of the DRADD̂ "*̂ '*̂  ̂ mutant, or because of loss of the putative NLS 
region.

4.2.12. Forced DRADD expression induces apoptosis

Given the interesting modular structure of DRADD in terms of it possessing both 

DD and CARD-like apoptotic signaling modules, we were keen to investigate the 

role of DRADD as a modulator of apoptosis. To this end, a variety of pcDNA3- 
derived mammalian expression plamids were made, encoding full length 

DRADD, or its deletion mutant derivatives (Figure 32A). To explore the role of
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GFP GFP-DRADD^L

Figure 31
DRADD sublocalizes to the nucleus.
D, MCF-7 human breast carcinoma cells were transiently transfected with 500 ng of pEGFP-C3- 
based expression plasmids encoding GFP alone, GFP-DRADD, or the indicated GFP-DRADD 
deletion mutants. Cells were fixed 18 hours post-transfection in 4% paraformaldehyde/PBS, pH 
7.2, followed by rehydration in PBS and mounting in glycerol/2% PBS. Cells were photographed 
under UV microscopy using a FITC filter. Images shown were obtained using a 40x objective 
lens.



A
■ 388

289

387

^ ^ 6 5 7 FL
565 1-565

1-388
~ || | |6 5 7 289-657
^ ■ 6 5 7 387-657

B
MCF-7

0 )

(U
U

C

E«ADD

HeLa

(U
U

E«ADD
Figure 32

Evaluation of apoptosis associated w ith DRADD overexpression

A, Schematic representation of the DRADD pcDNA3-based mammalian expression constructs 

used in the assay. The CARD-like and Death Domain regions are indicated by hatched and black 

shading respectively. Numbers denote amino acid positions.

B and C, MCF-7 cells (B) or Hela cells (C) were transiently transfected with 500 ng of the indi

cated plasmids plus 100 ng of the pCMVP p-galactosidase reporter plasmid using the Fugene-6 

lipofection-based transfection reagent according to the manufacturers instructions. Cells were 

fixed and stained for p-galactosidase activity 46 hours (B) or 24 hours (C) following transfection 

and the percentage of (3-galactosidase-positive (blue) cells exhibiting apoptotic features was de

termined from three separate fields of at least 100 cells. Error bars denote the standard error of 

the mean of three independent replicate experiments. Overexpressed FADD is included as a 

positive control.



DRADD in apoptosis, we transiently overexpressed DRADD and its truncations 
in MCF-7 human breast adenocarcinoma cells (Figure 32B). To identify cells that 
were transfected with target plasmids, we included limiting amounts of the 

pCMVP reporter plasmid that directs expression of the [3-galactosidase enzyme. 

The percentage of [3-galactosidase-positive (blue) cells exhibiting typical apoptotic 

features including plasma membrane blebbing, nuclear condensation and 

rounding up from the culture dish, was then enumerated. These experiments 
revealed that full-length DRADD did not provoke apoptosis, since levels of cell 

death resulting from overexpression of this plasmid were similar to background 
levels associated with transfection of the empty pcDNA3 vector as a control 

(Figure 32B, C).

Given our observation that overexpressed full length Apaf-1 fails to promote 

apoptosis, whereas the Apaf-1AWD40 was active in this regard, we next examined 

the DRADD deletion mutants for cytotoxic effects upon overexpression (Figure 
32B). Whereas full length DRADD, a mutant lacking the C-terminal death 

domain (DRADD’’®*̂), and a death domain only mutant (DRADD"̂ ®̂ '̂ ®̂ ) 
minimally provoked apoptosis, expression of CARD-containing mutants, most 
notably, DRADD̂ ®̂ '*’̂  ̂ but also DRADD*'^**, initiated apoptosis in MCF-7 cells 

(Figure 32B).

Next we evaluated the ability of these molecules to induce apoptosis in other 
mammalian tumor cell lines. Figure 32C illustrates a similar transfection 

experiment performed in HeLa cells. Consistent with the effect observed in MCF- 
7 cells, full-length DRADD failed to provoke apoptosis when overexpressed. 
However, whereas the DRADD̂ ®̂ '®®̂  mutant failed to kill that cell-line, the 

DRADD̂ '̂ ®* mutant was very weakly pro-apoptotic, similar to observations made 

with MCF-7 cells (Figure 32B, C). We additionally evaluated the effect of 
overexpression of DRADD in 293T cells. However, consistent with reports 

concerning the relative resistance of these cells to a variety of pro-apoptotic 
stimuli that potently initiate apoposis in other non-fibroblast transformed lines.
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overexpression of either full-length DRADD or its derivative m utants failed to 

provoke apoptosis in this context (data not shown).

4.2.13. DRADD-associated cell death is caspase-9-dependent

We next further characterized apoptosis induced by the DRADD^* '̂^^  ̂ m u tan t 

upon overexpression in MCF-7 cells (Figure 32D). Transfection of MCF-7 cells 

with this DRADD deletion m utant resulted in apoptosis that was readily 

inhibitable by the addition of the pancaspase inhibitor Z-VAD-fmk to culture 

m edium  several hours post-transfection. This confirmed that the mode of cell 

death observed was caspase-dependent (Figure 32D). We then examined the 

ability of catalytically inactive caspase-3 and caspase-9 cysteine>alanine (C>A) 

active site mutants to modulate DRADD-induced apoptosis (Figure 32E). 

Whereas a caspase-3 dominant negative m utant failed to block apoptosis induced 

by either overexpression of DRADD^*’’̂ ^̂  or caspase-8-specific adaptor FADD, a 

caspase-9 active site m utant attenuated apoptosis induced by both of these 

proteins (Figure 32E). In summary, these data suggest that DRADD̂ ®®'̂ ^̂  

overexpression can promote caspase-9-dependent apoptosis (Figure 32).

We next examined the ability of a two apoptosis inhibitory proteins, CrmA and 

Bcl-x, to modulate apoptosis associated with overexpression of DRADD^®’"̂ ^̂  and 

caspase-8 adaptor, FADD (Figure 32E, F). Interestingly, whereas Bcl-x effectively 

attenuated apoptosis associated with both FADD and DRADD overexpression, 

crmA proved to be a poor inhibitor of DRADD-associated apoptosis, w hile 

potently reducing the cytotoxic effects associated with FADD overexpression 

(Figure 32E, F). These data therefore suggest that the cognate caspase activated in  

reponse to DRADD overexpression is unlikely to be amongst the caspases that can 

be inhibited by crmA, including caspases-1 and -8 (Zhou et al., 1998).

4.2.14. DRADD dominant negative studies

Given the propensity of DRADD CARD-containing truncations to prom ote 

apoptosis upon overexpression, we speculated that DRADD may act as a caspase- 

9-specific adaptor molecule within the context of a novel pro-apoptotic signaling
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Figure 32
Evaluation of apoptosis associated with DRADD overexpression (continued)
D, MCF-7 cells were transfected with 400 ng of pcDNA3-DRADD^^^'^^^ in combination 
with limiting amounts of the pCMVP reporter plasmid, as detailed previously. Where indi
cated, Z-VAD-fmk was added to culture medium 5 hours post-transfection. The percentage 
of apoptotic cells among the transfected population was evaluated 48 hours post-transfection.
E, MCF-7 cells were transfected with either 200 ng of pcDNA3-DRADD^^^“̂ ^^, or pcDNA3- 
FADD, plus 200 ng of plasmids encoding catalytically inactive m utants of caspase-3 (Casp-3 
C>A) or caspase-9 (Casp-9 C>A), as indicated. Apoptosis was evaluated 36 hours post
transfection, as detailed previously.
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Figure 32
Evaluation of apoptosis associated with DRADD overexpression
F, MCF-7 cells were transfected with 100 ng of pcDNA3-FADD in combination with 400 ng of 
plasmid encoding either vector alone, crmA or Bcl-x alongside limiting amounts of the pCMVP 
reporter plasmid. The percentage of apoptotic cells among the transfected population was evalu
ated 24 hours post-transfection.
G, MCF-7 cells were transfected with 100 ng of pcDNA3-DRADD^*®'^^^ in combination with 400 
ng of plasmid encoding either vector alone, crmA or Bcl-x alongside limiting amoimts of the 
pCMVp reporter plasmid. The percentage of apoptotic cells among the transfected population 
was evaluated 24 hours post-transfection.



pathway. Because DRADD contains a well-conserved death domain motif w ith in  

its C-terminus, we decided to examine whether DRADD could collaborate w ith 

other established DD-containing species to m odulate apoptosis. However, since 

we had observed that DRADD is unique amongst death dom ain-containing 

species in terms of its nuclear location (Figure 31) as well as its ability to interact 

with nuclear protein Rb (Figure 30), we considered it unlikely that DRADD may 

function as a typical cytosolic adaptor for the transmembrane death receptors.

Since a truncation of FADD lacking the caspase-8 interaction motif but retaining 

the death receptor-interacting DD m odule can successfully block death signals 

potentiated by its cognate death receptors Fas and TNFR-1 (Chinnaiyan et al. ,  

1996b), we reasoned that a similar dominant negative-based approach may reveal 

the putative death domain containing partners of DRADD. To achieve this, we 

used DRADD^*^"^^  ̂ and DRADD^^ '̂^^  ̂ m utants modelled on dom inant negative 

FADD in that the caspase-9 interaction motif was either partially (DRADD^^ '̂^^^) 

or wholly (DRADD^® '̂*’®̂) removed, leaving only the death domain m odule 

(Figure 33). We reasoned that this m utant should block any DRADD-dependent 

signaling pathway by binding to a DD-containing interaction partner. By 

sequestering this DD partner from endogenous full length DRADD, this would 

likely prevent caspase-9 recruitment and activation as a result of incorporation 

into a DISC-like complex composed of a receptor aggregate of DRADD and 

caspase-9 (Figure 33).

4.2.14.1. DRADD-DN does not potentiate death receptor-associated apoptosis

Using this aproach, we investigated whether DRADD plays a role in apoptosis 

initiated by any of the known death receptors. To ascertain whether this 

experiment was feasible, we first examined whether two tum or lines, MCF-7 and 

HeLa were sensitive to overexpression of the various death receptors (Figure 34A, 

B). As is illustrated, whereas expression of the full length versions of DR-4 and 

DR-5 potently induced apoptosis upon transfection into both of these cell lines, 

the plasmid constructs encoding the intracellular death dom ain moieties.
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Figure 33
Investigation of DRADD function using a dom inant negative-based approach
A, Schematic diagram illustrating a scenario whereby full length wild-type DRADD recruits 
procaspase-9 into a death receptor aggregate, resulting in active caspase-9, provoking death, 
mediated by an unknown death receptor stimulus.
B, Schematic diagram illustrating a scenario whereby overexpressed DRADD’*’’"̂  ̂dominant 
negative (DN) mutant interferes with wild type DRADD function by blocking death receptor 
signal transduction. DN-DRADD binding to the death receptor complex via the death do
main of the molecule, prevents wild type DRADD from recruiting caspase-9 into the complex, 
thus frustrating activation of the caspase and blocking apoptosis. Schematic diagrams of the 
DRADD“  ̂*̂  ̂and DRADD^^'’ ^  ̂DN deletion mutants are included within the boxed inset.
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Figure 34
Evaluation of apoptosis associated with transient overexpression of death receptors or 
their intracellular death domain-containing moieties
A and B, MCF-7 (A) or HeLa cells (B) were transiently transfected with 200 ng of the 
indicated plasmids encoding the intracellular portion (I/C , intracellular) or Full Length 
(F/L) proteins, as indicated, of the Fas and TNFR-1, DR-4 and DR-5 receptors, alongside 
limiting amounts of the pCMVJi reporter plasmid. Cells were transfected using the Fugene- 
6 lipofection reagent according to the manufacturers instructions. The percentage cell death 
among transfected cells was evaluated as described previously approximately 44 hours 
post-transfection.



specifically of the Fas and TNF receptors, only modestly provoked apoptosis 

(Figure 34A, B).

Since the Fas and TNFR receptors use FADD as a death adaptor, we considered it 

unlikely that DRADD played a role in these pathways (Boldin et al., 1995). 

Nonetheless, in order to exclude this possibility we used the putative dom inant 

negative-DRADD (DN) constructs described above to explore a role for DRADD 

within these pathways. As anticipated, DN-DRADD failed to block apoptosis 

resulting from either overexpression of the intracellular death domain portion of 

the Fas receptor, or from death resulting from addition of an agonistic anti-Fas 

antibody to cells transiently overexpressing DN-DRADD (Figure 34C, D). 

However, cells treated with anti-Fas antibody could be rescued by expression of 

the caspase-8 inhibitor crmA and a caspase-9 cysteine-alanine (Caspase-9-DN) 

active site mutant, proving that the death stimulus used was suitably subtle not 

to overwhelm DN-DRADD-mediated inhibition (Figure 34D).

We next examined a role for DRADD within the context of TNFR-dependent 

death signaling (Figure 34E, F). Interestingly, transient co-expression of DN- 

DRADD at both 2:1 and 3:1 ratios alongside the TNFR-1 intracellular truncation 

modestly inhibited apoptosis induced by this death receptor molecule (Figure 

34E). We tried to verify this observation w ithin the context of addition of 

agonistic anti-TNFR-1 antibodies to the culture m edium  of MCF-7 cells 

overexpressing DN-DRADD (Figure 34F). It is well established that stim ulation  

of TNFR-1 dually engages both pro-apoptotic and survival signals (Van Antwerp

et al., 1996). We therefore repressed the NFKB-related survival outcome of 

receptor ligation by the addition of cycloheximide to the culture medium in order 

to inhibit the synthesis of cellular survival factors. However, using this 

approach, we were unable to recapitulate the modest inhibitory effect 

encountered in the first cell death assay, suggesting that the original observation 

may have been artifactual (Figure 34F).
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Figure 34
DRADD DN fails to block Fas-associated apoptosis
C, MCF-7 cells were transfected with 200 ng of plasmid encoding Fas I/C , alongside a 2:1 ratio 
(400ng) of DRADD^®  ̂̂  ̂DN. Cells were assessed for apoptotic features as previously described 
46 hours post-transfection.
D, MCF-7 cells were transfected with 800 ng of the indicated plasmids. 14 hours post-transfection, 
cells were treated as indicated with 500 ng /m l agonistic aFas mAb CH-11 (Upstate Biotechnol
ogy). The percentage of apoptotic transfected cells was determined 44 hours post-transfection.
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Figure 34
DRADD DN fails to block TNFR-associated apoptosis
E, MCF-7 cells were transfected with 200 ng of plasmid encoding Fas I/C , alongside a 2:1 ratio 
(400ng) or 3:1 ratio (600ng) of DRADD^®’’-*̂  ̂DN. Cells were assessed for apoptotic features as 
previously described 46 hours post-transfection.
F, MCF-7 cells were transfected with 800 ng of the indicated plasmids. 20 hours post
transfection, cells were treated as indicated with 50 n g /m l TNFa The percentage of apoptotic 
transfected cells was determined 40 hours post-transfection.



Since overexpression of both of the cognate receptors of the TNF family m em ber 

ligand TRAIL (DR-4/TRAILR-1 and DR-5/TRAILR-2) readily provoked apoptosis 

in our transient transfection-based model (Figure 34A, B), we next tested the 

ability of DRADD to potentiate apoptosis associated with ectopic expression of 

these death receptors (Figure 34G). However, expression of a 2:1 ratio of DN- 

DRADD failed to rescue cells transfected with either of these death receptors, 

suggesting that DRADD does not function as a specific adaptor in TRAIL death 

signaling (Figure 34G).

4.2.14.2. DRADD-DN does not potentiate death adaptor-associated apoptosis

Finally, since we observed that ectopic expression of death dom ain-containing 

adaptor molecules FADD, TRADD and RIP potently induce apoptosis in our 

MCF-7 model, we next evaluated a role for DRADD in these pathways. To this 

end, we transfected MCF-7 cells with plasmids encoding a 2:1 ratio of DN- 

DRADD^® '̂^^  ̂ together with plasmids directing expression of either death adaptors 

FADD, TRADD or RIP. As is illustrated in Figure 34H, DN-DRADD failed to 

repress apoptosis induced by either of these molecules.

In summary, from these studies we thus concluded that DRADD did not play a 

role as a death adaptor molecule for any of the known transm em brane death 

receptors or their cognate adaptors tested: an outcome consistent with the 

subcellular localization of DRADD.

4.2.14.3. DRADD-DN does not potentiate genotoxic stress-associated apoptosis

We next directed our attention towards other pro-apoptotic stimuli that m ight 

require DRADD to engage caspase-9. Since DRADD expression is largely restricted 

to the nuclear compartment, we reasoned that stimuli that impinge upon this 

organelle—in particular, by inducing DNA damage, interfering with DNA 

replication, gene expression or cell cycle regulation—may provoke DRADD- 

dependent apoptosis. Moreover, CASP-9'^' mice are resistent to a variety of 

genotoxic agents, strongly suggesting that these provoke a caspase-9-dependent 

death pathway (Hakem et ah, 1998; Kuida et al., 1998). To investigate this
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Figure 34
Dom inant Negative DRADD Fails to antagonize DR-4/TRAILR-1, DR-5/TRAILR-2 and 
death adaptor-mediated apoptosis
G, MCF-7 cells transfected with 400 ng of pcDNA3-DRADD^®^"^^^ plus 200 ng of either 
pcDNA3-DR-4/TRAILR-l or pcDNA3-DR-5/TRAILR-2 were assessed for apoptotic fea
tures 60 hours post-transfection as described previously
H, MCF-7 cells were transfected with 200ng of CMV-based plasmids encoding death do
main adaptors FADD, T R A D D  or RIP plus 400 ng of pcDNA3-based dominant negative 
(D N ) D R A D D 387-657 as indicated. Cells were assessed for apoptotic features 46 hours
post-transfection.



possibility, we used the dominant negative approach described previously (Figure 

33) in an attempt to block apoptosis provoked by a range of genotoxic stim uli 

(Figure 35). MCF-7 cells transfected with DN-DRADD as described for the death 

receptor experiments, were challenged with various genotoxic stimuli (Figure 35). 

However, initial observations using both UV-irradiation and the topoisomerase- 

inhibiting drug etoposide as a source of nuclear stress revealed that both of the 

DRADD-DN constructs were incapable of blocking apotosis (Figure 35). In 

contrast, cells expressing the caspase-9 DN active site m utant were considerably 

more refractile to these stimuli than their DRADD or vector-transfected 

counterparts, suggesting that apoptosis induced by these stimuli was caspase-9- 

dependent, though seemingly, not DRADD-dependent (Figure 35).

Artificially truncated proteins may be subject to proteolytic degradation as a result 

of mis-folding due to novel steric constraints enforced by fusion to, or rem oval 

of, essential domains from the full length molecule. However, in the absence of 

DRADD-specific antisera, we were unable to verify whether the pcDNA3-derived 

untagged DRADD-DN mutants were expressed. Because earlier experiments with 

the GFP-fused DRADD deletion m utants had demonstrated that GFP-DRADD^® '̂ 

and DRADD'’̂ '"̂ ’̂’ DD m utants were readily expressed, we decided to employ 

these in the dom inant negative studies. To this end, we transfected MCF-7 cells 

with GFP-DRADD” or the GFP-DRADD deletion m utants described previously 

and then challenged the cells with various genotoxic stimuli (Figure 35C-E). 

Interestingly, these experiments suggested that all of the GFP-DRADD proteins 

tested, including full length DRADD, afforded a modest protective effect against 

UV-irradiation and drugs cisplatin and actinomycin-D (Figure 35C-E). In contrast, 

parallel-treated GFP transfectants died more readily in these experiments (Figure 

35C-E). However, a further experiment aimed at establishing the background 

levels of death associated with expression of each of these proteins in cells 

untreated with genotoxic stimuli revealed that expression of the unfused GFP 

protein appeared to be somewhat more toxic than its DRADD-fused counterparts 

(Figure 35F). Thus, the apparently increased refractility of GFP-DRADD 

transfectants to these genotoxic agents may have related to this phenom enon
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Figure 35
DRADD DN fails to block genotoxic stress-associated apoptosis
A and B, MCF-7 cells were transfected with 800 ng of the indicated plasmids alongside limiting 
amounts of the pCMVp reporter plasmid. 24 hours post-transfection, cells were treated with 
UV irradiation for 5 minutes (A) or with 200|iM Etoposide (B). Untreated controls for both 
experiments are indicated. The percentage apoptosis in the transfected cell population was 
determined approximately 48 hours post-transfection.
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Figure 35
The effect of DRADD DN on genotoxic stress-associated apoptosis
MCF-7 cells were transfected with 500 ng of the indicated GFP or GFP-DRADD plasmids 
alongside limiting amounts of the pCMVP reporter plasmid.
C, 20 hours post-transfection, cells were treated with UV irradiation for 30 seconds and the 
percentage apoptosis in the transfected cell population was determined approximately 12 hours 
later.
D, 20 hours post-transfection, cells were treated with 30 |xM cisplatin and the percentage of 
apoptotic transfected cells was determined 32 hours later.
E, 12 hours post-transfection, cells were treated with 2 |iM Actinomycin-D (Act.D) and the 
percentage of apoptotic transfected cells was determined 12 hours later.
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Figure 35
The effect of DRADD DN on genotoxic stress-associated apoptosis
F, MCF-7 cells were transfected with 400 ng of the indicated GFP or GFP-DRADD plasmids 
alongside limiting amounts of the pCMV|3 reporter plasmid. 18 hours post-transfection, cells 
were subjected to UVB irradiation for 30 seconds and the percentage apoptotic transfected cells 
was determined 9 hours later. A similarly transfected but imtreated cohort of cells serve as a 
control.



(Figure 35), possibly as a result of co-expression with the (3-galactosidase reporter 

gene.

4.2.15. Generation of a stable GFP-DRADD dominant negative cell line

Since our attempts to elucidate the function of DRADD using the MCF-7-based 
transient overexpression system had been unsuccessful, we decided to create 

stable DRADD DN-overexpressing cell lines. With a stable cell line, a bulk 

population can be more easily analyzed for subtle effects than only a 

subproportion of transfected cells arising from a transient expression-based 
approach. Unfortunately, an initial attempt to make a stable HeLa cell line based 

on FLAG epitope-tagged DN-DRADD was unsuccessful. Since a plausible 
explanation for this failure may be that long-term DRADD expression in this cell 
line may have elicited cytotoxic or cytostatic effects, through interaction with 
caspase-9 or with pRb, respectively, we decided to repeat the procedure using a 
different cell line.

We next chose Jurkat cells as a recipient for stable DN-DRADD expression. 

Because the initial two-hybrid screen obtained multiple DRADD clones from a 
Jurkat cDNA library, we reasoned that the other components of a DRADD-specific 

pathway might be expressed in these cells, potentially making it more likely that 
we might be able to find a dominant negative effect. Since we could readily 
detect expression of GFP-DRADD*"  ̂ (Figure 31D), we chose to make GFP, GFP- 
DRADD*"  ̂ and GFP-DRADD^*^ '’̂  ̂overexpressing lines. As a prelude to generating 
a stable jurkat line we first had to ascertain the dose of G418 selection drug 

required to kill untransfected cells not harbouring the GFP plasmid that conferred 
drug resistance. To this end we set up a titration of various concentrations of the 

drug in untransfected jurkat cell cultures, with a view to finding a dose that 

killed -100% of the cells over approximately 7 days. On the basis of these assays 
(Figure 36A, B) a dose of 1.6 m g/m l was chosen for the selection of transfected 
cells.
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Figure 36
Determining the electroporation conditions required for the generation of stable Jurkat 
GFP, GFP-DRADD and GFP-DRADD 387-657-overexpressing cells
A, Graph illustrating % cell death as assessed by trypan blue staining of G418-treated Jurkat 
cell cultures at a 5-day timepoint. Cells that failed to exclude the dye were scored as dead.
B, Graph illustrating % cell death as assessed by Hoechst staining of G418-treated Jurkat cell 
cultures at a 7-day timepoint. Cells exhibiting marginated chromatin an d /o r fragmented 
nuclei were scored as apoptotic. Indicated beneath both graphs are the G418 concentrations 
used in the titration.

Table 13
Table illustrating the electroporation parameters tested in order to optimize the 
efficiency of transfection of Jurkat cells. The % cell survival and % of GFP-positive 
cells obtained from each experimental setting are indicated.

Treatment % Cell survival Total No. GFP +ve cells
0.5 kV/950|iF 4.0 8.9x10-'
0.4 kV/950^F 9.5 1.5 xlO^
0.3 kV/950|iF 43.2 7.0 xlO^
0.2 kV/950^F 74.4 3.6x10^



We next optimized the parameters involved in the transfer of plasmid DNA into 

recipient cells. To this end, we electroporated Jurkat cells with GFP plasmid 

under various voltage settings and determined the extent of cell survival of the 

bulk population as well as the total num ber of GFP-positive transfected cells 

(Table 13). This analysis revealed that the 0.3kV setting that killed just over half 

of the total population, yielded the maximum num ber of GFP-positive cells 

(Table 13). Since it is well established that linearized DNA is m ore 

recombinogenic than circular plasmid, the constructs were linearized by 

restriction endonuclease digestion of the pEGFP-C3 vector w ithin a site that does 

not effect gene expression, prior to electroporation. At the time of writing, G418- 

resistant clones of GFP, GFP-DRADD and GFP-DRADD^® '̂^^^ are outgrowing in  

culture.

4.2.16. DRADD does not translocate from the nucleus upon induction of the 

death program

It is well established that several key regulators of apoptosis, including Bid and 

cytochrome c, translocate from one cellular compartm ent to another in order to 

realize their death-inducing abilities (Liu et ah, 1996; Li et al., 1998; Luo et al., 1998; 

Adrain and Martin, 2001; Green 2000). Thus, we hypothesized that DRADD may 

exit the nucleus in response to specific death-inducing stimuli, as part of a 

DRADD-dependent death program. Identification of the stimulus responsible for 

DRADD translocation may yield clues about the apoptotic signaling pathway 

within which DRADD may operate.

To investigate this possibility, we transfected MCF-7 cells with GFP-DRADD^^ as 

described previously, then challenged the GFP-DRADD®"^ transfectants with a 

variety of pro-apoptotic stimuli (Figure 37). While GFP-DRADD transfectants 

treated with a variety of cytotoxic stimuli continued to retain the majority of 

GFP-DRADD within the nuclear compartment, cells treated w ith several stim uli 

including UV irradiation and cisplatin exhibited a condensed, granular/punctate 

DRADD distribution within the nucleus (Figure 37). Interestingly, in UV-treated 

transfectants, GFP-DRADD fluorescence exhibited a particularly punctate pattern.
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Figure 37
DRADD does not undergo redistribution from the nucleus in dying cells
MCF-7 cells growing on coverslips were transfected with 400 ng of GFP-DRADD. 20 hours 
post transfection, cells were treated with the following cytotoxic stimuli:
UV-irradiation (30 seconds), Cisplatin (40nM), Etoposide (200jiM) and TNFa/Cycloheximide 
(25 n g /m l; l^M). 24 hours later, cells were fixed, rehydrated in PBS and mounted in glycerol 
for inspection under UV illumination using a FITC filter to visualize GFP-positive cells. Rep
resentative images of apoptotic GFP-DRADD-positive nuclei were captured under X40 
magnification. GFP-DRADD transfected, untreated cells serve as a control.



with numerous small GFP-DRADD-positive foci (Figure 37, middle panel). Cells 

treated with cisplatin exhibited a similar punctate DRADD distribution, albeit 

with fewer, larger GFP-DRADD-positive nuclear foci (Figure 37, m iddle panel).

In contrast, cells dying in response to TNFa/cycloheximide treatm ent exhibited a 

more condensed but less punctate DRADD-labeled nuclear morphology (Figure 

37, bottom panel). These subtle differences are interesting, especially since UV-

irradiation and cisplatin are nuclear damaging agents, whereas TN Fa clearly 

exerts its pro-apoptotic effects at the level of death receptor ligation. However, an  

important caveat to note is that cells treated w ith different stimuli were dying 

asychronously, with the onset of classical apoptotic features varying am ongst 

different treatments. Thus, it is possible that the apparent differences in DRADD 

sublocalization in response to different treatments may reflect different stages of 

nuclear attack during apoptosis.

However, some stimuli, most notably etoposide (and also actinomycin D, data 

not shown) elicited a somewhat different DRADD distribution in dying cells 

(Figure 37, bottom panel), In contrast to dying cells that retained substantial 

amounts of DRADD within the nucleus when treated w ith the stimuli discussed 

above, a substantial proportion of the population of etoposide-treated 

transfectants exhibited a striking loss of nuclear GFP-DRADD^^ fluorescense. 

Moreover, many of these cells exhibited weak fluorescence in punctate, discrete 

localities within the cytosol, perhaps consistent with a m itochondrial 

sublocalization (Figure 37, bottom panel). However, in spite of the distinct loss of 

nuclear DRADD, the appearance of GFP-DRADD*"^ fluorescence within the cytosol 

was too weak to support the notion of a simple bulk m ovem ent of DRADD from  

the nucleus into the cytosolic compartment. Interestingly, certain cells exhibited 

both a substantial nuclear GFP-DRADD'"^ fluorescence as well as a weak punctate 

fluorescence throughout the cytosol (Figure 37). However, for the reasons stated 

above, the significance of this observation within the context of cells treated w ith  

diverse stimuli progressing through the death program asychronously, rem ains 

to be seen. In summary, in response to most cytotoxic agents, the majority of
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GFP-DRADD remains within the nucleus (Figure 37). These data may therefore 

suggest that DRADD exerts its pro-apoptotic effects from within the nucleus. 

W ithin this context, it is interesting to note a recent report that suggests that a 

substantial portion of the caspase-9 cellular pool colocalizes to nuclei (Ritter et ah, 

2000). Thus, all of the hitherto identified DRADD-interacting molecules are 

indeed present within the nuclear compartment.

4.2.17. Detection of stimulus-specific DRADD cleavage

Proteolysis, like phosphorylation, represents an important means of switching on 

or off the function of a protein. For instance, ICAD, the inhibitor of the caspase- 

activated DNase, gets cleaved during apoptosis, thus enabling the DNase activites 

of the CAD enzyme through its subsequent shuttling into the nucleus (Sakahira 

et al., 1998). In another example, cleavage of Bid by caspase-8 during death- 

receptor-induced apoptosis enables its pro-apoptotic activity, channelled via the 

mitochondrion (Luo et al., 1998; Li et al., 1998; Gross et al., 1999). To determine if 

DRADD undergoes proteolytic cleavage during apoptosis, we transfected 293T 

cells with GFP-DRADD alongside plasmids under the control of a CMV-based 

prom oter expressing a variety of known pro-apoptotic proteins as a means of 

inducing the death program in DRADD-overexpressing cells (Figure 38). 

Intriguingly, in cells dying as a result of expression of the death agonist m olecule 

Bax, GFP-DRADD was completely converted from its full length form to a ~30kDa 

cleavage product (Figure 38). In contrast, cells overexpressing other proapoptotic 

proteins retained substantial amounts of full length GFP-DRADD (Figure 38). 

Since the approximate proportion of cells undergoing apoptosis as a result of 

expression of these other death-inducing molecules was the same, or greater than  

Bax-transfectants, this suggested that cells dying in response to Bax 

overexpression were not simply undergoing cleavage of the GFP moiety of GFP- 

DRADD'"^ in a non specific manner. Clearly, further investigation will be 

required to determine whether the putative candidacy of DRADD as a substrate 

for Bax-associated apoptosis relates to unlocking its cell death regulatory ability, or 

alternatively, simply relates to DRADD being a passive caspase substrate under 

these conditions.
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4. GFP-DRADD-f-Rip
5. GFP-DRADD + TRADD

Figure 38
Cleavage of DRADD specific to Bax-induced apoptosis
293T cells were transiently transfected with 2 p.g of GFP-DRADD plus 18 H-g of CMV-based 
plasmids encoding the indicated pro-apoptotic proteins. 48 hours post-transfection, live and 
floating cells were collected and lysed in Ix SDS-PAGE loading buffer. Samples were sub
jected to SDS-PAGE followed by immunoblotting with an GFP-specific antibody. The arrow 
illustrates the GFP-reactive cleavage product that was observed specifically in response to co 
expression with death agonist molecule, Bax.



4.2.18. Ectopic expression of pRb induces apoptosis

We next directed our attention towards elucidating a role for Rb as a regulator of 

DRADD. The role of Rb as a tumor suppressor has been well established. Indeed, 

this molecule is second only to p53 in terms of the frequency of mutatation of this 

gene in a wide variety of hum an cancers (Weinberg, 1995). The role of the latter 

as a key mediator of both cell cycle arrest and apoptosis, has been well established 

within the context of stimuli that provoke nuclear damage (Choisy-Rossi and 

Yonish-Rouach, 1998). In contrast, the role of Rb as a m odulator of apoptosis has 

yet to be fully elucidated. Somewhat confusingly at odds w ith its established role 

as a tumor suppressor, targeted deletion of this gene in KB ''' mice suggests a role 

for Rb as a negative regulator of apoptosis, since Rb-deficient animals exhibit 

increased apoptosis in both the central nervous system (CNS) and peripheral 

nervous system (PNS) (Macleod et ah, 1996). Because we have demonstrated that 

Rb interacts with DRADD we wondered whether Rb could modulate the ability of 

this molecule to regulate apoptosis.

W ithin this context, we initially determined whether ectopic expression of Rb 

alone could modulate apoptosis. Thus, we transiently overexpressed a CMV- 

based Rb expression plasmid alongside an expression plasmid encoding the well 

established tumor suppressor, p53, together with the pCMVP reporter plasmid 

and examined cells for typical apoptotic features 1-2 days post-transfection (Figure 

39). This analysis revealed that in agreement with a recently published report 

(Hsieh et ah, 1999), ectopic expression of Rb modestly provoked apoptosis in these 

cells (Figure 39). However, at both of the endpoints tested, the tum or suppressor 

p53 proved more potent in this regard (Figure 39). To illustrate the apoptotic 

phenotype induced by forced expression of both these tumor suppressors, albeit in 

a non-quantitative manner, we captured images of Rb or p53-transfected 

apoptotic cells alongside vector-transfected cells under standard light microscopy 

using a 40x lens (Figure 39B). As can be seen, blue-staining (transfected) cells 

treated with either Rb or p53 exhibited a rounded and condensed m orphology
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Ectopic expression of pRb induces apoptosis
A, MCF-7 cells were transfected with 800 ng of the indicated plasmids alongside limiting amounts 
of the pCMVp reporter plasmid. 28 or 42 hours post-transfection, cells were fixed and stained 
for p-galactosidase activity and the percentage of apoptotic transfected cells was determined.
B, Images captured using a x40 lens of cells transfected with either pcDNA3 vector or CMV- 
based plasmids encoding pRb or p53. Images are intended to represent the morphology of 
transfected (blue) cells, but do not reflect a quantitative assessment of % death attributable to 
each treatment.
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2. GFP-DRADD + Bax
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4. GFP-DRADD + Rip
5. GFP-DRADD + TRADD

Figure 38
Cleavage of DRADD specific to Bax-induced apoptosis
293T cells were transiently transfected with 2 |j.g of GFP-DRADD plus 18 |Xg of CMV-based 
plasmids encoding the indicated pro-apoptotic proteins. 48 hours post-transfection, live and 
floating cells were collected and lysed in Ix SDS-PAGE loading buffer. Samples were sub
jected to SDS-PAGE followed by immunoblotting with an GFP-specific antibody. The arrow 
illustrates the GFP-reactive cleavage product that was observed specifically in response to co 
expression with death agonist molecule, Bax.



typical of apoptosis, whereas blue cells transfected with the pcDNA3 vector 
exhibited a fully spread, viable morphology (Figure 39B).

4.2.19. pRb and DRADD collaborate to induce apoptosis

We next examined whether the ability of Rb to modulate apoptosis was related to 
its association with DRADD. To achieve this, we co-expressed Rb with either 
GFP-DRADD or a GFP-DRADD^®^*’̂  ̂ deletion mutant, under conditions where 

overexpression of Rb alone provoked minimal apoptosis (Figure 39C). In this 

context we used GFP-positive nuclei to identify GFP-DRADD^^-transfected cells. 
Strikingly, whereas expression of either DRADD or Rb alone elicited a similar 
minimal degree of apoptosis as that encountered through transfection of the 

vector, co-expression of Rb and DRADD resulted in a significant increase in the 
number of cells exhibiting typical apoptotic features, most notably including 
fragmented and condensed nuclei (Figure 39D). In contrast, co-expression of Rb 
with the DRADD'̂ *̂ '̂ ^̂  mutant that lacks the caspase-9-binding site but retains the 

Rb-interaction motif, failed to elicit this effect. These data suggest that DRADD 
may couple Rb to the death machinery under conditions where Rb activity is 

impaired or deregulated.

4.2.20. Generation of DRADD antisera

Studies conducted on DRADD had thusfar utilized either overexpressed epitope- 
tagged or recombinant bacterial proteins. To investigate protein-protein 

interactions using endogenous levels of DRADD, we decided to generate a 
DRADD-specific antibody. This was critically important since investigating 

protein-protein interactions using endogenous levels of untagged DRADD 

protein is clearly more informative than within the context of the greatly 

increased levels of protein associated with transient overexpression studies. 

Additionally, the use of epitopes of any variety clearly risks impairing the activity 
of the target protein by changing protein folding or occluding vital protein- 

protein interaction motifs. Moreover, it was desirable to verify our data 
concerning the observed subcellular localization of DRADD within the context of 

endogenous protein levels.
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Figure 39
pRb augments DRADD-associated apoptosis
C, MCF-7 cells were transiently transfected with 700 ng of pEGFP-C3-based plasmid encod
ing either GFP, GFP-DRADD'^, GFP-DRADD“  ̂“  ̂plus 700 ng of pCMV-Rb, where indicated. 
An equal plasmid amount in each well was maintained by the addition of pcDNA3 vector 
plasmid to appropriate wells. The percentage of GFP-positive apoptotic cells was assessed 
under fluorescence microscopy 44 hours post-transfection. Data shown are representative of 
at least three independent replicate experiments. Error bars represent standard error of the 
mean derived from 3 independent fields of at least 100 cells.
D, Images captured using a x40 lens of cells transfected with pRb together with either GFP 
alone or the indicated GFP-DRADD fusion proteins. Images are intended to represent the 
morphology of GFP-positive cells, but do not reflect a quantitative assessment of % death 
attributable to each treatment.



To this end, the amino acid sequence of DRADD was subjected to inspection 

using the Protean program from the Lazergene suite of sequence analysis 

software in order to select a peptide for im m unization and production of 

polyclonal DRADD antisera. This analysis revealed a candidate region (Figure 40 

A) that was a suitable antigen, since this peptide sequence was hydrophilic and 

therefore had a high surface probability, as predicted by the algorithms of Kyte 

and Doolittle and Emini respectively (Figure 40A). In addition, the Jameson- 

Wolf algorithm predicted this area to possess a high probability of antigenicity. 

Finally, inspection of a 20 amino acid peptide chosen from this region (Figure 

40B) by database interrogation revealed that the peptide chosen bore no 

resemblance to other identified hum an proteins. The antibody produced was 

therefore less likely to cross-react with other hum an protein species in cell lysates.

The peptide chosen was synthesized with a cysteine residue at the N -term inus in  

order to facilitate coupling to Keyhole Limpet Haemocyanin (KLH) to confer 

immunogenicity (Figure 40B). The process of peptide production, rabbit 

im m unization and serum harvesting was carried out commercially (Genosys, 

UK) according to standard procedures. Upon obtaining the term inal bleed, we 

tested the sera from both rabbits (denoted 'A' and 'B') for reactivity against 

endogenous DRADD in cell lysates derived from a variety of tum our lines. 

However, by immunoblot analysis, we were unable to detect DRADD-reactive 

bands. Moreover, further attempts to analyze the antisera with respect to 

immunoblots of lysates derived from cells overexpressing either untagged 

pcDNA3 DRADD or epitope tagged pcDNAS FLAG-DRADD again failed to reveal 

the presence of DRADD-reactive bands.

As a final attempt, we then probed imm unoblots derived from 293T cell lysates 

overexpressing GFP or GFP-DRADD^^ and its derivatives w ith a 1:50 dilution of 

aliquots of antibodies 'A' and 'B' (Figure 40C). Surprisingly, whereas the same 

dilutions of antibody failed to detect overexpressed untagged or FLAG-tagged 

DRADD, antibody obtained from both rabbits proved reactive against GFP-
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Figure 40
Identification of an antigenic region in DRADD suitable for antibody generation
A, The DRADD amino acid sequence was analyzed using Protean program from the 
Lazergene software suite. A candidate antigenic peptide was chosen based on predic
tion of (I) hydrophilicity based a plot obtained using the the Kyte and Doolittle 
angorithm, (II) the Jameson-Wolf antigenic index prediction and (III) a surface prob
ability plot, based on the Emini algorithm. The candidate antigenic region of molecule 
is enclosed by the vertical bars. The scale above the plots denotes amino acid positions 
in the full length DRADD sequence.
B, The DRADD peptide from the region indicated in (A) that was chosen for immuni
zation. The peptide was synthesized with a cysteine residue (C) included at the amino 
terminus of the peptide, to facilitate coupling to Keyhole Limpet Haemocyanin (KLH) 
prior to immunization. The numbers denote amino acid positions in the full length 
DRADD sequence
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Figure 40

Verification of the specificity and reactivity of DRADD antisera

C, 293T cells were transiently transfected with plasmids encoding GFP or the indicated GFP- 

DRADD deletion mutants. Lysates derived from these cells were subjected to SOS PAGE 

followed by immunoblotting with a 1:50 dilution of DRADD polyclonal antisera derived 

from two individual rabbits. Consistent with the position of the C-terminal DRADD epitope 

used for immunization, the DRADD '̂^®* mutant fails to be detected by the antisera, as does 

overexpressed unfused GFP.



DRADD (Figure 40C). The specificity of the GFP-DRADD-reactive bands was 

demonstrated by the failure of the antisera to reveal a specific band for GPP alone 

(Figure 40C). Moreover, although equivalent input am ounts of GFF-DRADD '̂^*® 

were loaded alongside aliquots of GFP-DRADD full length or GFP-DRADD^® '̂^^^ 

the antibody failed to detect DRADD-reactive bands in this lane (Figure 40C). 

Since the N-terminal DRADD '̂^®* m utant lacks the epitope site chosen for 

immunization, this confirmed the specificity of the antisera.

These data revealed that the antibody was clearly reactive, although the titre was 

clearly too low to detect endogenous levels of proteins. Future work will thus 

utlilize affinity chromatography as a means of increasing the DRADD-specific 

titre in these sera. Importantly, these data also reveal that the protein levels of 

overexpressed GFP-DRADD were considerably higher than either untagged or 

FLAG-tagged. This implies that either GFP-based expression vectors facilitate 

higher expression levels than other comparable CMV-based expression vectors, 

or, that DRADD is normally targeted for proteolytic degradation—that is 

somehow prevented by the fusion of the GFP-epitope to the DRADD N-terminus. 

The provision of DRADD-specific antisera will enable us to investigate the 

expression levels of DRADD in response to particular stimuli.
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4.3. DISCUSSION

4.3.1. Summary
In this chapter we report the identification of a novel caspase-9-specific putative 

death adaptor protein we have called DRADD. Notably, sequence analysis of 

DRADD revealed the presence of classical apoptotic signaling modules, namely a 

death domain (DD) and a region bearing substantial homology to the CARD 

motif, strongly suggesting that DRADD may function as a caspase adaptor protein. 

In support of this, through an extensive deletional analysis of the molecule, we 

have demonstrated that DRADD binds caspase-9 through the putative CARD-like 

motif. Moreover, transient overexpression of CARD-containing DRADD 

deletion m utants provokes caspase-9-dependent apoptosis, suggesting a role for 

DRADD as a caspase-9 adaptor.

4.3.2. DRADD does not potentiate death receptor-associated apoptosis

Given the presence of the death domain within the C-terminus of DRADD, we 

have attempted to identify a role for DRADD within death dom ain-dependent 

apoptotic signaling pathways. The established paradigm is that death dom ain 

modules participate in signal transduction via a hom ophilic interaction w ith 

other death domain-containing molecules (Ashkenazi and Dixit, 1998). Based on 

this principle, we have eliminated a role for DRADD as a proximal signaling 

adaptor in death receptor pathways Fas, TNFR-1, DR-4/TRAILR-1 and DR- 

5/TRAILR-2 using a dominant negative-based approach. Because proximal death 

receptor signaling events occur at the plasma membrane, whereas DRADD is 

nuclear in distribution, it is not surprising that we have been unable to place 

DRADD within these pathways.

4.3.4. DRADD interacts with cell cycle regulator, pRb

Consistent with the work of others (Durfee et al, 1994) we have demonstrated that 

DRADD interacts with the tum or suppressor and key cell cycle regulator, Rb, a 

molecule which functions from within the nuclear compartm ent. Intriguingly, 

deletional analysis of the DRADD/Rb interaction revealed that the C-term inal 

moiety of DRADD, encompassing the death domain motif, mediates binding to
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the Rb N-terminus. While Rb is frequently the target of tum ourigenic 

m utations, the majority of these involve the A and B pocket regions of the 

molecule required for transcription factor E2F and viral oncogene binding 

(Weinberg, 1995). However, given that caspase adaptor DRADD binds to the Rb 

N-terminus, it is interesting to note reports of m utations detected in h u m an  

retinoblastoma tumours, specifically within the N -term inus of the m olecule 

(Hogg et al, 1993). Within this context, it would be interesting to determine if the 

tumorigenicity of this m utation correlates with an inability to interact w ith 

DRADD. Moreover, a study by Hensey and colleagues suggests that the N- 

term inus of Rb is required for the formation of oligomers via interaction w ith 

the C-terminus of the molecule (Hensey et al, 1994). While the significance of 

oligomerization of Rb is as yet unappreciated, this feature of Rb may provide a 

mechanism for clustering DRADD under specific conditions.

The phosphorylation status of Rb dictates its ability to interact with binding 

partners that regulate cell cycle progression (Weinberg, 1995). It is interesting to 

note a report by Durfee and colleagues that suggests a cell cycle-specific interaction 

between Rb and p84 (DRADD) (Durfee et al, 1994). The authors state that these 

molecules associate during the G1 phase of the cell cycle, when Rb is 

hypophosphorylated and is therefore actively inhibiting cell cycle progression 

(Durfee et al, 1994; Weinberg, 1995). Thus, the function of Rb as a tu m our 

suppressor may relate not only to its ability to provide a brake on mitosis, but also 

by regulating cell death via DRADD. Thus, in a m anner similar to that of 

tumour suppressor p53, Rb may have cell cycle and cell death regulatory abilities.

Several lines of evidence place tum or suppressor Rb at the hub of a network of 

proteins that modulate apoptosis. Indeed, consistent w ith the work of others 

(Hsieh et al, 1999), we observed that overexpressed Rb is modestly proapoptotic. 

Rb can physically associate with the anti-apoptotic ubiquitin ligase MDM-2, 

thereby neutralizing the ability of this molecule to downregulate p53-dependent 

transcription through proteasome-mediated degradation of the latter (Hsieh et al, 

1999). Additionally, the Rb-interacting tyrosine kinase cAbl can collaborate w ith
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p53 homologue p73 to mediate apoptosis provoked by specific genotoxic stim uli 

(Gong et al, 1999; Agami et al, 1999; Yuan et al, 1999). Moreover, Rb is an 

important regulator of the E2F family of transcription factors critically required to 

promote mitogenesis via transcriptional targets required for progression through 

S phase of the cell cycle (Weinberg, 1995). Interestingly, ectopic expression of E2F 

provokes apoptosis (Qin et al, 1994). In addition, Rb has been demonstrated to 

interact w ith the c-Myc oncogene (Rustgi et al, 1991). Deregulated c-Myc activity 

results in both aberrant cellular proliferation as well as sensitizing cells to 

apoptosis (Evan et al, 1992).

Critically, we provide preliminary evidence for a novel role for Rb as a tum our 

suppressor, specifically as a direct regulator of caspase activation within the 

nuclear compartment. Whereas ectopic expression of both DRADD and sublethal 

amounts of Rb provoked minimal apoptosis in transient overexpression studies, 

we consistently observe a significant increase in the percentage of cells exhibiting 

hallmarks of apoptosis, including nuclear condensation and fragm entation, 

when these molecules are co-expressed. These data suggest a novel, intim ate 

connection between a key cell cycle regulator and the caspase arm of the cell death 
m achinery.

4.3.5. DRADD is a nuclear protein

Intriguingly, DRADD appears unique in comparison with other DD-containing 

species in that its expression is largely restricted to within the nuclear 

compartment. We have identified two putative nuclear localization signals 

w ithin the C-terminus of the molecule, one of which we have demonstrated to 

mediate the nuclear import of DRADD. While overexpressed GFP-DRADD 

exhibits a relatively homogeneous distribution within the nucleus, this is 

probably attributable to the overflow of DRADD from its natural subnuclear 

com partm ent as a result of enhanced expression levels of the protein. Further 

studies will use purified DRADD antisera to examine the specific subnuclear 

localization of endogenous DRADD.
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W ithin this context, it is interesting to note reports suggesting that other 

apoptosis-associated molecules may reside within the nuclear compartment. For 

instance, the CARD-containing protein ASC (Masumoto et al, 1999) has been 

demonstrated to inducibly localize to speck-like foci w ithin the nuclear m atrix 

during apoptosis. Additionally, the caspase-8-interacting protein DEDD appears 

to enter the nuclear compartment following death receptor stim ulation (Stegh et  

al, 1998). Several reports suggest a nuclear sublocalization for caspase-2, 

consistent with the identification of putative NLSs within the prodom ain of the 

molecule (Colussi et al, 1998). We have excluded the possibility that DRADD acts 

as an adaptor for caspase-2, since it failed to bind caspase-2 in the GST in v i t r o  

capture assay.

4.3.6. Does DRADD participate in a caspase activating pathway w ithin the 

nucleus?

It has long been appreciated that chemotherapeutic drugs and genotoxic stim uli 

such as y-irradiation, provoke programmed cell death primarily through damage 

inflicted upon the nuclear compartm ent (Choisy-Rossi and Yonish-Rouach, 

1998). As described within Chapter I, some cell deaths initiated by nuclear 

damage utilize p53-dependent transcriptional targets. However, surprisingly 

given the nuclear origin of the stimuli, transcriptional targets of p53, including 

death agonist genes such as Bax and Noxa actually exert their death-inducing 

functions at the level of regulating cytochrome c release from mitochondria (Oda 

et al, 2000; Jurgensmeier et al, 1998). Thus, events that originate within the 

nuclear compartment seemingly invoke an A paf-l-dependent cell death pathway 

that takes place within the cytosol. Moreover, the p53-inducible death receptor 

DR-5/Killer (Wu et al, 1999) also receives death signals at the level of the plasma 

membrane at a site distinct from the nuclear origin of the death signal. While a 

novel p53-inducible death domain-containing molecule, PIDD, has recently been 

identified, further studies are required to determine the subcellular com partm ent 

where this molecule exerts its role (Lin et al, 2000). Finally, the h u m an  

hom ologue of yeast Rad-9 promotes DNA damage-mediated apoptosis via its
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ability to neutralize the prosurvival effects of Bcl-2 and Bcl-X (Kom atsu et al, 

2000).

O ur identification of DRADD as a nuclear death adaptor protein thus represents a 

novel class of caspase activating m echanism  that m ay actually transduce death  

signals to caspases from w ithin the nucleus. Thus, by analogy w ith  caspase 

activating complexes w ithin the cytosol, DRADD may represent a novel "nuclear 

apoptosome". M oreover, while a substantial subset of genotoxic stress-associated 

cells deaths clearly owe their origins to the transcriptional activity of p53, 

evidence suggests that there are also transcrip tionally-independent, as well as 

p53-independent m eans of achieving cell suicide w ithin  the context of nuclear 

dam age (Caelles et al, 1994). Thus, a subset of cell deaths derived from nuclear 

stim uli may rely on direct pro tein-protein  interactions rather than gene 

expression to m odulate the apoptotic signal.

4.3.7. DRADD rem ains w ith in  the nucleus in dying cells

Certain apoptotic signaling events require death agonist m olecules to translocate 

from one cellular com partm ent to another (Porter, 1999). For instance, the  

caspase-8 interacting death effector dom ain protein DEDD translocates from the  

cytosol to the nucleus in response to Fas/CD95 stim ulation  (Stegh et al, 1998). 

W ithin sim ilar contexts, cleaved Bid (tBid) shuttles from  the cytosol to the  

m itochondrial m em brane. In this study we exam ined w hether DRADD can be 

induced to translocate from the nucleus in response to various stim uli that elicit 

nuclear damage. However, apart from a general loss of fluoresence, albeit w ith a 

weak punctate cytosolic fluorescence in response to som e treatm ents, we w ere 

generally unable to detect an overt bulk m ovem ent of DRADD from  the nucleus 

into another cellular com partm ent. These data suggest that DRADD exerts its cell 

death  role w ithin the nuclear com partm ent.

A recent study suggests that a substantial proportion  of the zym ogen form of 

caspase-9 actually resides w ithin the nucleus (Ritter et al, 1999). Therefore, all of 

the DRADD-interacting com ponents thusfar identified reside w ith in  the nuclear
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compartment. This again supports the notion of a so-called nuclear apoptosome, 

discussed above.

Of interest within this context, targeted deletion studies have established caspase- 

9 as an essential mediator of program m ed cell death in response to diverse 

genotoxic stimuli. Notably, several cell types including embryonic stem (ES) cells 

and fibroblasts isolated from caspase-9-null embryos exhibit resistance to anti

neoplastic stimuli including adriamycin, etoposide and y-irradiation (Kuida et al, 

1998; Hakem et al, 1998). Our identification of DRADD as a nuclear-localized, 

caspase-9-selective adaptor molecule may shed some light as to how nuclear- 

damaging stimuli achieve caspase activation. Targeted deletion of cytosolic 

caspase-9 adaptor, APAF-1 in mice results in a phenotype that is relatively sim ilar 

to those encountered in CASP-9-null cells (Cecconi et al, 1998; Yoshida et al, 1998; 

Hakem et al, 1998; Kuida et al, 1998; Honarpour et al, 2000). However, further 

studies will be required to establish whether Apaf-1 is actually required in all 

instances where caspase-9 plays an apical role in apoptotic signaling provoked by 

genotoxic damage. Moreover, certain cell types actually engage Apaf-1 

downstream of apical signaling events such as death receptor ligation (Li et al., 

1998; Luo et al., 1998). Thus there may be instances where Apaf-1 plays a non- 

redundant role in cell death, not as an instigator of apical caspase activation, but 

as a critical distal amplification mechanism. Further studies will evaluate the 

role of DRADD as a caspase-9 adaptor within the context of stimuli that provoke 

damage within the nuclear compartment. Indeed, studies using APAF-T^' cells 

will enable the specific role of DRADD as a caspase-9 adaptor protein to be further 

elucidated.

4.3.8. DRADD undergoes proteolytic cleavage during Bax-mediated apoptosis

During a survey of a panel of death-inducing agents, we observed proteolytic 

cleavage of GFP-DRADD in cells co-expressing death agonist molecule, Bax. 

Intriguingly, this cleavage event appeared specific, since GFP-DRADD rem ained 

largely intact in cells expressing other death-inducing molecules. M oreover, 

unfused GFP was not cleaved under these conditions, suggesting that it was not
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mediated by a fortuitous caspase cleavage site within the GFP epitope. This 

observation must be verified by detection of endogenous DRADD. However, it is 

interesting to note the observation of several groups that Bax can be found within 

the nuclear matrix, as well as sublocalized to the nuclear m em brane in several 

cell types (Gajkowska et al., 2000). Thus, in certain contexts Bax may provoke cell 

death independently of its role as a cytochrome c-releasing agent, by im pinging 

upon the nucleus in some manner.

Assuming that there is some functional significance to this cleavage event, one 

possible explanation for this phenomenon may be to provide a DRADD-mediated 

caspase activating amplification loop to prom ote or enhance proteolysis of 

substrates with the nuclear compartment. While DRADD cleavage is clearly not 

a proximal apoptotic signaling event, this does not preclude a caspase-catalysed 

functional role for the molecule. For instance, DEDD translocation from the 

cytosol to the nucleolus is caspase-dependent (Stegh et al, 1998). This molecule is 

speculated to be involved in modulating the shutdow n of cellular biosynthetic 

activities within the nucleolus. Moreover, hepatocytes derived from B ID  '' ' mice 

are resistant to Fas receptor ligation, demonstrating the requirem ent for this 

caspase-initiated amplification loop (Yin et al., 1999). Thus, situations may exist 

where a DRADD-dependent amplification loop may occur. The functional 

significance of this observation could be further evaluated by generating a non- 

cleavable DRADD mutant.
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4.3.9. Concluding remarks
Much of this study has been directed towards elucidating a functional role for 
DRADD as a caspase-9-binding adaptor molecule. In this study we have relied 

upon a dominant negative DRADD modelled on DN-FADD, in terms of a death 

domain-only mutant that is incapable of caspase-9 binding. Using this approach 
we anticipated that DN-DRADD would bind to a death domain species dependent 

upon DRADD signaling and thus frustrate the ability of endogenous DRADD to 
recruit and activate caspase-9. DRADD clearly differs substantially from other 

death domain species in that it resides predominantly within the nucleus, where 
it interacts with a key cell cycle regulator, Rb. One obvious caveat in this regard 

concerns whether the death domain mutant of this molecule actually constitutes 
a dominant negative DRADD in the same manner as would be anticipated for the 
other adaptors. Moreover, given the DRADD/Rb interaction, an obvious concern 
relates to the fact that this approach involves overexpression of an Rb-binding 

protein: given the diverse network of proteins that Rb controls, it is difficult to 
predict the knock-on effects on other cell cycle regulators and upon E2F family- 
mediated gene expression.

An additional reason for our failure to find a pathway for DRADD may simply 
relate to not having uncovered the appropriate death-inducing stimuli that 
engage DRADD. Another reason may relate to the limited transfection efficiency 

of the overexpression system used in these dominant negative experiments. 
Clearly, some inhibitory effects are subtle in their nature and may only reveal 
themselves within a transient window of time. When using a system in which 

only a fraction of the cells actually take up the plasmid, it becomes difficult to 

evaluate the significance of an effect as viewed from the perspective of a whole 
cell population, a minority of which are actually participants in the experiment. 

Thus, this approach has its limitations with respect to rapid screening of a wide 

range of diverse cytotoxic agents required in order to uncover an appropriate 
death-inducing agent. We have sought to counteract this problem through the 

generation of stable DRADD-overexpressing cell lines. This approach offers the 

advantage that all of the cells will be expressing DRADD, making it possible to
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analyze bulk populations for signs of resistance to death stimuli. This also allows 

cells to be analyzed using flow cytometry, enabling more quantitative data to be 

gathered.

An additional advantage of the approach regards the fact that DRADD was cloned 

from a Jurkat cDNA library. Thus, these cells are more likely to express the other 

signaling components required for a DRADD-dependent death pathway. This 

may not have been the case in the cell types we used in the transient 

overexpression assays. Finally, DRADD may participate in a redundant death 

signaling pathway, making it difficult to elucidate function using a dom inant 

negative-based approach.

A further departure we have undertaken to elucidate DRADD function regards 

the generation of DRADD antisera. Clearly, an overexpression-based approach 

risks usurping a molecule from its normal endogenous context, allowing it to 

cross-react with signaling pathways it may not normally engage. Purified 

DRADD antisera will enable us to confirm the DRADD interactions reported in  

this study, using endogenous protein levels. In addition, it will enable us to 

evaluate whether DRADD expression levels change in response to specific pro- 

apoptotic stimuli, particularly DNA damaging agents.
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CHAPTER V:
Cloning of DRADD-interacting molecules by 

yeast-two hybrid screening
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5.1. INTRODUCTION
As is detailed in Chapter IV, a dominant-negative-based approach failed to 

determine a functional role for DRADD within a variety of known apoptotic 
signaling pathways. To address this important question from a different 

perspective, we decided to undertake a two-hybrid screen with DRADD as bait to 

identify putative DRADD-interacting partners that might regulate its pro- 

apoptotic activity. Because numerous signaling pathways rely heavily on 
protein-protein interactions as a means of transducing specific stimuli, we 
reasoned that identification of DRADD-interacting molecules may guide us to 

the specific pathway(s) within which DRADD is operative.
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5.2. RESULTS

5.2.1. Design and generation of DRADD two-hybrid bait proteins

As has been previously discussed, DD molecules frequently mediate pro-apoptotic 

signaling events through homophilic interactions w ith other DD species 

(Ashkenazi and Dixit, 1998). We therefore reasoned that screening with the 

DRADD^* '̂^^  ̂DD m utant would be a likely means of retrieving a DD-containing 

molecule that utilizes a DRADD-dependent pathway. To this end, we generated a 

Gal-4 DB fusion encoding the DRADD̂ ®̂ '^^̂  DD m utant identical to the truncation 

used in the dominant negative studies (Figure 41A). Unfortunately, prelim inary 

analysis revealed that this fusion protein autoactivated both the HIS3  and LacZ 

reporter systems when co-expressed with the unfused AD moiety of Gal-4 (Table 

14). As a result, this mutant was deemed unsuitable for screening.

Since we were concerned with identifying novel proteins that interact with the 

DRADD C-terminus, we decided to use full length DRADD as a bait for two- 

hybrid screening. To this end, we subcloned the original pACT-2 AD library 

insert encoding full length DRADD into the pAS2-l vector, in frame with the 

Gal-4 DB. The resultant plasmid was transformed into Saccharomyces cerevisiae  

host strain Y190 according to the lithium  acetate transform ation procedure 

previously described (Adrain et al., 1999). Transformants harboring the pAS2-l 

DB-DRADD*"^ plasmid were selected by plating on SD m edium  lacking 

tryptophan. Immunoblotting of yeast protein lysates derived from these 

transformants with a Gal-4 DB-specific antibody confirmed expression of the 

fusion protein (Figure 41B). Moreover, preliminary testing revealed that this Bait 

protein did not autoactivate the two-hybrid reporter genes (Table 14).
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657

DB-DRADD FL

Gal-4 DBD 
(a.a. 1-147)

387 657

DB-DRADD"«^^5"
Gal-4 DBD 
(a.a. 1-147)

B ^  DB-DRADDFL
J  L

V
Figure 41
Selection of the DB-DRADD bait p rotein  for 2-hybrid screening.
A, Schematic diagrams illustrating the DB-DRADD’’̂  (full length) and DB-DRADiy®^'“  ̂
bait fusions that were considered for library screening. The CARD-like and  Death Domain 
regions are indicated by hatched and black shading respectively.
B, Im m unoblot dem onstrating expression of the DB-DRADD^ hybrid fusion protein. Yeast 
protein lysates derived from untransform ed Y190 strain or from the Y190 transform ant 
e x p ress in g  the  DB-DRADD*'^ p ro te in  w ere su b jec ted  to  SDS-PAGE fo llo w ed  by 
im m unoblotting with a Gal-4 DB-specific m onoclonal antibody.

Table 14
Table illustrating that the DB-DRADEP*^"^^ m utant autoactivates the HIS3 and LacZ 
reporter genes when co-expressed w ith the unfused Gal-4 AD.

DB Hybrid protein AD Hybrid protein HIS3 status LacZ  status

DRADD Full Length Vector — —

DRADD 387-657 Vector + +



5.2.2. Toxicity tesing of the DB-DRADD’̂’̂ bait plasmid

We next determined whether expression of the DB-DRADD*'^ protein was 

sufficiently non-toxic to enable a two-hybrid library screening of at least one 
library complexity (approximately 3x10  ̂ independent clones). To this end, we 
conducted small-scale test-transformations using the Y190-DB-DRADD*'^ 
transformant as a recipient for library plasmid. Encouragingly, sequential 
transformation of the DRADD-overexpressing host with pACT-2 cDNA Jurkat 

plasmids consistently yielded at least 1x10  ̂yeast co-transformants per jig of library 

plasmid DNA. On this basis, we decided to proceed with large-scale library 
screening.

5.2.3. Library screening with DB-DRADD*^

The flow diagram in Figure 42 outlines the procedure that was adopted, from 
library screening to DNA sequencing and BLAST-search based identification of 
clones. The screening and clone isolation procedures are detailed within Chapter 
II. Briefly, yeast Y190 transformants harboring the BD-DRADD*"  ̂ fusion protein 
were inoculated into liquid SD media and grown overnight. The following day, 
cells were expanded in YPD media to provide a nutritional boost immediately 
prior to the transformation phase. Yeast transformants growing in log phase

were harvested, transformed with a total of 100 |Lig of pACT-2 library prey 

plasmids, and plated on 40 x 15 cm plates containing media lacking the amino 
acids histidine, leucine and tryptophan supplemented with 25mM 3-AT (to 
quench leaky reporter gene expression). This allowed selection for yeast 

transformants harboring putative interacting bait/prey pairs.

To determine the transformation efficiency of the screen, aliquots of yeast were 

also plated on media lacking leucine and tryptophan to select for the bait and 
library plasmids. Determining the average colony count from four replicate 

plates revealed that cells had been transformed with an approximate efficiency of

6.3x10'* colony forming units/|Lig library plasmid, suggesting that approximately
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22 Copies of 
DRAMP

Identification of tentative clone groupings by A lu-l digestion of PCR-amplified library clone DNA

Database Interrogation

PCR-mediated amplification of library inserts from yeast plasmid preps

Preliminary LacZ colony lift assay

400 Candidate His^ prototroph clones restreaked (100 chosen for further analysis)

Rescue of prey plasmids from yeast library clones

Automated DNA sequencing of PCR-amplified library clone DNA

Selection for interactors on Selective Dropout (SD) media lacking histidine

Screening of 6.3x10* Jurkat cDNA Prey library clones with DB-DRADD bait

Optimization of sequential transformation efficiency of DB-DRADD Y190 host

Transformation of DB-DRADD full length plasmid into Y190 host strain

Figure 42
Flow chart illustrating the stages involved in the identification of DRAMP as a DRADD- 
interacting protein using Two-Hybrid library screening



6.3x10^ library clones had been screened. On this basis, we estimated that 

approximately twice the library complexity was successfully screened.

5.2.4. Preliminary outcome of the DB-DRADD''^'screen

Visual inspection of library screening plates 8 days later revealed the presence of 

some 400 candidate clones. These fulfilled the first stage of the screening 

procedure by growing on histidine-deficient media. To exclude the possibility 

that some of the candidate clones may have been growing fortuitously on the 

surface of agar containing a high density of dead yeast, the first 400 of these yeast 

colonies were restreaked onto gridded master plates containing identical selective 

media. Since it was considered impossible to process all 400 of the original 

candidate positive clones, the first 100 of these were carried forward for further 

analysis.

To gain an estimate of the proportion of the putative positive clones that 

additionally transactivated the LacZ reporter gene, yeast clones from parallel

histidine-deficient master plates were subjected to the p-galactosidase colony lift 

assay. Images illustrating LacZ (blue) and HISS double positive clones are show n 

(Figure 43). This analysis revealed that approximately 70% of the clones tested 

scored positive in both assays.

At this point, it is traditional in two-hybrid screening procedures to segregate the 

AD library plasmids from HIS3/LacZ double positive library clones. This enables 

an assessment of whether the clones are bona fide interactors, or whether they 

independently autoactivate the reporter genes. However, given the num ber of 

putative positive clones obtained at the nutritional selection stage, this procedure 

was too time consuming. Whereas choosing double positive clones may have 

reduced the overall number subjected to further analysis, we were concerned that 

this procedure may result in missing weak interactors that were beyond the

sensitivity of the |3-galactosidase filter lift assay. Moreover, several reports have 

suggested that overexpression of cell death regulators including caspases and Bcl-
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Figure 43

LacZ two-hybrid colony lift assay of putative DRADD-interacting clones.

Yeast HIS3 prototrophs obtained from the screen were re-streaked on fresh histidine-defi- 

cient m edia and grow n at 30°C. 5 days later, colonies w ere subjected to the LacZ filter lift 

assay as described in the m aterials and m ethods section. A blue colony colour is indicative 

of transactivation of the LacZ reporter gene and m ay denote a postive interaction between 

the library clone and the DB-DRADD bait protein.



2 related death agonists may be toxic to yeast (James et al., 1997; Xu and Reed, 

1998). On this basis, we were anxious to avoid excluding clones that were weakly 

HIS3/LacZ  positive as a result of retarded growth, since these may have been 

genuine, cell death regulatory, DRADD-interactors.

5.2.5. Alu-l digestion of DB-DRADD*'*'-interacting library clones

To collapse the first 100 clones into smaller subgroups, we performed A lu-l 

restriction digest analysis on PCR products amplified from the library plasmids. 

To this end, clones were expanded in liquid SD m edium  lacking 

leucine/tryptophan and total yeast plasmid DNA was isolated from the yeast as 

described in Chapter II. Plasmid was used as a template for PCR reactions 

incorporating primers that flanked the 5' and 3' termini of the pACT-2 m ultiple 

cloning site. Following agarose gel electrophoresis, we observed that the m odal 

library insert size of the PCR products was approximately 1.5 Kb, with individual 

inserts ranging in size from 0.6-3.0 Kb. Following purification of the PCR 

products, Alu-l restriction digests were performed. Since this enzyme is a 

frequent cutter, the banding patterns obtained by digestion ought to reveal 

sequence similarities between overlapping clones encoding the same molecule.

Intriguingly, characterization of the Alu-l digest products by agarose gel 

electrophoresis revealed that many of the clones could be subdivided into 

distinctive groups based on their banding patterns. This strongly suggested the 

presence of m ultiple copies of overlapping portions of at least one gene (Table 15 

and Figure 44). Based on this analysis, many of the library clones fell into 7 

distinct groups, denoted A-G. This information is sum m arized in Table 15. Of 

particular significance, a large grouping of 12 clones that possessed com m on 

digestion products in the ranges ~ 550, 400, 200, 150 and 100 kb was designated 

Group 'A' (Table 15). The banding patterns characteristic of these clones is show n 

in Figure 44. Since this constituted the largest single grouping, several clones 

were chosen for further analysis.
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Table-15

Table summarizing the individual groups of that shared common AIu-1 restriction digcjst 

banding patterns.

Group No.
Clones

Approximate size of 
Alu-l digestion fragments Clone Numbers

A 12 550, 400, 200, 150, 100, 50 04, 10, 16, 18, 22, 24,, 29, 
43,50, 57,59,781

B 3 550,75 23 ,33 ,45
C 2 800, 550, 375,225, 150, 110, 75 64,66
D 3 400, 300, 250,150, 100 37, 40, 67
E 3 900, 650, 500, 400, 225,150,100 25, 39, 44
F 2 550, 450, 175, 125, 100 17,26
G 2 750, 600, 450, 525, 350, 300, 275, 150, 75 61,71

k b p  

—  500

400

300

200

100

Figure 44

Designation of library clones into groups on the basis of A lu-l digestion patterns

Image of an ethidium bromide-stained agarose gel illustrating a typical banding pattm  i 

(indicated by arrows) shared by the 12 clones that were designated to group A.



5.2.6. DNA sequence analysis of clones

We next determined the identity of the m ultiple and single copy clones by 

automated DNA sequencing and database interrogation. To this end, the PCR 

products amplified from the library plasmids were used as a template. Reactions 

employed the pACT-2 Forward Screen F oligonucleotide as a sequencing prim er, 

as described in Chapter II. To sequence as many of the original 100 clones as 

possible, only one or two representative members from each of the m ajor 

groupings were sequenced. The remainder of the candidates sequenced were 

single copy clones. In spite of the fact that this placed a bias on sequencing single 

copy clones, this approach avoided overlooking clones that may have a low 

abundance in the cell type that the library was derived from, that m ight 

nonetheless be genuine DRADD-interacting partners.

Following the removal of pACT-2 vector-specific sequences, the identity of the 

clones was determined by database interrogation, using the BLAST program, 

accessed via the NCBI web interface (www.ncbi.nlm .nih.gov/BLAST/). The 

similarity of the clones to hum an nucleotide or amino acid sequences deposited 

in the non-redundant (nr) database was determined by BLASTN and BLASTX 

interrogation respectively. Analysis of sequences obtained from clones that were 

present in single copy number only revealed that the majority of these clones 

were indeed unique. The identity of these clones can be found in Tables 16 and 

17. In addition, database analysis revealed that several library clones were 

represented in two copies, most of which were not predicted from Alu-l banding 

patterns (Table 18).

5.2.7. The identity of the DRADD^^-interacting library clones

Intriguingly, analysis of clones that were sequenced as representatives from not 

only from group A, but also, groups B and C (Table 15) revealed that these clones 

encoded overlapping portions of a single open reading frame. The gene encoded 

by these clones was identical to a molecule variously described in the non- 

redundant hum an database database as Motor Protein (Accession No. D21094); 

Transmembrane Protein (Accession No. L42572) and Mitofilin (Accession No.

133



Table 16

Table illustrating the identity of single copy clones, as revealed by DNA sequencing and subsequent 

database in terrogation

Clone
No.

Id e n tity /
S im ila rity

Accession
No.

Species E-V alue
(BLASTN)

E-V alue
(BLASTX)

#01 RNA polym erase II 
term ination factor

AF073771 Homo
sapiens

35

#03 Protein phosphatase 2A 
B-56 delta

L76702 Homo
sapiens

8e-16

#06 N on histone chromatin 
protein HM Gl

U51677 Homo
sapiens

4e-60

#08 Zinc finger protein 
EZNF

A Fl 16030 Homo
sapiens

1.2

#11 A drenal mRNA for 
ubiquitin-52

HSUBA52
A

Homo
sapiens

e-145

#12 p53-Binding protein Q12888 Homo
sapiens

15

#13 Proteasom e activator 
hPA28 subunit beta

153518 Homo
sapiens

8.5

#17 C hrom atin assembly 
factor I p l50  chain

A56731 Homo
sapiens

le-06

#25 C ID  protein CAA64845 Homo
sapiens

2e-33

#26 D ifferentiation factor S51027 Homo
sapiens

9e-12

#27 Elongation factor-1 
a lpha 2

Q05639 Homo
sapiens

2e-41

#28 Possible global 
transcrip tion  activator

P28370 Homo
sapiens

8e-42

#30 Sim ilar to salivary 
proline-rich protein

D89501 Homo
sapiens

22

#31 G lyceraldehyde 3- 
p h o sp h a te  

dehydrogenase

P04406 Homo
sapiens

9e-30

#32 26S Proteasome 
regulatory subunit SI 4

P48556 Homo
sapiens

2e-85

#34 Polypeptide BM28 X67334 Homo
sapiens

6.5

#36 E2F-1 Q01094 Homo
sapiens

118

#42 Gene M M l protein 152685 Homo
sapiens

0.37

#46 FLAP Endonuclease-1 P39748 Homo
sapiens

7e-33

#49 H um an mRNA for 
KIAA0169 gene

D79991 Homo
sapiens

0.0

#54 M esothelin or CAKl 
antigen precursor

U40434 Homo
sapiens

22

#60 Trophoblast STAT utron 
mRNA

AF080092 Homo
sapiens

4e-09



Table 17

Table illustrating the identity of single copy clones, as revealed by  DNA sequencing and subsequent 

database interrogation.

Clone
No.

Id en tity /
S im ila rity

Accession
No.

Species E-V alue
(BLASTN)

E-V alue
(BLASTX)

#63 Oviduct-specific 
glycoprotein precursor

Q12889 Homo
sapiens

14

#68 Full length insert 
cDNA clone ZD69A07

AF086377 Homo
sapiens

le-58

#69 GOK 
(strom al interaction 

molecule 1)

U52426 Homo
sapiens

5e-27

#72 KIAA0465 protein AB007934 Homo
sapiens

8e-69

#75 Succinate 
dehydrogenase iron 

protein subunit B

U17886 Homo
sapiens

le-47

#76 ZFP-36 mRNA for a zinc 
finger protein

X51760 Homo
sapiens

e-110

#80 KIAA0197 protein D83781 Homo
sapiens

0.0

#81 Presenilin 1-374 S63684 Homo
sapiens

0.056

#82 S164 A Fl 09907 Homo
sapiens

5.6

#83 Unknown protein 
(Sim ilarity to 

transcription factors)

AF072242 Homo
sapiens

le-05

#86 N uclear protein SDK3 Y10351 Homo
sapiens

0.006

#87 Special AT-rich 
sequence binding protein 

1 (binds to nuclear 
m atrix /scaffold 

associating DNAs)

M97287 Homo
sapiens

37

#88 KIAA0410 Protein AB007870 Homo
sapiens

3.0

#90 Tic U63127 Homo
sapiens

165

#94 Progestin-induced
protein

AF006010 Homo
sapiens

8e-22

#97 Regulatory factor X, 1 A20498 Homo
sapiens

0.0

#98 mRNA for MACH-beta- 
3 protein

X98177 Homo
sapiens

0.0



Table 18

Table illustrating clones obtained from the DRADD tw o-hybrid screen of w hich tw o copies were 

identified following DNA sequencing and subsequent database interrogation.

Clone
No.

Id en tity /
S im ila rity

Accession
No.

Species E-V alue
(BLASTN)

E-V alue
(BLASTX)

#58 X-linked anhidroitic 
ectoderm...

AF003528 Homo
sapiens

0.003

#100 X-linked anhidroitic 
ectoderm...

AF003528 Homo
sapiens

1.0

#61 ZNF74-1 zinc finger 
protein

X71623 Homo
sapiens

0.0

#71 ZNF74-1 zinc finger 
protein

X71623 Homo
sapiens

0.0

#07 Chromosome 14 PAC 
RPC14-794B2

AC005924 Homo
sapiens

0.0

#65 Chromosome 14 PAC 
RPC14-794B2

AC005924 Homo
sapiens

0.0

#07 Paraneoplastic 
neuronal antigen MAI

AF037364 Homo
sapiens

0.003

#65 Paraneoplastic 
neuronal antigen MM2

AF037365 Homo
sapiens

0.014

#09 Chromosome 21q22.3 
PAC 39C17

AF043945 Homo
sapiens

0.62

#55 Chromosome 21q22.3 
PAC 39C17

AF043945 Homo
sapiens

0.92

#09 Nucleophosmin P06748 Homo
sapiens

3.3

#55 Nucleophosmin P06748 Homo
sapiens

1.8

#21 DNA Replication 
licensing factor MCM7

P33993 Homo
sapiens

2e-37

#48 DNA Replication 
licensing factor MCM7

P33993 Homo
sapiens

0.0

#20 Signal recognition 
particle 72

AF069765 Homo
sapiens

0.0 4e-45

#74 Signal recognition 
particle 72

AF069765 Homo
sapiens

0.0 4e-47

#47 Protein regulating 
Cytokinesis 1 

(PRC-1)

AF044588 Homo
sapiens

0.0 le-60

#51 Protein regulating 
Cytokinesis 1 

(PRC-1)

AF044588 Homo
sapiens

0.0 8e-33



AF148646) (Icho et a l, 1994; Odgren et ah, 1996; Gieffers et ah, 1997). Moreover, in  

addition to the 17 copies identified by collapsing the contents of A lu-l Groups A, 

B and C, further sequencing analysis of some of the single copy clones revealed 

that a further 5 clones (#35, #41, #52, #73 and #91) of this molecule that were not 

readily identified based on initial banding pattern analysis, were also identical to 

this gene. Thus, since our screening had obtained a total of 22 copies, 

representing 1/5 th of the total num ber of clones examined, this molecule was 

chosen for further analysis. This information is sum m arized in Table 19. G iven 

the similarity between the molecule encoded by our library clone and the 

molecular motor, myosin (see below) we therefore denoted this m olecule 

DRAMP (DRADD-Asssociated Myosin-like Protein).

5.2.8. Analysis of the DRAMP amino acid sequence

To characterize DRAMP, we subjected the 758 amino acid sequence of the gene 

previously described as Motor Protein (Accession num ber D21094; Icho et al., 

1994) to database analysis (Figure 45A). Analysis using the PSORT II web-based 

program (http://psort.nibb.ac.jp; Nakai and Horton, 1999) predicted that the 

DRAMP protein possessed a coiled-coil motif w ithin the centre of the m olecule 

(Figure 45B), that is commonly observed in a range of proteins including 

transcription factors, the myosins and several large structural proteins (Lupas, 

1996). Moreover, analysis using this software revealed the presence of a putative 

bipartite-class of NLS within the coiled-coil region of the molecule, suggesting 

that under certain conditions, this protein may be targeted to the nucleus (Figure 

45B). Further analysis of the DRAMP amino acid sequence using the Hopp and 

Woods prediction of hydrophilicity from the DNASIS software revealed the 

presence of two hydrophobic, putative transmembrane stretches, at the N- and C- 

termini of the molecule, implying that the molecule may be tethered to organelle 

membranes (Figure 45C).

We next used BLAST interrogation to determine the similarity that this molecule 

shared with other hum an and non-hum an proteins within the non-redundant 

NCBI database. Interestingly, BLASTP analysis based on the full length DRAMP
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Table 19

Table summarizing the mode of identification of all 22 of the DRAMP clones, including those 

identified initially by Alu-l restriction endonuclease digestion, as w ell as those only subsequently 

identified by automated DNA sequencing.

Clone No. Grouping based on Alu- Sequenced
1 Digestion (Y/N)

04 A Y
10 A N
16 A Y
18 A N
22 A N
24 A N
29 A N
43 A N
50 A N
57 A N
59 A N
78 A N

64 B Y
66 B N

N
23 C N
33 C Y
45 C N

35 Ungrouped based on 
banding patterns

Y

41 Ungrouped based on 
banding patterns

Y

52 Ungrouped based on 
banding patterns

Y

73 Ungrouped based on 
banding patterns

Y

91 Ungrouped based on 
banding patterns

Y
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Figure 45

Characterization of the DRAMP amino acid sequence

A, Amino acid sequence of human Motor Protein (Genbank Accession No. D21094) that 

was found to be identical to the DRAMP sequence. Numbers denote amino acid positions.

B, Schematic representation of Full Length DRAMP protein. The central coiled-coil region 

is indicated by hatched shading. The peptide sequence of the putative NLS is indicated. 

Numbers denote amino acid positions.
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Figure 45

Characterization of the DRAMP amino acid sequence

C, A prediction of the hydrophobicity of amino acid residues within the Full Length DRAMP 

sequence, as judged by the Hopp and Woods algorithm. The two hydrophobic, putative 

transmembrane stretches at the N- and C- termini are indicated by the black lines.



sequence revealed that this molecule exhibited substantial similarity to several 

coiled-coil motif containing proteins. In particular, virtually all of the DRAMP 

sequence, with the exception of the N-terminal 100 amino acids was found to 

resemble multiple portions of large coiled coil proteins, most notably Nuclear 

Mitotic Apparatus Protein-1 (NuMA, Accession No. Z11584); the nucleoprotein 

Tpr, (Accession No. X63105) as well as Plectin (Accession No. U53204). Typically, 

portions of these molecules of some 300-600 amino acid stretches that resembled 

DRAMP, shared in the region of -20% identity. In broad agreement with the 

name ascribed to this molecule by another group, DRAMP also exhibited 

significant homology to the myosins (Myosin Heavy Chain, Accession No. 

Y00821) and a protein called Kinesin family member 5C (Accession No. 

AB011103), again within the area including the putative coiled coil region of 

DRAMP (Icho et a l, 1994).

5.2.9. Identification of DRAMP homologues

We next searched for a similarity between hum an DRAMP and proteins in other 

organisms. Interestingly, this analysis revealed hypothetical proteins in both the 

Drosophila (Accession no. AAD38598; 26% identity; expect value =8e-47) and C. 

elegans (Accession No. T29795; 26% identity; expect value = le-62) databases that 

were similar to hum an DRAMP throughout most regions of the m olecules 

(Figure 46).

5.2.10. Preliminary analysis of the DRADD/DRAMP interaction

To verify that the interaction between DRADD and DRAMP was not due to 

autoactivation of the two-hybrid reporter genes, we obtained the pACT-2 library 

plasmids for DRAMP clones #04 and #33, representing the longest and shortest 

clones from the screen. To retrieve the library plasmids, bacterial host strain 

HBlOl was transformed with whole yeast plasmid DNA isolated from the 

original candidate library clones. This bacterial strain harbours a LeuB  m uta tion  

that renders it auxotrophic for the amino acid leucine that can be com plem ented 

by the yeast LEU2 gene encoded by the pACT-2 plasmid. We selectively rescued 

the pACT-2 library plasmids from a mixed background of pAS2-l DB-DRADD and
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Figure 46

Identification of non-human DRAMP homologues

Alignment of Human DRAMP with homologous sequences retrieved following interrogation 

of the non-redundant NCBI database with the DRAMP amino acid sequence using the BLASTP 

algorithm. (Motor Protein, Accession No. D21094; homologous Drosophila protein. Accession 

No. AAD38598; homologous C.elegans hypothetical protein. Accession No. T29795)



pACT-2 library plasmids by selecting bacterial transform ants on media lacking 

leucine. The library plasmids were then re-transformed alongside either the full 

length DB-DRADD bait fusion or the empty pAS2-l Gal-4 DB vector (Figure 47).

Both DRAMP clones failed to activate the reporter genes in conjunction with the 

unfused Gal-4 DB. However, when these m utants were co-expressed within the 

context of DB-DRADD, both reporter genes were readily activated, as judged by

nutritional selection on histidine-deficient media as well as by the P-galactosidase 

colony lift assay shown in Figure 47. These data suggested a genuine interaction 

with DRADD. Moreover, the DRADD/DRAMP interaction may be of a higher 

affinity than the DRADD/Caspase-9 interaction, since histidine prototroph 

colonies co-expressing these molecules failed to assume a substantial blue colony 

colour at a endpoint when DRADD/DRAMP transform ant colonies readily 

exhibited a striking blue colour in the LacZ assay (Figure 47).

5.2.11. The minimal DRADD interaction motif of DRAMP

Since the interaction between DRADD and DRAMP is therefore specific, we next 

determined the minimal motif required to mediate this interaction based on the 

information obtained from the sequence of DRAMP library clones. This 

information revealed that the smallest clone (#33) obtained from the screening 

encoded a truncation of DRAMP that began at amino acid 639 (Table 20). On this 

basis, the portion of DRAMP required for interaction w ith DRADD lies w ith in  

the C-terminus of the molecule (Figure 48A). Interestingly, further inspection of 

the sequence within this portion of the molecule revealed a leucine-rich region 

that weakly resembled the CARD motif (Figure 48) (Hofmann et ah, 1997).
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I
6 2

Key:

AD Hybrid DB Hybrid

1 Vector DRADD F.L.
2 Clone #04 Vector
3 Clone #04 DRADD F.L.
4 Clone #33 Vector
5 Clone #33 DRADD FL.
6 DRADD F.L. Caspase-9 CARD

Figure 47

Two-hybrid LacZ colony lift assay illustrating interaction between DRAMP library clones 

and DRADD in yeast.

Yeast transform ants expressing DRAMP library clones #04 or #33 in com bination with the 

indicated DB fusions w ere streaiced on histidine-deficient media. Five days later, HIS3- 

positive colonies grow ing on selective dropout m edia w ere subjected to the LacZ colony 

lift assay as described in the m aterials and m ethods section. A positive protein-protein 

interaction due to transactivation of the LacZ reporter gene is indicated by blue colony 

colour. The DRADD/Caspase-9^'^’'^ interaction is included as a positive control.
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Figure 48

The minimal DRADD-interacting motif of DRAMP coincidentally encodes a weak 

CARD-like motif.

A, Schematic diagram illustrating the position of the minimal DRADD-interacting 

motif within DRAMP, as judged from the shortest Two-Hybrid screen library clone 

(#33). The CARD-like portion of the molecule that begins in this minimal interacting 

region is shaded. Numbers denote amino acid positions.

B, Multiple alignment of the CARD-like region of DRAMP with the CARD domains 

of several CARD-containing molecules (Caspase-2, Accession No. P42575; Caspase-9, 

Accession No. NP001220; CIPER, Accession No. AAD15800; RAIDD, Accession No. 

P78560; Apaf-1, Accession No. AF013263). Solid shading denotes residues that share 

the consensus; boxed residues match the consensus by 3 distance units or less.



Table 20

Table illustrating the starting amino acid position of DRAMP clones.

Clone No. Approx. size in 
kilobases

Starting amino acid position 
relative to accession number D21094

#4 2.3 Position 228
#16 1.5 Position 437
#33 0.9 Position 639
#35 1.3 Position 534
#41 Position 534
#52 Position 419
#64 2.2 Position 428
#73 Position 515
#91 Position 471



5.2.12. DR AMP binds to the DRADD N-terminus

We characterized the DRADD/DR AMP interaction with respect to the specific 

portion of DRADD required for association w ith DRAMP. To this end, we 

transformed the longest (#4) and shortest (#33) of the DRAMP Hbrary clones 

alongside the panel of DB-fused versions of the DRADD deletion m utants that 

were previously described (Figure 28). Yeast transform ants expressing either 

DRADD*"  ̂ or its associated deletion m utants were then tested for an ability to 

associate with DRAMP as judged by the LacZ liquid two-hybrid interaction assay 

(Figure 49). As expected, co-expression of DRAMP with the Gal-4 DB vector 

provoked only mininal expression of the LacZ reporter gene, however, both 

DRAMP clones readily associated with full length DRADD (Figure 49). 

Interestingly, this analysis revealed that DRAMP readily associated with the N- 

terminal moiety of DRADD spanning amino acids 1-388, that includes the 

putative CARD-like region of DRADD. In addition, the DRADD 1-120 region 

modestly interacted with DRAMP, particularly with the shorter clone #33. 

Furthermore, a comparison of the relative binding efficiencies of the longest 

versus the shortest clones revealed that the longest DRAMP clone more readily 

associated with DRADD, as judged by the liquid assay (Figure 49). These data may 

suggest that there are multiple regions within DRAMP responsible for DRADD 

binding that are not included in the shorter library clone, or may relate to the 

relative stability or folding of one DRAMP truncation versus another.

5.2.13. Verifying the molecular weight of DRAMP protein

Since DRADD and DRAMP readily associated in two-hybrid assays, we wanted to 

verify this interaction within the context of the full length DRAMP protein. To 

this end, we designed primers flanking the full length published sequence of 

Motor Protein (Accession No. D21094; Icho et al., 1994) to generate a pcDNA3- 

based DRAMP expression plasmid. Preliminary analysis revealed that full length 

DRAMP encoded a protein of appproximately 80 kDa, as judged by SDS-PAGE and 

fluorography of in vitro translated ^^S-labeled DRAMP (Figure 50). Future work 

will use this contruct to examine the interaction with DRADD within the context 

of the full length DRAMP molecule.
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DRAMP clone #04 DRAMP clone #33

Figure 49

Assessment of the DRAMP binding motif w ithin DRADD using the LacZ liquid 

protein-protein interaction assay.

Yeast co-transformants expressing the indicated DB-DRADD deletion m utants plus 

either AD-DRAMP clone #04 or #33 wer e lysed as described in Chapter II and sub

jected to the LacZ liquid assay. Error bars denote the standard error of the mean of 

three individual replicate samples. This experiment was conducted in collaboration 

with Helen Egan.



Figure 50

Autorad illustrating the molecular weight of in vitro transcribed and translated (ITT) 

DRAMP protein.

The pcDNA3 DRAMP plasmid was used as a source of template for ITT reactions as 

described in the materials and methods chapter. 2,1 and 0.5 |il samples were subjected to 

10% SDS-PAGE, followed by detection by enhanced fluorography. The full length DRAMP 

protein is indicated by an arrow. The smaller molecular weight bands represent internal 

translation initiation products.



5.3. Preliminary analysis of a further DRADD*"^-interacting library clone

Since the two-hybrid screening procedure yielded several other candidate clones 

that were represented by multiple copies, we conducted a prelim inary analysis of 

a second group of clones. Of the original groups that were allocated on the basis 

of Alu-l digestion patterns, two of these groupings contained three overlapping 

candidate clones. One of these (Group D) was chosen for further analysis. To 

discriminate whether the protein encoded by these clones was a genuine DRADD 

interactor—or whether it autonomously autoactivated the reporter system s—the 

plasmid isolation procedure that was described above was used to segregate the 

AD library clones #37 and #40 from contaminating DB bait plasmids. Each of the 

prey AD clones was then transformed, either alongside the pAS2-l DB plasmid or 

with DB-DRADD*"^ that was used in the initial screening procedure. Interestingly, 

whereas co-transformants expressing the unfused Gal-4 DB moiety alongside 

clones #37 or #40 failed to grow on histidine-deficient media, yeast harbouring 

either clone in combination with full length DRADD readily survived this 

selection procedure, indicative of a positive interaction with DRADD. In 

addition, when subjected to the LacZ reporter assay, histidine prototroph yeast 

colonies harboring either clone in combination with DRADD readily asssumed a 

blue colony colour, indicative of a genuine positive protein-protein interaction 

(Figure 51). Thus, the protein encoded by these clones genuinely interacted w ith 

DRADD.

To further characterize this DRADD-binding protein, clone#40 was sequenced, 

using the pACT-2-specific screening primer previously described, with the 

original PCR product obtained at the insert screening stage as template. 

Interestingly, BLASTX interrogation (Figure 52A) revealed that this clone was 

identical to a molecule called HPIP (Haematopoietic PBX-Interacting Protein; 

Accession num ber AF221521) that had recently been reported w ithin the context 

of a two-hybrid screen using the hom eodom ain protein PBXl as bait 

(Abramovich et al., 2000). Analysis of the amino acid sequence retrieved from  

the published protein sequence revealed that our clone was a C-term inal
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Key:

AD Hybrid DB Hybrid

1 Vector DRADD F.L.
2 Clone # 40 Vector
3 Clone # 40 DRADD F.L.
4 Clone # 37 Vector
5 Clone # 37 DRADD F.L.
6 DRADD EL. Caspase-9 CARD

Figure 51

Two-hybrid LacZ colony lift assay illustrating interaction between library clones #37 

and #40 in yeast.

Yeast transform ants expressing library clones #37 and #40 in com bination w ith the indi

cated DB fusions were streaked on histidine-deficient media. Five days later, HIS3-posi- 

tive colonies growin on selective dropout m edia were subjected to the colony lift assay 

as described in C hapter II. A positive protein-protein interaction due  to transactivation 

of the LacZ reporter gene is indicated by a blue colony colour. The D RAD D /Caspase- 

gcARD interaction is included as a positive control.
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S c o r e  = 121 b i t s  ( 3 0 1 ) .  E x p e c t  = 6 e - 2 8
I d e n t i t i e s  = 5 1 / 5 2  (98%) .  P o s i t i v e s  = 5 1 / 5 2  (98%)
F rame = + 1

Query:  4 KLQGLENWGQDPGVSANASKAWHQKSHFQNSREWSGKEKWWDGXRDRKAEHW 159
KLQGLENWGQDPGVSANASKAWHQKSHFQNSREWSGKEKWWDG RDRKAEHW 

S b j c t :  4 3 9  KLQGLENWGQDPGVSANASKAWHQKSHFQNSREWSGKEKWWDGQRDRKAEHW 4 9 0

B M A S C P D S D N S W V L A G S E S L P V E T L G P A S R M D P E S E R A L Q A P H S P S K T D G K  50  
E L A G T M D G E G T L F Q T E S P Q S G S I L T E E T E V K G T L E G D V C G V E P P G P G D T V  100 
V Q G D L Q E T T V V T G L G P D T Q D L E G Q S P P Q S L P S T P K A A W I R E E G R C S S S D D  150 
D T D V D M E G L R R R R G R E A G P P Q P M V P L A V E N Q A G G E G A G G E L G I S L N M C L L  2 0 0  
G A L V L L G L G V L L F S G G L S E S E T G P M E E V E R Q V L P D P E V L E A V G D R Q D G L R  2 5 0  
E Q L Q A P V P P D S V P S L Q N M G L L L D K L A K E N Q D I R L L Q A Q L Q A Q K E E L Q S L M  3 0 0  
H Q P K G L E E E N A Q L R G A L Q Q G E A F Q R A L E S E L Q Q L R A R L Q G L E A D C V R G P D  3 5 0  
G V C L S G D R G P Q G D K A I R E Q G P R E Q E P E L S F L K Q K E Q L E A E A Q A L R Q E L E R  4 0 0  
Q R R L L G S V Q Q D L E R S L Q D A S R G D P A H A G L A E L G H R L A Q K L Q G L E N W G Q D P  45 0  
G V S A N A S K A W H Q K S H F Q N S R E W S G K E K W W D G Q R D R K A E H W K H K K E E S G R E  50 0  
R K K N W G G Q E D R E P A G R W K E G R P R V E E S G S K K E G K R Q G P K E P P R K S G S F H S  55 0  
S G E K Q K Q P R W R E G T K D S H D P L P S W A E L L R P K Y R A P Q G C S G V D E C P R Q E G L  6 0 0  
T F F G T E L A P V R Q Q E L A S L L R T Y L A R L P W A G Q L T K E L P L S P A F F G E D G I F R  6 5 0  
H D R L R F R D F V D A L E D S L E E V A V Q Q T G D D D E V D D F E D F I F S H F F G D K A L K K  700  

R S G K K D K H S Q S P R A A G P R E G H S H S H H H H H R G  731

c NLSI NLS II

731263 421

Coiled Coil
Clone # 40 
(a.a 439)

Figure 52

The identity of the protein encoded by clone #40.

A, Results of a BLASTX database search using the nucleotide sequence of clone #40 as a probe. 

An alignment of the Query (Clone#40) and Subject (HPIP protein) is shown and indicates the 

strart position of clone #40 as amino acid 439 of full length HPIP.

B, The amino acid sequence of full length HPIP protein (Accession No. AF221521).

C, Schematic diagram illustrating the structure/features of HPIP protein. The putative coiled- 

coil region and NLSs are indicated. Numbers denote amino acid positions.



fragment of the 731 amino acid protein (Figure 52B). Interestingly, the PSORT II 

software revealed the presence of a coiled coil motif w ithin the centre of the 

molecule, flanked by two putative NLSs. A schematic diagram incorporating 

these observations is illustrated in Figure 52C.

BLAST? database searches based on the full length protein encoded by 

HPIP/Clone #40 revealed a similarity to the hum an hom ologue of yeast Cell 

Cycle Progression 8 protein (Accession No. AF011794, 28% identity over am ino 

acids 586-694 of HPIP) and Trichohyalin (Accession No. L09190, 23% identity over 

a.a. 219-540 of HPIP). In addition, this analysis revealed that HPIP was similar to 

proteins that were found to resemble DRAMP, including NuMA, Myosin heavy 

chain and Plectin. This was likely due to the m utual possession of coiled coil 

motifs in all of these molecules. The significance of the DRADD/HPIP 

interaction will be the subject of future studies.
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5.4. DISCUSSION

5.4.1. Summary

In this study we used a yeast two-hybrid-based protein-protein interaction screen 

to identify novel DRADD interaction partners, one of which we have term ed 

DRAMP (DRADD-Associated Myosin-like Protein). We screened approximately 

6x10^ clones, or twice the complexity of the Jurkat cDNA library. From this, we 

obtained a total of 22 clones encoding overlapping portions of a sequence that was 

identical to a molecule previously identified by several groups, as Heart Muscle 

Protein (GenBank Accession No. D21094) and Mitofilin (GenBank Accession No. 

AF148646), respectively (Icho et al., 1994; Odgren et al., 1996; Gieffers et ah, 1997). 

A second DRADD-interactor, HPIP (Abramovich et al., 2000), represented by 

three library clones, was also identified.

In addition, the screening procedure yielded two copies of several other protein 

species, some of which were predicted as distinct groups at the Alu-l digestion 

stage (Tables 15 and 21). However, the presence of two copies of many other 

clones was only subsequently revealed by DNA sequencing/database 

interrogation These were not anticipated by Alu-l banding patterns alone (Table 

18). Further work will be required to establish whether these uncharacterized 

proteins actually constitute genuine DRADD-interactors.

In preliminary analysis we have shown that DRAMP and HPIP interact w ith 

DRADD, since two individual clones of both of these proteins activated the two- 

hybrid system reporter genes (Figures 47 and 51). Moreover, further analysis 

using DRADD two-hybrid deletion mutants revealed that DRAMP interacts w ith 

the N-terminus of DRADD (Figure 49).
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5.4.2. The DRADD/DRAMP interaction

Interestingly, inspection of the DRAMP amino acid sequence revealed the 

presence of a motif within the C-terminus of the molecule that weakly resembled 

the CARD motif present in the N-termini of caspases and their associated adaptor 

molecules (Hoffman et a l ,  1997). Our analysis of the amino acid sequence of 

DRAMP library clones suggests that this region coincides w ith the m in im al 

DRADD-binding motif (Table 20 and Figure 45). Clearly, deletional analysis will 

be required to establish the precise interaction surfaces on both of these 

molecules. Given their apparent common interaction motif w ithin DRADD, it 

will be interesting to evaluate whether caspase-9/DRAMP binding to DRADD are 

m utually compatible.

5.4.3. Sequence analysis of DRAMP

In the absence of experiments to establish whether DRAMP plays a role as a 

m odulator of the pro-apoptotic activity of DRADD, we have characterized the 

molecule by analysis of its amino acid sequence. In agreement with the 

observations of others, inspection of the full-length DRAMP sequence revealed 

the presence of a region within the centre of the molecule characterized by the 

presence of multiple alpha helices (Icho et al., 1994). Further analysis of this 

helical-rich region using the PSORT II algorithm predicted a coiled-coil m otif 

within the centre of the molecule (Figure 45B). This motif is typified by heptad 

amino acid repeats comprising a hydrophobic core of two amino acids and a 

helical backbone defined by five hydrophilic amino acids (Lupas, 1996). 

Moreover, this portion of the molecule was found to resemble several coiled-coil- 

containing proteins, including the nuclear proteins NuMA and TPR, and the 

myosin family of molecular motor proteins, as judged by analysis using the 

BLAST algorithm.
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5.4.4. What is the role of DRAMP?

Given the similarity of DRAMP to several species of coiled-coil proteins, w hat 

speculative functional inference can we make? Interestingly, this motif has been 

found to play a role as an oligomerization surface in several species of coiled-coil 

molecule, including transcription factors, molecular m otors/levers and 

cytoskeletal components (Lupas, 1996). On this basis, it is tem pting to envisage a 

scenario whereby the formation of DRAMP aggregates via the coiled coil region 

enhances or enables DRADD to activate caspase-9 in an oligom erization- 

dependent manner. DRAMP may thus constitute an oligomerization platform  

for DRADD.

On the basis of sequence similarity and the possession of a common coiled coil 

motif, DRAMP may play a structural role, like NuMa (Lydersen and Pettijohn, 

1980), perhaps as a nuclear tether to m aintain DRADD within a particular 

subcellular locality. Alternatively, given the similarity of DRAMP to myosin or 

kinesin-like molecular motors, it is possible that DRAMP may act as a DRADD 

translocase to mediate movement of DRADD from one defined subcellular 

locality to another (Block,1996; Spudich, 1994), perhaps in response to specific pro- 

apoptotic stimuli. In this regard, a hallmark feature of the molecular motors is 

an ATPase capacity. This is a prerequisite for the ability of the kinesins to 

physically move along microtubules while engaging in organelle transport 

(Cross, 1997), or for the actin-binding myosins to facilitate muscle contraction 

(Block, 1996).

5.4.5. Is DRAMP a motor protein?

In an attempt to speculatively predict whether DRAMP fulfils this ATPase 

requirement, the amino acid sequence of the molecule was inspected for the 

presence of conserved nucleotide binding motifs (Walker e t  al., 1982). In 

agreement with one report this analysis revealed an N-term inal motif that 

somewhat resembles Walker's A and B nucleotide binding boxes (Walker, 1982; 

Icho et al., 1994)) (Figure 53). However, a closer inspection of the candidate 

peptide sequences revealed that several of the key amino acid determ inants of
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A Walker’s ‘A’ consensus

Majority

DRAMP 53
Myosin heavy chain 180

ATP synthase (3 205
Apaf-1 142

B Walker’s ‘B’ consensus

Majority

DRAMP 
ATP synthase p 

Adenylate kinase 
ATP/ADP translocase 

Apaf-1

Figure 53

Alignment of DRAMP with human proteins containing W alker's A and B nucleotide 

binding consensus sequences.

A, Walker's A Box. Alignment of the A-box-like motif within DRAMP with the A box 

motifs of known nucleotide binding proteins (Human Myosin heavy chain. Accession No. 

P13535; Human ATP synthase (3, Accession No. AAA51809; Human Apaf-1, Accession No. 

AF013263). The minimal A box consensus sequence is underlined. The invariant Lysine 

(K) residue, missing in the DRAMP sequence is denoted by an asterisk.

B, Walker's B Box. Alignment of the B-box-like motif within DRAMP with the B box 

motifs of known nucleotide binding proteins (Human ATP synthase (i. Accession No. 

AAA51809; H um an Adenylate kinase. Accession No. KIHUA; H um an ATP/A DP 

translocase. Accession No. AAA51736; Human Apaf-1, Accession No. AF013263) The mini

mal B box consensus sequence is underlined. The absence of a conserved aspartate (D) 

residue in one or other of the two positions marked is denoted by an asterisk.



both Walkers A and B boxes are missing in DRAMP (Figure 53). This concurs 

with the observations of Odgren and colleagues (Odgren et al., 1996). Specifically, 

these include the absence of an invariant lysine (K) residue within the W alker's 

A consensus and the lack of a conserved aspartate residue in either of two 

possible positions as indicated, within the W alker's B consensus (Walker, 1982) 

(Figure 53). It is thought that the conserved aspartate residue in either of the 

indicated positions within the F-loop plays an im portant role in m agnesium  

binding (Walker et ah, 1982). On this basis, it therefore seems unlikely that 

DRAMP possesses an ATPase capacity. However, this observational prem ise 

must be subject to experimentation. Moreover, it will be interesting to determ ine 

whether DRAMP expression has any effect on the subcellular localization of 

DRADD in both healthy and dying cells.

5.4.6. What is the subcellular localization of DRAMP?

In an attempt to predict the subcellular localization of DRAMP based on the 

amino acid sequence of the molecule, we subjected the full-length sequence to 

analysis using the PSORT and PSORT II algorythms (Nakai and Horton, 1999). 

Interestingly, in addition to identifying the putative NLS, these program s 

predicted that DRAMP possesses a putative post-m itochondrial import cleavage 

site, suggesting that the molecule may be subject to m itochondrial import and 

subsequent proteolytic m aturation (Schatz, 1996). In agreement with this 

prediction, two groups have reported that Mitofilin, a molecule identical to 

DRAMP sequence sublocalizes to mitochondria (Odgren et al., 1996; Gieffers et al., 

1997). Moreover, one of these studies demonstrated that radiolabeled M itofilin 

can be imported into purified yeast mitochondria and report a downshift in  

molecular weight of Mitofilin upon mitochondrial im port (Gieffers et ah, 1997). 

This suggests the proteolytic removal of the signal peptide from the m olecule 

upon mitochondrial import (Gieffers et al., 1997; Schatz, 1996). In agreement with 

our identification of two putative transm em brane regions w ith in  

DRAMP/Mitofilin, this group speculate that the molecule may be tethered 

within the inner mitochondrial membrane, with the C-terminus projecting into 

the intermembrane space (Gieffers et al., 1997).
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Our data suggest that DRADD is a nuclear-sublocalized m olecule that does n o t 

appear to translocate to another cellular com partm ent in response to a variety of 

death stim uli. One speculative hypothesis that reconciles the apparent 

contradiction in the subcellular localization of these interacting partners w ould  

envisage that DRAMP itself translocates from the m itochondrial in te rm em b ran e  

space in response to specific pro-apoptotic stimuli. Indeed, m any reports p rov ide  

compelling evidence for a key role of m itochondrial escapees as regulators of cell 

death. For example, the translocation of cytochrom e c from the m itochondria l 

interm em brane space to the cytosol signals the assembly of the Apaf-l/Caspase-9 

apoptosom e (Liu et al., 1996; A drain and M artin, 2001; Green, 2000). M oreover, 

the nuclease AIF has been dem onstrated to translocate from m itochondria in to  

the nucleus upon m itochondrial dam age (Susin et al., 1999). A dditionally, the 

lA P-neutralizing molecule SMAC/DIABLO undergoes release from  

m itochondria upon triggering of the death program  (Du et al., 2000; V erhagen et  

a l ,  2000).

Intriguingly w ithin this context, inspection of the DRAMP am ino acid sequence 

revealed the presence of a putative bipartite nuclear localization signal (NLS), 

suggesting that DRAMP may be subject to nuclear im port. M oreover, in support 

of this, M itofilin was identified by O dgren and colleagues w ith in  the context of 

an antibody generated in mice im m unized  w ith total nuclear m atrix pro teins 

(Odgren et al., 1996). This suggests that a fraction of the total pool of DRAMP m ay 

reside w ithin the nucleus. It well established that m olecules possessing 

transm em brane motifs can be found tethered to a variety of organelle 

m em branes. For example, studies concerning the subcellular localization of 

death antagonist Bcl-2 revealed that this protein decorates endoplam ic re ticu lum  

and nuclear m em branes, in addition to the m itochondrial m em brane 

(Hockenbery et al., 1990; Krajewski et al., 1993). Further studies will therefore 

evaluate the subcellular localization of DRAMP in healthy cells and de term ine 

w hether this protein is subject to translocation/nuclear im port upon  induction of 

the death program .
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5.4.7. DRAMP and LC-8: parallels?

It is interesting to note a recent report concerning the interaction between LC8—a 

component of the dynein motor complex—and the BH-3-only death agonist, Bim 

(Pukalakath et al., 1999). In healthy cells, Bim remains associated the dynein 

motor complex, as judged by sucrose gradient co-sedimentation analysis 

(Pukalakath et al., 1999). However, upon induction of apoptosis by a range of 

stimuli, including cytokine withdrawal, DNA damage and cytopathic drugs, Bim 

and LC8 together dissociate from the m ultim olecular motor complex in a Z- 

VAD-insensitive manner and can be found in association w ith Bcl-2 under these 

conditions (Pukalakath et al., 1999). Thus, the ability of a motor-like protein to 

modulate apoptosis is not without precedent.

5.4.8. Conclusion

Our premise for conducting the DRADD two-hybrid screen was to obtain a death 

domain-containing protein that may help to place DRADD within a defined cell 

death context. However, analysis of approximately 1/4 of the total clones from  

this screen failed to identify any putative DD molecules. The success of the 

screening procedure was nonetheless validated by our retrieval of multiple copies 

of a DRADD-interactor, DRAMP. One explanation for the inability of this screen 

to detect DD molecules may relate to the relative lack of abundance of these 

adaptors within the context of the Jurkat cDNA library used for screening. In this 

regard, it is interesting to note that the initial Bim 2-hybrid screen described above 

obtained no copies of LC-8 in initial screenings of bone marrow and brain cDNA 

libraries (Pukalakath et al., 1999). However, subsequent screening of a HeLa cell 

library obtained a total of 52 clones of LC-8 (Pukalakath et al., 1999). This clearly 

emphasizes the value of a multiple library-based screening approach in obtaining 

rare or cell-type-specific interactors. Thus, re-screening using a cDNA library 

derived from different target tissue may succeed in retrieving different DRADD- 

specific binding partners than were obtained from our single Jurkat cDNA library- 

based screen.
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Another reason why this screen did not identify DD molecules may relate to 

inhibitory properties associated with the full-length DRADD molecule. DRADD, 

much like Apaf-1 cannot constitutively promote apoptosis upon overexpression. 

This may suggest that DRADD requires post-translational modification, such as a 

co-factor-induced conformational change, in order to realize its death-inducing 

properties. Thus, the folding of the full-length DRADD molecule may restrict 

access of the death domain to other death domain species. On the basis that our 

truncation-based approach resulted in a spontaneously active Apaf-1, we would 

have preferred to use the death-domain-only DB-DRADD^* '̂^®  ̂ m utant for 

screening. Unfortunately, as discussed previously, this approach was prevented 

due to the propensity the DB-DRADD^®’̂ '̂ ®̂ m utant to autoactivate the two-hybrid 

reporter genes.

While ideally, our screening approach aspired to cloning molecules that interact 

with DRADD via a classical homophilic DD/DD interaction, our identification of 

DRAMP as a novel interaction partner will enable further molecular dissection of 

the role of DRADD in apoptotic signaling pathways.
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CHAPTER VI: 
General Discussion
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6.1. Summary
This thesis focused on the molecular mechanisms by which caspase-9-binding 

partners Apaf-1 and DRADD contribute to the regulation of apoptosis. We have 
demonstrated that Apaf-1, the proximal death adaptor molecule in the 

cytochrome c/mitochondrial pathway, regulates apoptosis primarily through a 
caspase-aggregating mechanism. Using a variety of protein-protein interaction 

assays, we have shown that Apaf-1 directly forms oligomers, mediated by an 
evolutionarily conserved dimerization surface; the CED-4-homologous domain. 
Significantly, the WDR region appears to inhibit both caspase-9 recruitment to 

the Apaf-1 CARD and Apaf-1 oligomerization.

The data presented in Chapter IV reveal that another molecule, DRADD, can act 
as a caspase-9-binding death adaptor under certain circumstances. Our 
observations that DRADD is a CARD-bearing death domain adaptor protein that 
resides within the nuclear compartment, suggests that there may be Apaf-1- 
independent death-inducing mechanisms that activate caspase-9 via DRADD. 
Moreover, given the subcellular localization of DRADD, it is possible that pro- 

apoptotic stimuli that exert their effects within the nucleus may provoke 
assembly of a DRADD/caspase-9 complex analogous to the cytoplasmic 
apoptosome. Further studies will evaluate this hypothesis.

Our dissection of DRADD function has revealed several interesting parallels with 

the caspase-9 adaptor, Apaf-1. In particular, two-hybrid experiments suggest that 
DRADD and Apaf-1 share an ability to form oligomers and therefore may activate 
caspase-9 via an induced-proximity mechanism. Moreover, our observations 

also suggest that overexpressed full length Apaf-1 and DRADD do not 

constitutively promote apoptosis. Truncation of both of these caspase-9 adaptors 
generated constitutively active molecules, suggesting that some form of post- 

translational modification is required to unlock their pro-apoptotic activity. 

While we have yet to determine the specific stimulus or cofactor that acts as a 
death-inducing ligand for DRADD, much evidence suggests that cytochrome c 
binding to Apaf-1 may unlock the death-inducing properties of the latter.
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Interestingly, experiments suggest that the tumour suppressor molecule Rb may 

act as a co-factor for DRADD-associated apoptosis, since co-expression of these 

molecules induces apoptosis. However, the specific cellular conditions under 
which this occurs remain to be elucidated. In addition, our observation that 
DRADD undergoes proteolytic cleavage during apoptosis may suggest another 

mechanism by which the molecule is regulated. While the functional 

consequence(s) of Bax-induced DRADD cleavage still remain obscure, there is a 
well established precedent for caspase-mediated activation of death effector 

function with Bid (Li et al., 1998; Luo et al., 1998; Gross et al., 1999). In addition, 
caspases may play a role in modulating the activity and subcellular localization of 
nuclear death effector domain protein, DEDD (Stegh et al., 1998).

Chapter V of this thesis described work aimed at obtaining DRADD-interacting 
molecules as a means of identifying other components of the putative 
DRADD/caspase-9 pathway. While this screen failed to find a binding partner for 
the DRADD death domain, it successfully retrieved multiple copies of a DRADD- 

interacting partner, DRAMP. Intriguingly, preliminary analysis of the DRAMP 
sequence suggests that the molecule resembles coiled-coil motif containing 
proteins, including the molecular motors myosin and kinesin. The premise that 
DRAMP modulates DRADD function by regulating its subcellular distribution 
will form an important basis for future work.
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6.2. Concluding comments: Chapter III

In agreement with the observations on Apaf-1 oligom erization detailed in  

Chapter III (Adrain et al., 1999), several other groups have reported that Apaf-1 

can self-associate (Srinivasula et al., 1998; Hu et al., 1998b). In particular, the work 

of Hu and colleagues concurs with our observation that Apaf-1 self-association is 

mediated via the CED-4-homologous motif (Hu et al., 1998b). In addition, this 

group also provided evidence that the WDR negatively regulates Apaf-1 

oligomerization through the formation of an intramolecular fold within Apaf-1, 

between the CED-4 region and the WDR (Hu et al., 1998b). These data suggest that 

disruption of the CED-4/WDR interaction thus frees up the oligom erization 

surface, enabling Apaf-1 dimerization and caspase-9 recruitm ent/activation. This 

was subsequently confirmed by the same group who showed that an Apaf-1 

m utant incapable of the WDR/CED-4 fold spontaneously prom oted caspase-9 

activation (Hu et al., 1999).

In summary, recent developments suggests the following scenario whereby Apaf- 

1 promotes caspase-9 activation (see Figure 54). In healthy cells, Apaf-1 exists as a 

monomer and cannot bind dATP (Saleh et al., 1999). A two-step process 

modulates the assembly of a m ultimolecular Apaf-1 oligomeric complex. 

Following efflux from mitochondria, cytochrome c interaction with the Apaf-1 

WDR promotes dATP binding. This induces a conformational change in the 

molecule, exposing the CED-4-homologous region and enabling the formation of 

Apaf-1 oligomers Qiang et al., 2000; Benedict et al., 2000). It appears that 

procaspase-9 and cytochrome c synergistically promote dATP binding and Apaf-1 

oligomerization (Jiang et al., 2000).

Studies from several groups employing gel filtration techniques as a means of 

analyzing the Apaf-1/caspase-9 apoptosome suggest that the complex is relatively 

stable (Cain et al., 1999; Zou et al., 1999; Saleh et al., 1999; Cain et al., 2000). In cells 

induced to undergo apoptosis, Apaf-1 rapidly shifts in molecular weight from a ~ 

130 kDa monomer to a -700 kDa multimeric complex, m inimally containing 

Apaf-1/caspase-9 and cytochrome c. Because experimental evidence indicates that
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Figure 54
Schematic diagram illustrating assembly of the Apaf-1 apoptosome
In the absence of cytosolic cytochrome c, Apaf-1 exists in a monomeric form (I). The ability 
of the molecule to oligomerize/recruit caspase-9 is repressed by the WDR region binding to 
and occluding the CED-4 oligomerization surface. In cells triggered to undergo apoptosis, 
diverse upstream signaling events provoke cytochrome c release (II). Within the cytoplasm, 
cytochrome c binds to the C-term inal WDR region of Apaf-1 (III). This induces a 
conformational change in Apaf-1, exposing the CED-4 region. As a result, caspase-9 becomes 
recruited and Apaf-1 forms an oligomeric complex, mediated by dimerization of adjacent 
CED-4-homologous domains of Apaf-1 (IV). Active caspase-9 then cleaves dow'nstream 
caspases-3 and -7, initiating a proteolytic cascade (V). During apoptosis, active caspase-9 
may get released from the apoptosome or may remain associated with Apaf-1.



the apoptosome complex contains a 1:1 stoichiometric ratio of Apaf-1: caspase-9, 

this would suggest a complex composed of three copies of each of these subunits 

(Zou et al., 1999). In addition, several groups have dem onstrated the form ation 

of a 1400 kDa apoptosome complex (Cain et al., 1999; Zou et ah, 1999; Saleh et al., 

1999; Cain et al., 2000). However, only the 700 kDa apoptosome has been found to 

possess proteolytic activity, suggesting that this is the biologically active complex 

(Cain et al., 2000).

Intriguingly, a variety of evidence suggests that the m ultim olecular apoptosome 

may not be simply a scaffold for caspase-9 activation. Rather, gel filtration 

analysis of the apoptosome suggests that almost all caspase processing activity 

resides in the fractions containing the Apaf-l/caspase-9 apoptosome complexes, 

rather than in eluted fractions containing free caspase-9 (Cain et al., 2000; 

Rodriguez and Lazebnik, 1999). Moreover, it has been reported that Apaf-1- 

complexed mature caspase-9 possesses more than 1000 times the activity of its 

uncomplexed active counterpart. These data suggest that the apoptosome 

constitutes a bona f id e  biologically active m ultim olecular proteolytic complex 

somewhat akin to the proteasome, with Apaf-l/caspase-9 complexes acting as an 

active holoenzyme.

In addition to characterization of the Apaf-1 apoptosome, the specific hierarchy of 

proteolytic signaling events distal to caspase-9 activation in the Apaf-1 pathway 

has also been revealed (Slee et ah, 1999b). Downstream of apoptosome form ation, 

caspases-3 and -7 become activated by caspase-9-catalyzed proteolytic cleavage. In 

turn, active caspase-3 cleaves caspases-2 and -6, and active caspase-6 can then  

activate long prodomain caspases -8 and -10. Work undertaken in the laboratory 

has begun to characterize the specific role of caspases activated via the Apaf- 

l/caspase-9 pathway in m odulating substrate cleavage during apoptosis (Slee, 

Adrain and Martin, 2001).
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6.3. Concluding remarks: Chapter IV

A variety of evidence (reviewed in Chapter I) suggests a role for nuclear proteins 

as regulators of apoptosis. Indeed, several of the transcriptional targets of the p53 

tum our suppressor have been identified as death agonistic relatives of the Bcl-2 

family (Miyashita et al., 1995; Oda et al., 2000). However, as previously discussed 

(Chapter IV), current evidence suggests that the caspase-activating properties of 

these molecules arise from their ability to engage the Apaf-l/caspase-9 

apoptosome pathway within the cytoplasm.

In contrast, our identification of DRADD as a nuclear-localized death dom ain 

adaptor molecule that recruits caspase-9 and promotes caspase-9-dependent 

apoptosis, suggests that there may be additional mechanisms by which pro- 

apoptotic signaling mechanisms are engaged from w ithin the nuclear 

compartment. In support of this, caspase-9, a key m odulator of nuclear damage 

and anti-cancer drug-induced cell death (Kuida et al., 1998; Hakem et al., 1998) has 

been demonstrated to reside w ithin the nucleus (Ritter et al., 2000). Prelim inary 

experiments suggest that cells undergoing DNA damage-associated apoptosis fail 

to significantly relocalize GFP-DRADD. It is therefore tem pting to speculate that 

DRADD/caspase-9 may constitute a novel death-inducing apoptosome that 

actually assembles within the nucleus (Figure 55).

If DRADD constitutes one of the components of a putative nuclear apoptosome 

(Figure 55), what factors are likely to influence the assembly of such a structure? 

Two-hybrid experiments suggested that like Apaf-1, DRADD is capable of form ing 

oligomers, suggesting that DRADD could activate caspase-9 via an induced 

proximity mechanism. Apaf-1 and DRADD cannot constitutively self-associate 

however, and in the case of Apaf-1, oligomerization is regulated by binding of the 

co-factor, cytochrome c (Adrain et al., 1999). Similar to Apaf-1, DRADD 

oligomerization was readily detectable in yeast w ithin the context of truncated 

versions of the molecule. Clearly, further experiments will be necessary to 

determine whether post-translational modification or the binding of a m olecular
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Figure 55
Schematic diagram illustrating a hypothetical "Nuclear Apoptosome" complex composed 
of DRADD and Caspase-9, regulated by the Retinoblastoma protein, pRb.
(I) In the nuclei of healthy cells, in the absence of a death stim ulus, DRADD cannot 
spontaneously form oligomers or activate caspase-9 molecules. However, in cells that have 
sustained cytotoxic levels of nuclear damage, or where normal regulation of the cell cycle is 
impaired, some form of post-translational modification of DRADD provokes the formation 
of DRADD oligomers (II). This process may be positively regulated by pRb binding to the 
DRADD C-terminus. As a result, induced proximity of Caspase-9 w ithin the DRADD 
apoptosome complex leads to activation of Caspase-9 within the nucleus (II). Finally, the 
death signal originating within the nucleus may become amplified via a caspase cascade 
within the cytoplasm, leading to cellular collapse and apoptosis (III).



co-factor is required to promote the formation of nuclear oligomers of DRADD, 

capable of modulating caspase-9 activation (Figure 55). How^ever, the prelim inary 

data presented within Chapter IV suggests that pRb and DRADD not only 

interact, but can also provoke apoptosis when co-expressed. It is thus tempting to 

speculate that in some situations, pRb may act as a co-factor for DRADD-induced 

apoptosis (Figure 55). Ongoing studies using an antibody to endogenous DRADD 

and nuclear cell extracts will thus investigate whether DRADD undergoes 

multimerization in response to specific pro-apoptotic signaling events.

Continuing upon the theme of factors that regulate cell death from within the 

nucleus, there is evidence to suggest a role for the Promyelocytic Leukaemia 

Protein (PML) in the regulation of nuclear apoptosis and cell cycle progression 

(Hess and Korsmeyer, 1998; Matera, 1999). Interestingly, whereas in healthy cells 

this protein sublocalizes to nuclear matrix regions termed PML organizational 

domains (PODS), the sublocalization of the molecule becomes disrupted in cells 

expressing viral oncogenes (Borden et ah, 1997) and in cells derived from Acute 

Promyelocytic leukaemia (AP) patients (Dyck et ah, 1994; Weis et ah, 1994). These 

data suggest that the particular sublocalization of PML may be important in term s 

of regulating its function.

While the role of PML is as yet obscure, a variety of functions have tentatively 

been attributed to the molecule. For instance, PODs are known to be centres of 

transcription, containing a high density of mRNA transcripts and in agreem ent 

with this, a recent study suggests that PML may act as a transcriptional co

activator of p53 (Guo et ah, 2000). In addition, other studies suggest that PML may 

have growth suppressing, anti-tumourigenic functions, since viral transduction- 

mediated expression of PML actually leads to an accumulation of Gl-arrested 

cells (Le et ah, 1998). Moreover, in these cells, pRb was found to be 

predominantly hypophosphorylated, a status which Durfee and colleagues 

reported was conducive to DRADD/pRb binding (Durfee et ah, 1994; Le et ah, 

1998). In addition, two recent studies suggest that PML and Daxx may collaborate 

to regulate apoptosis (Torii et ah, 1999; Zhong et ah, 2000). Moreover, a further
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study reported that cells subjected to nuclear dam aging stim uli includ ing  

ionizing irradiation and cisplatin, upregulated PML levels, possibly th rough a 

m echanism  involving post-translational stabilization of the latter. Finally, 

targeted deletion of the PML gene highlights an invo lvem en t of the m olecule in  

several apoptotic signaling pathw ays, including Fas and ionizing radiation (Wang 

et a l ,  1998).

Intriguingly, several studies have reported that pRb and PML actually colocalize 

w ithin nuclear bodies (Labbaye et al., 1999; Ferbeyre et al., 2000). M oreover, these 

proteins can be co-im m unoprecipitated, suggesting that they m ight interact 

w ithin the nuclear com partm ent (Labbaye et al., 1999; Ferbeyre et al., 2000). Since 

we have dem onstrated that DRADD interacts w ith  Rb, fu ture studies w ill 

evaluate w hether the association betw een PML and Rb can regulate the  

formation of DRADD apoptosom es w ithin  the nuclear matrix.
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6.4. Concluding remarks: Chapter V

Using a two-hybrid screening approach, we have identified DRAMP as a DRADD- 

binding partner. Preliminary analysis of the DRAMP amino acid sequence 

suggests that the molecule possess a coiled coil motif and shares some similarity 

with the molecular motor myosin.

We have established that DRADD resides within the nucleus and does not appear 

to inducibly relocate in response to a variety of pro-apoptotic stimuli. It is 

therefore interesting to note a report regarding the cloning of Mitofilin, a protein 

that is identical to DRAMP (Odgren et ah, 1996). This protein was identified using 

a reverse genetic approach. From a pool of antibodies generated against total 

nuclear matrix proteins, one antibody reacted strongly w ith a protein that 

decorates mitochondrial membranes: mitofilin (Odgren et al., 1996). Thus, on the 

basis of these data, it is plausible that DRAMP is a m itochondrial protein that is 

also present to some extent within the nuclear matrix.

Because we have identified a putative NLS within DRAMP, one speculative 

hypothesis based on the nuclear apoptosome model detailed above (Section 6.3; 

Figure 55) may be that pro-apoptotic stimuli that provoke the release of 

apoptogenic factors such as cytochrome c and SMAC/Diablo from m itochondria 

could also provoke the translocation of DRAMP (Figure 56), possibly to the 

nuclear compartment. Future work will thus examine the subcellular 

localization of DRAMP in healthy and apoptotic cells to investigate the possibility 

that DRAMP may act as a death ligand for DRADD w ithin the nuclear 

compartm ent.
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Figure 56
Models illustrating the hypothetical role of DRAMP as a regulator of the pro-apoptotic 
activity of DRADD.
If DRAMP is a mitochondrial protein, model (I) envisages a scenario whereby a pro-apoptotic 
stimulus provokes its translocation from mitochondria into the nuclear compartment, where 
DRAMP may act as a co-factor that promotes the assembly of the DRADD/Caspase-9 nuclear 
apoptosome (II). Alternatively, assuming that a fraction of the cellular pool of DRAMP actually 
resides within the nuclear matrix, stimuli that provoke nuclear damage may engage a DRADD 
apoptosome that utilizes DRAMP as a nuclear tether or oligomerization platform (III). A 
further scenario (IV) may involve the DRAMP-mediated transport of DRADD into the 
cytoplasm as a means of disseminating the pro-apoptotic signal throughout the cell.
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Table 22

Table illustrating plasmids that were generated by the author for work undertaken in Chapter III

Plasmid name Vector Insertion
sites

(5'-3')

Forward primer 
sequence (5'-3')

Reverse primer 
sequence (5'-3')

pBluescript. Apaf-1 ACED-3 pBluescript BamH-1/
BamH-1

#59 #61

pcDNA3. Apaf-1 AWD40 pcDNA3 BamH-1/
Xho-1

#22 #60

pcDNA3. Apaf-1 CED-4 pcDNA3 BamH-1/
BamH-1

#59 #15

pcDNAS. Apaf-1 CED- 
4/Linker

pcDNA3 BamH-1/
Xho-1

#59 #60

GST-Apaf-1 1-601 pGEX4TK-2 BamH-1/
BamH-1

#22 #16

AD-Apaf-1 CED-4/Linker pACT-2 Sma-1/
BamH-1

#14 #16

AD-Apaf-1 Linker pACT-2 Sma-1/
BamH-1

#56 #16

DB-Apaf-1 CED-3 pAS2-l Sma-1/
BamH-1

#13 #17

DB-Apaf-1 CED-4 pAS2-l Sma-1/
BamH-1

#14 #15

DB-Apaf-1 CED-4/Linker pAS2-l Sma-1/
BamH-1

#14 #16

DB-Apaf-1 Linker pAS2-l Sma-1/
BamH-1

#56 #16

pGBT-8 DBApaf-1 CED-4 pAS2-l Sma-1/
Sal-1

Subcloned from 
pAS2-l DB Apaf-1 CED-4



Table 23

Table illustrating plasmids that were generated by the author for work 

undertaken in Chapters IV and V

Plasmid name Vector Insertion sites Forward Primer Reverse Primer
DB-DRADD F.L. pAS2-l Subcloned from the AD-DRADD F.L. library clone using 

Sma-l/Xho-1 and inserted into Sal-l/Sma-1 sites 
within the pAS2-l vector

DB-DRADD 1-120 pAS2-l Sma-1 /  
BamH-1

#80 #84

DB-DRADD 1-388 pAS2-l Sma-1/
BamH-1

#80 #81

DB-DRADD 387-657 pAS2-l Sma-1/
BamH-1

#82 #83

AD-DRADD 1-120 pACT-2 Sma-1/
BamH-1

#80. #84

AD-DRADD 1-388 pACT-2 Sma-1/
BamH-1

#80 #81

AD-DRADD 387-657 pACT-2 Sma-1/
BamH-1

#82 #83

pcDNA3. DRADD 289-657 pcDNA3 BamH-1/
Xho-1

#91 #52

GFP-DRADD F.L. pEGFPC3 Xho-1/
BamH-1

#144 #145

GFP-DRADD 1-388 pEGFPC3 Xho-1/
BamH-1

#144 #81

GFP-DRADD 289-657 pEGFPC3 Xho-1/
BamH-1

#146 #145

GFP-DRADD 387-657 pEGFPC3 Xho-1/
BamH-1

#177 #145

GFP-DRADD 441-657 pEGFPC3 Xho-1/
BamH-1

#178 #145



Table 24

Table illustrating the oligonucleotide primers that were used to generate some of the plasmids used 
for work undertaken in the thesis

Primer
No.

Name Sequence
(5'-3')

Forward 
or reverse

#13 Apaf-1
MetF

AGACCCGGGAATGGATGCAAAAGCT F

#14 Apaf-1
Pro92F

AGACCCGGGACCTGTTGTCTCTrCT F

#15 Apaf-1 
Leu 412R

CCGGGTACCGGATCCTCAAAGAGACTTATTTAC R

#16 Apaf-1 
Arg 601R

AATGGTACCGGATCCTCAGCGGACAACTAAGCG R

#17 Apaf-1
Leu86R

TATGGTACCGGATCCTCAGAGAAGGGCAGCAAG R

#22 Apaf-1 
Met F Gex

GACGGATCCATGGATGCAAAAGCT F

#52 DRADD
STOPR

CTGGCTCGAGCTAACTATTTGTCTCATT R

#56 Apaf-1
Leu413F

ATACCCGGGGTTATTCTGTGATCGG F

#59 Apaf-1
Pro92FII

GACGGATCCGCCATGCCTGTTGTCTCrrCT F

#60 Apaf-1 
Arg 601RII

TACGCTCGAGTTAGCGGACAACTAAGCG R

#61 Apaf-1
StopR

CGCGGATCCTTATTCTAAAGTCTGTAA R

#80 DRADD
MetF

TTACCCGGGGATGTCTCCGACGCCG F

#81 DRADD
Trp388R

CGGGArCCCrACCAGTrri'CnC AGT R

#82 DRADD
Asn387F

ATACCCGGGGAACTGGAACTCGTGG F

#83 DRADD 
Ser 657R

CGGGATCCCTAACTATITGTCTCATr R

#84 DRADD 
Val 120R

GCGGATCCCT'AAACATm'l'nCGAC R

#91 DRADD 
Leu 289F

AAGGATCCGCATGTTGAAAACAGGA F

#144 DRADD 
MetF EGFP

ATACTCGAGATG TCT CCG ACG CCG F

#145 DRADD
EGFPR

AATGAGACAAATAGTGGGATCCGCG R

#146 DRADD 
Leu 289 EGFP

ATACTCGAGTTGAAAACAGGAGGA F

#177 DRADD 
EGFPASN387 F

ATACTCGAGAACTGGAACTCGTGG F

#178 DRADD 
EGFP Leu 441F

AGTCTCGAGCTITGGAATCTTTGC F

#156 pACT-2 SCREENF TTCGATGATGAAGATACCCC F
#157 pACR-2 SCREENR GAAC rrGCGGGGi'i'rrrcAG R



Table 25

Table identifying the origin of some of the plasmids used for work undertaken in this thesis.

Plasmid name Made by/supplied  by
pcDNA3 DRADD F.L. 

pcDNA3 FLAG DRADD F.L. 
pcDNA3 DRADD 1-388 

pcDNA3 DRADD 387-657 
pcDNA3 DRADD 356-657

Dr Mary Harte 
Dr Mary Harte 
Dr Mary Harte 
Dr Mary Harte 
Dr Mary Harte

pcDNA3 DRAMP F.L. Dr Helen Egan

pcDNA3 Caspase-9 
pcDNA3 Caspase-9 C->A mutant 
pcDNA3 Caspase-3 C->A mutant 

pcDNA3 Caspase-8 
pET21b Caspase-2 

pGEX4TK-2 Caspase-9^^''° (a.a. 1-130)

Dr Helen Egan 
Dr Helen Egan 
Dr Helen Egan 

Laboratory of Dr Vishva Dixit 
Laboratory of Dr Emad Alnemri 

Dr Mary Harte

pcDNAB.l His C Fas 1C 
pcDNA3.1 His C TNFR IC 
pcDNA3.1 His C DR-4 1C 
pcDNA3.1 His C DR-5 IC 

pcDNA3 DR-4 F.L. 
pcDNA3 DR-5 F.L. 

pcDNA3 FADD 
pRK RIP 

pRK TRADD

Dr Helen Egan 
Dr Helen Egan 
Dr Helen Egan 
Dr Helen Egan 

Laboratory of Dr Henning Walczak 
Laboratory of Dr Henning Walczak 

Laboratory of Dr Vishva Dixit 
Laboratory of Dr David Goeddel 
Laboratory of Dr David Goeddel

pcDNA3 crmA 
pEBS Bcl-X 

pcDNA3 Bax

Laboratory of Dr Vishva Dixit 
Laboratory of Dr Vishva Dixit 

Laboratory of Dr Doug Green

pRC cmv p53 
pCMVRb

Laboratory of Dr Moshe Oren 
Laboratory of Dr Jean Wang

pcDNA3 Apaf-1 F.L. 
pGEX4TK-2 Apaf-1 1-412 
pACT-2 Apaf-1 ACED-3 
pACT-2 Apaf-1 AWD40 
pACT-2 Apaf-1 CED-3 
pACT-2 Apaf-1 CED-4

Laboratory of Dr Xiaodong Wong 
Dr Mary Harte 
Dr Mary Harte 
Dr Mary Harte 
Dr Mary Harte 
Dr Mary Harte
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