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Abstract

Many apoptotic signaling pathways are directed to mitochondria, where they

initiate the release of apoptogenic proteins and open the proposed mitochondrial

permeability transition (PT) pore that ultimately results in the activation of the caspase

proteases responsible for cell disassembly. BNIP3 is a member of the BCL-2 family that

is expressed in mitochondria and induces cell death without a functional BH3 domain.

Previous work has demonstrated that endogenous BNIP3 is loosely associated with

mitochondrial membranes in normal tissue but when overexpressed, fully integrates into

the mitochondrial outer membrane via its TM domain to induce cell death. Surprisingly,

BNlP3-mediated cell death is independent of Apaf-1, caspase activation, cytochrome c

release, and nuclear translocation of apoptosis inducing factor. However, cells

transfected with BNIP3 exhibit early plasma membrane permeability, mitochondrial

damage, extensive cytoplasmic vacuolation, and mitochondrial autophagy, yielding a

morphotype that is typical of necrosis. These changes were accompanied by rapid and

profound mitochondrial dysfunction characterized by sustained opening of the

mitochondrial PT pore, proton electrochemical gradient (Avm) suppression, ffid

increased reactive oxygen species production. The PT pore inhibitors cyclosporin A and

bongkrekic acid blocked mitochondrial deregulation and cell death. We propose that

human bnip3 is a gene that mediates a necrosis-like cell death through early PT pore

opening and mitochondrial dysfunction.
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1.0

1.1

Introduction

Cell death

Recently, a significant number of studies have placed an emphasis on the role of

cell death in both normal cellular homeostasis and the generation of pathological

conditions. The primary focus in this area has been on apoptosis, which is a genetically

encoded, highly conserved mechanism for clearing damaged, unnecessary, or harmful

cells from a multicellular organism (Vaux and Korsmeyer, 1999). Apoptosis is essential

to morphogenesis, development, pathogenic defense, and cellular homeostasis. Specific

examples of apoptosis include the removal of cells comprising interdigital webs in

mammals, loss of the tail in the tadpole, and establishment of sexual dimorphism via

Mullerian duct regression during normal mammalian male development (referenced in

Minn et aL.,1998). Apoptosis also plays a major role in the development of the immune

system, including removal of T-lymphocytes, which express inappropriate or autoreactive

antigens on their sutface, and B-lymphocytes following an immune response (Vaux et al.,

1994). In addition, virally-infected cells can be recognized by natural killer Q.JK) cells

and cytotoxic T-lympocy'tes (CTL) which kill the target cell via release of death granules

(Shi er aL.,1992; Shi er a|.,1996). And of course, cells are continuously produced in a

multicellular organism necessitating the removal of aged and/or damaged cells from the

total population. In each of these contexts, apoptosis is believed to rely on a cell's

interpretation of the overall balance between survival and death signals, both intrinsic and

extrinsic (Raft 1992). Examples of these signals include growth factor withdrawal,

ligation of death receptors, viral infection, hypoxia, anoikis, treatment with cytotoxic or



genotoxic agents, inappropriate oncogene activation or tumour suppressor gene

inactivation (Minn et a\.,1998).

Deregulation of this essential process likely results in several pathological

conditions. Insufficient cell death contributes to a variety of diseases, including

autoimmunity disorders such as systemic lupus erythematosus, tumorigenesis, and some

viral infections (Thompson, 1995; Adams and Cory, 1998). Likewise, excessive cell

death is the cause of a number of neurodegenerative diseases, including Alzheimer's and

Parkinson's diseases. As well, infection by human immunodeficiency yirus (HIV)

accelerates cell death of lymphocytes and progression to Acquired Immunodeficiency

Syndrome (AIDS) (Thompson,1995; Adams and Cory, 1998).

Kerr et al. (1972) coined the term apoptosis, taken from the ancient Greek,

meaning "falling off' of leaves or petals, to describe cell death bearing a distinct

morphology and is also referred to as type I physiological cell death (Figure 1).

Apoptotic cell death is an active process typically characterized by chromatin

condensation, DNA fragmentation, loss of cell volume, and plasma membrane blebbing

(Minn et a|.,1998). During the programmed death of the cell, the integrity of the plasma

membrane is maintained at all times so as to contain the toxic contents of the apoptotic

cell, and thereby avoid an inflammatory response. Furthermore, loss of phospholipid

asymmetry such that phosphatidylserine, which is normally confined to the inner leaflet

of the plasma membrane, is now presented on the outer surface, likely serves as a signal

to neighboring cells and/or phagocytes to remove the dying cell via phagocytosis

(reveiwed in Minn et a|.,1998; Schlegel and Williamson, 2001). Furthermore, a novel

receptor has been identified that specifically recognizes phosphatidylserine and is



ubiquitously expressed is critically required for efficient removal of all types of apoptotic

cells (Fadok et al., 2000). Biochemical features of apoptosis include activation of a

family of cysteine aspartyl proteases (caspases), release of cytochrome c from the

mitochondria, opening of the permeability transition (PT) pore, suppression of

mitochondrial transmembrane potential (AVm), increased reactive oxygen qrecies (ROS)

production, and maintenance of intracellular ATP levels following Arqm loss (Kroemer el

al., 1998). The precise order of the mitochondrial dysfunction events in apoptosis is

controversial and not clearly delineated as yet (Kroemer et al., 1998; Zannami et al.,

1998; Denecker et aL.,2001). However, caspase activation is an ATP-dependent process

that leads to the ordered disassembly of the cell and activation of deoxyribonucleases

(DNases) that are necessary for packaging the DNA and cytosol into apoptotic bodies

(Minn et a|.,1998; Denecker et aL.,2001).

At the other end of the spectrum of cell death is necrosis. Necrosis is regarded as

an unregulated, passive response to toxicants or physical injury (McConkey, 1998). It is

charucterized by extensive cytoplasmic vacuolation, mitochondrial swelling, and early

plasma membrane permeability without major nuclear damage (Table 1) (Kerr et al.,

t972; Tsujimoto, 1997; Kitanaka and Kuchino, 1999). Biochernical determinants of

necrotic cell death are less well defined but are believed to be focused on the

mitochondria with rapid suppression of Ârym and increased ROS production, as well as

ATP depletion (McConkey, 1998; Kitanaka and Kuchino, 1999). Biochemical studies

designed to determine the pathway leading to necrosis are often complicated by the fact

that some events/mediators are common to both apoptosis and necrosis (McConkey,

1998). Furthermore, both apoptotic and necrotic cell death can occur simultaneously in



cells exposed to the same death signal (Leist et al., 1997). The intensity of the insult and

the timing of the response will dictate which path is taken (McConkey, 1998). Apoptosis

requires ATP, while necrosis does not. Therefore, the balance between these two modes

of cell death is believed to be governed by the level of intracellular ATP. When ATP has

breached a critical intracellular concentration, the mode of cell death preferentially

switches from apoptosis to necrosis (McConkey, 1998). In addition, mitochondrial

disruption, in the form of PT pore opening, Arym suppression and oxidative stress, is

involved in both modes of cell death. However, rapid ROS production, AVm

suppression, ffid PT pore opening are characteristic features of necrosis while these

events occur later in apoptotic cell death more as a consequence of apoptosis (ie. after

cytochrome c and dATP/ATP release) (McConkey, 1998). Another example of this

overlap is intracellular Ca* homeostasis. Sustained low to moderate cyosolic Ca+

increases (200-400 nM) are common in apoptosis. In contrast, large scale Ca* influx (>1

pM) is characteristic of necrosis which results in mitochondrial Ca-- overload, thereby

propagating mitochondrial disruption (McConkey, 1998). To date, the only event that

continues to be specific to necrosis is ATP depletion Q',licotera and Leist, 1997;

McConkey, 1998). Necrotic cell death is characterized by greater than 70o/o ATP

depletion (McConkey, 1998). In contrast, ATP is required for caspase activation and

subsequent nuclear condensation and DNA fragmentation which defines apoptosis (Leist

et aL.,1997; Eguchi et aL.,1999).

An alternate way to remove a cell is via self-digestion, referred to as autophagy or

type II physiological cell death (Kitanaka and Kuchino, 1999). Autophagy is defined as

the bulk degradation of cellular proteins andlor organelles and is neither an apoptotic nor



a necrotic pathway (Zakeri et aL.,1995; Bursch, 2001). Studies in yeast have identified

fourteen autophagy genes which are expressed during starvation and cell differentiation

(Mizushima et al., 1998). Recently, the first mammalian gene, beclinl, was identified

and determined to be under-expressed in breast carcinomas, suggesting that deregulation

of autophagy can result in tumorigenesis (Aita et al., 1999; Liang et al., 1999). In

mammalian cells, autophagy is characterized by substantial cytoplasmic vacuolation and

late nuclear collapse and has been observed in several examples of physiological cell

death (Clarke, 1990: Zakeri et al., 1995; Bursch, 2001). Interestingly, opening of the PT

pore (Lemasters et al., 1998; Lemasters et a|.,1998a) can activate autophagy, however

the exact pathway is still undefined. Furthermore, some apoptotic signals can also induce

autophagic cell death, suggesting that these two processes are not mutually exclusive

phenomena (reviewed in Bursch, 2001).
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Figure l: Morphological and functional classification of cell death. Cell death is in
general divided into two groups according to the morphology, 'apoptotic' and 'necrotic'.
It can be further classified into 'programmed' and 'unprogrammed' cell death according to
the presence or absence of underlying regulatory mechanisms. 'Programmed' cell death
(PCD) is subdivided according to its dependence on caspases in cellular disassembly.
(Adapted from Kitanaka and Kuchino, 1999).



Table l: Features of apoptosis and necrosis. (Compiled from Zakeri et al., 7995;
Kitanaka and Kuchino,1999; McConkey, 1998).

Features Apoptosis Necrosis

Nucleus Internucleosomal fragmentation
Chromatin condensation

Late, minor DNA damage

Plasma Membrane Intact
Blebbing
Phospholipid asymmetry

Early permeability

Cltoplasm Loss of volume Extensive vacuolation
Presence of autophagosomes
General organelle swelling

Mitochondria Opening of PT' pore
Suppression of Arym'
Production of ROS'
Release of mitochondrial proteins

Rapid opening of PT pore
Suppression of Ârym
Production of ROS

Energy Requirement ndent

Activated Enzymes Various ative enzymes
Deoxyribonucleases

Environmental Response No in Inflammation
LysisPhagocytosis by neighboring

cells and/or macrophages

'PT, permeability transition

iÂ\lrn, mitochondrial transmembrane potential
'ROS, reactive oxygen species
"ATP, adenosine triphosphate



t.2 The basic mechanism of apoptosis as definedin Caenorhsbditis elegøns

The nematode C. elegans provides an ideal and "simple" model in which to study

apoptosis, also referred to as programmed gell Qeath (PCD). Early observations

discovered that during development of the hermaphrodite worm, a precise and invariant

number of cells comprise the adult animal. Specifically, 1090 somatic cells are generated

by a reproducible number of cell divisions (Metzstein et aL.,1998; Horvitz, 1999). Of

these, 131 cells undergo PCD usually within one hour of the time they are formed

(Sulston et al., 1983; Horvitz, 1999). The pathway of cell death has been delineated

through genetic, molecular and biochemical studies. Deregulation of C. elegans PCD,

via naturally or artificially occurring mutations, results in either survival of cells that

normally would die in the developing worm. Alternatively, cells that normally would

survive in the developing worm may be directed to die as a consequence of a particular

mutation (Horvitz, 1999).

Four main genes have been identifred in screens as essential to the control of PCD

in C. elegans: ced-9, ced-3, ced-4 @gll {eath abnormal) and egl-l (ggg laying abnormal)

(Minn et aL.,1998;Melzstein el aL.,1998; Horvitz, 1999). ced-9 is cell protective as loss

of function mutations are embryonic lethal, likely due to uncontrolled cell death of cells

that should normally survive (Hengartner et al, 1992). In contrast, gain of function

mutations of ced-9 prevent the death of all 131 cells that normally would die during

development, resulting in viable but functionally compromised animals (Hengartner et

al., 1992; Minn et a1.,1998). ced-3, ced-4, and egl-l are required to induce cell death.

ced-3 arñ ced-4 loss of function mutants have essentially the same phenotype as the ced-

9 gain of function mutations in that all cell death is absent (Horvitz, 1999). Recent



analysis of egl-l reveals that loss of function mutations abolish all PCD in the developing

worm (Conradt and Horvitz, 1998). Moreover, gain of function egl-1 mutations

dominantly induce cell death in cells that would have otherwise survived (Conradt and

Horvitz, 1998). Further experiments have successfully ordered these genes such that egl-

1 is an upstream negative regulator of ced-9, which, in turn, is a negative regulator of

ced-4. ced-4, however, can induce ced-3 activity and thus cell death (Horvitz, 1999).

The molecular basis of this linear pathway has also been determined. Initial

immunoprecipitation studies identified a ternary complex of CED-9, CED-4, and CED-3

(Chinnaiyan et al., 1997; Yang et al., i998). It has also been shown that CED-4

simultaneously associates with CED-3 and itself in the absence of CED-9 (Chinnaiyan er

al.,1997;Yang et al.,1998). In vivo, CED-9 recruits CED-4 to intracellular membranes,

likely mitochondrial (James et a|.,1997; Wu et aL.,1997; del Peso ef al.,1998; Chen et

al., 2000), possibly sequestering CED-4 from its normal function of spontaneous

oligomerization in the cytosol. In this manner, CED-9 is proposed to exert its protective

function. Association of EGL-I with CED-9 successfully displaces CED-4:CED-3

complexes and negates the anti-apoptotic function of CED-9 (Conradt and Horvitz, 1998;

del Peso et a|.,1998). Furthermore, CED-4 oligomerization mediates CED-3 activation

by bringing multiple copies of CED-3 within close proximity thereby increasing the local

concentration of autoproteolytic activity inherent to CED-3 (Yang et a|.,1998). CED-4-

mediated CED-3 activation is proposed to require active ATP hydrolysis as disruption of

nucleotide binding to the P-loop of CED-4 effectively abolishes CED-3 maturation

(Chaudhary et al., 1998). Interestingly, CED-9 binds CED-4 at the P-loop domain

suggesting a means to prevent random protease activation (Chaudhary et aL.,1998).



Homologues of these four genes have evolved in "higher" order metazoans, albeit

with increased complexity. CED-9 is homologous to the large family of BCL-2 proteins

(Figure 2) (Hengartner and Horvitz, 1994). EGL-I is analogous to a subset of pro-

apoprotic BH3-only BCL-Z proteins (Conradt and Horvitz, 1998). The death effector,

CED-3, is the functional equivalent of the mammalian caspase family (Yuan et a|.,1993).

As well, mammalian Apaf-l Qþoptotic protease activating factor-]) contains a region

with significant homology to CED-4 and shows similar binding properties (Zou et al.,

1997). However, the mammalian apoptotic pathway also requires mitochondria, while

the role of mitochondria in C. elegans apoptosis has not been determined. In any case,

the homologous protein families demonstrate that there is a high degree of evolutionary

conservation of this pathway. Furthermore, with the advent of the "Genome Era",

analysis of entire genomes suggests that not all relevant proteins have been identified yet

(Aravind et a|.,2001). There is some evidence to support this as at least three proposed

functional caspases, other than CED-3, are known to exist in C. elegans (Shaham, 1998).

In addition, sequence analysis reveals that conservation of the basic machinery of cell

death extends even further "dowTl" the evolutionary tree (Aravind et al., 2001).

Specifrcally, CED-9/BCL-Z, CED-3/Caspase, and CED-4lApaf-l homologues have all

been identified in Danio rerio (zebrahsh) (Inohara and Nunez, 2000) and Drosophila

melanogaster (fruit fly) (Chen and Abrams, 2000; Vemooy et a\.,2000).

Additional genes proposed to be involved in generation of the distinct nuclear

morphology of apoptosis (nuc-1 [encodes a DNase]) (Horvitz, 1999) and systematic

engulfment and digestion of apoptotic cells (ced-1, ced-2, ced-S, ced-6, ced-7, ced-10,

and ced-(2) (Chung et aL.,2000; Hengartner,2001) await further analysis of function.
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Intriguingly, new data suggests that C. elegans can also undergo necrosis-like cell death

via disruption of ion homeostasis (Chung et a|.,2000).
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C. elegans

EcL-1 -l cED-g -l cED4 -*' cED-3 + cell
death

Mammals

BH3-only & |

Pro-apoptotic I

BCL-z

Anti- |

apoptotic -BCL-z

Com mon apoptotic pathwayCell type
specific

Figure 2: Evolutionary conservation of the apoptotic pathway. In C. elegans, EGL-
1 negatively regulates CED-9 which negatively regulates CED-4 which in turn activates
CED-3, yielding cell death. In mammals, corresponding protein families exist. It is
postulated that the BH3-only and pro-apoptotic BCL-2 family proteins serve as cell type
specific activators of apoptosis. However, subsequent steps of the apoptotic program
are common to all cell types. (Adapted from Gross et aL.,1999).
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1.3 Caspase family

In C. elegans, the developmental apoptotic program is efficiently executed by a

single protease encoded by ced-3 (Section 1.2; Horvitz, 1999). The finding that the

protein CED-3 shared homology with mammalian interleukin-lB-converting enzyme

(ICE), a cysteine protease required for maturation of the cytokine pro-interleukin-1B,

marked an important milestone in delineating the mammalian apoptotic pathway as it

suggested that the apoptotic pathway may be evolutionarily conserved (Yuan et al.,

1993). Subsequently, it was shown that overexpression of ICE in mammalian cells was

sufficient to induce apoptosis, similar to overexpression of CED-3, indicating that indeed,

there was a conserved apoptotic mechanism (Miura et al.,1993; Cryns and Yuan, 1998).

Currently, there are 14 identified mammalian proteases that share sequence similarity

with CED-3 (Ranger et al., 2001). This expanded family of intracellular cysteine

proteases is characterized by their unique affinity for cleavage after an aspartate residue

(Cohen, 1997; Cryns and Yuan, i998; Wolf and Green, 1999). In an effort to standardize

the nomenclature of these death proteases, the term 'caspase' was proposed to reflect that

these aÍe cysteine-dependent aspartate-specific proteases (Alnemri et al., 1996).

Furthermore, the caspases are numbered chronologically according to when they were

discovered (Alnemri et al.,1996). This family of proteases has been firmly implicated in

the apoptotic program by targeted gene disruption studies, some of which resulted in

severe developmental defects and embryonic lethality (Ranger eï a\.,2001).
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1.3.1 Structural features of caspases

There are several features shared among members of the caspase family. For

example, all caspases have the conserved pentapeptide QACXG (where X is R, Q, or G)

which harbors an active cysteine side chain that functions as a nucleophile during peptide

bond hydrolysis (Cohen,1997; Stennicke and Salvesen, 2000). Likewise, all caspases are

maintained in a latent state as single chain zymogens until proteolytic activation is

engaged by an apoptotic signal (Stennicke and Salvesen, 2000). Four distinct domains

have emerged in procaspase structure: an amino-terminal prodomain, a large subunit, a

small subunit, and a linker region of variable length situated between the small and large

subunits and flanked by aspartate residues Qllunez et a|.,1998). Proteolytic activation

removes the linker region first, releasing and tlius permitting assembly of the large and

small subunits, and subsequently removes the prodomain (Figure 3) Q.Junez et aL.,1998;

Wolf and Green, 1999).

Structural studies suggest that active members of this family share a common

three-dimensional structure (Wolf and Green, 1999). Specifically,x-ray crystallography

of caspase I revealed that the active enzyme consists of two large/small heterodimers,

each containing an active site composed of residues from both the large and small

subunits (Walker et al., 1994; Wilson et al., 1994; Wolf and Green, 1999). The active

tetramer is maintained by interactions between the small subunits of each interdigitated

heterodimer (Figure 3). Similar structural features have also been observed for caspases

3,7 and 8 (Rotunda et a1.,1996; Mittlet a1.,1997; Blanchard et a1.,1999;Wati.et al.,

1999; V/ei et a|.,2000).
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The amino-terminal prodomain varies in size between caspase family members

and contributes to establishing two caspase subfamilies: long prodomains and short

prodomains (Kumar and Colussi, 1999; Wolf and Green, 1999). In general, the

activation of caspases with long prodomains is due to the presence of one of two

sequence elements: the death effector domain (DED) or caspase recruitment domain

(CARD) (Stennicke and Salvesen, 2000). This group includes caspases 1,2, 4,5, 8, 9,

i0, 11,12,73, and 14 and C. elegans CED-3 (Wolf and Green, 1999). DEDs and

CARDs are structurally very similar, despite a lack of sequence homology, as these

motifs both contain six anti-parallel cr-helices arranged in tightly packed bundles and

associate via homotypic interactions (Huang et aL.,1996; Chou et aL.,1998; Eberstadt et

al., 1998; Wolf and Green, 1999). For example, DEDs associate primarily due to

hydrophobic-hydrophobic interactions, while CARDs are hydrophilic and thus govemed

by complementary electrostatic interactions (Kumar and Colussi, 1999; Stennicke and

Salvesen,2000). Procaspases with short prodomains, including caspases 3,6, and 7,are

usually activated downstream of the first group (the apoptotic initiators). In addition,

caspases 3,6, and 7 mediate numerous proteolytic events that typify a dying cell, and are

therefore known as apoptotic effectors or executioners (Kumar and Colussi, 1999; Wolf

and Green, 1999; Stennicke and Salvesen,2000).
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Precursor

low high
Sequence homology among caspases

Figure 3: Schematic and three-dimensional structure of caspases. Caspases are
synthesized as inactive precursors that require proteolytic cleavage at conserved
aspartate residues occurring between the pro domain and the large subunit and
between the large and small subunits. The amino-terminal pro domain is highly
variable among caspase family members. The active caspase is a tetramer consisting
of two large/small homodimers, each with an independent active site. The crystal
structure of caspase 3 illustrates how the two homodimers interdigitate in the active
protease. Illustrations are not to scale. (Adapted from Thomberry and Lazebnik,
1998; Ray,2000).

AsplX

+

t6



1.3.2 Substrate sPecificifY

Caspases have a unique substrate preference. Currently the only known non-

caspase protease with the same affrnity for aspartate residues is the mammalian serine

protease grarrryme B, which is also a physiological caspase activator (Shi ef al.,1996)'

All caspases require an aspartate residue at the cleavage site, referred to as position P¡

(Cryns and Yuan, 1998; Nunez et a\.,199S). However, substrate specificity is primarily

determined by the residue four positions amino-terminal to the aspartate cleavage site,

refer¡ed to as Pa. Combinatorial chemistry has identified the preferred cleavage sites for

ten caspases, yielding an additional classification scheme (Cohen, 1997; Thomberry et

al.,1997). Based on caspase preference for amino acids in the Pq position, there are three

groups of caspases. Caspase 1-like caspases, including caspases 1,4, and 5, prefer bulky

hydrophobic residues at P¿,. Their optimal cleavage site is WEXD (Cohen, 1997;

Thomberry et al., 1997). Based on sequence similarity, caspases lI,12, 13, and 14 are

also included in this group, however, there is currently no data available on their

specificities to support this classicication (Van de Craen et al., 1998; Wolf and Green,

1999). Caspase 3-like caspases prefer the small amino acid aspartate in the P¿ position.

This group includes caspases 2,3,and7 andC. elegans CED-3 (Thomberry et a1.,1997).

The third group is less discriminate in its P4 preference. Caspases 6, 8, and 9 will accept

either a leucine or valine in this position ([L^/]EXD) (Thornberry et aL.,1997). Due to

sequence similarities between caspase 8 and 10, caspase 10 is also included inthis group

although its preferred cleavage site is unknown (Wolf and Green, 1999). These

preferences are supported by structural studies (reviewed in Cohen, 1997). Specifically,
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the residue in the P4 position binds to a conserved site in the small subunits of the active

tetramer (Nunez et a\.,1998). For example, caspase I has a large binding pocket ideally

suited for binding large hydrophobic residues (Walker et a\.,1994; Wilson et al.,1994).

In contrast, caspase 3 has a very small binding pocket, suitable for binding the small side

chain of aspartate (Mittl et al., 1997; Wei et a1.,2000). Interestingly, it appears that

cleavage site preference also correlates with function as the caspase l-like group is

primarily involved in cytokine processing while the other two groups are critical to

apoptosis (Wolf and Green, 1999).

1.3.3 Cellularsubstrates

There are currently more than 100 known caspase substrates that can be broadly

divided into proteins that mediate the apoptotic phenotype or those that impact cellular

homeostasis. Some substrates may even contribute directly to propagation of the

apoptotic signal. For example, caspases themselves have caspase recognition sites

strongly suggesting autocatalytic activation (Nunez et al., 1998). Furthermore, a subset

of caspases contain optimal cleavage sites for a second set of caspases, thereby

delineating a hierarchy of caspase activation in which initiator caspases activate effector

caspases (Slee e/ a1.,1999). This activates a caspase cascade that facilitates rapid and

efficient activation of the apoptotic program. In addition, the anti-apoptotic CED-9

homologues BCL-2 and BCL-XI are inactivated and converted to pro-apoptotic proteins

as a result of caspase cleavage (Cheng et al., 1997; Clem et al., 1998). Furthermore, the

pro-apoptotic protein BID is activated by proteolytic cleavage (Li et a|.,1998;Luo et al.,

1998). In adddition, inhibitor of a¡roptosis proteins (IAPs) can also be cleaved by active
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caspases (Deveraux et al., 1999; Johnson e/ a1.,2000; Slee ¿r a1.,200I; Suzuki et al.,

2001). Collectively, these events likely amplify or accelerate the apoptotic process

(Cohen, 1997; Cryns and Yuan, 1998; Nunez et a\.,1998; Stroh and Schulze-Osthoff,

1998; Wolf and Green, 1999).

Cell shrinkage and nuclear damage typically characterize an apoptotic cell,

therefore, cleavage of certain cellular substrates likely contributes to manifestation of this

phenotype. Specifically, cytoskeletal proteins such as actin (Kayalar et al., 1996;

Mashima et al.l997) and its regulators, gelsolin (Kothakota et a|.,1997; Kamada et al.,

1998), spectrin (Wang et al., 1998), and fodrin (Martin et al., 1995; Cryns et a1.,1996;

Vanags et al., 1996), are all cleaved by caspases following a death signal. Proteins

involved in cellular adhesion, including focal adhesion kinase (Wen et a|.,1997; Gervais

et aL.,1998), Gas2 (Brancolini et al.,1995), and p-catenin (Brancolini et a|.,1997), are

also cleaved. These cleavage events are speculated to contribute to characteristic features

of apoptosis such as plasma membrane blebbing, cytoplasmic condensation, and rounding

up (loss of cell adhesion) (Cryns and Yuan, 1998; Stroh and Schulze-Osthoff, 1998; Wolf

and Green,1999). Likewise, changes in nuclear morphology during apoptosis may be

due to cleavage of nuclear lamins, the primary structural component of the nuclear

envelope, by caspase 6 (Cohen, 1997; Stroh and Schulze-Osthoff, 1998). Cleavage of

lamins can trigger the collapse of the nucleus and may contribute to ch¡omatin

condensation, a hallmark of apoptosis (Lazebnik et al.,19951' Orth et al.,1996:Rao et al.,

1996: Takahashi et al., 1996). However, new evidence suggests lamin cleavage is not

required for chromatin condensation (Faleiro and Lazebnik, 2000). Caspase-induced
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cleavage of the nuclear protein Acinus has also been reported to induce ch¡omatin

condensation during apoptosis (Sahara et aL.,1999)'

Characteristic apoptotic DNA fragmentation occurs in two distinct stages.

Specifically, chromosomal DNA is first cleaved into -50 to -200 kb fragments and

subsequently into -180 bp segments (Nagata, 2000). It is speculated that the initial large-

scale DNA fragmentation is due to cleavage of DNA at nuclear scaffolds. This would

effectively unfold the chromatin structure and possibly facilitate subsequent

internucleosomal cleavage Q.,iagata, 2000). Apoptotic internucleosomal DNA

fragmentation is mediated by ÐNA fragmentation factor-4llcaspase-activated

deoxyribonuclease (DFF40/CAD). This protein is a latent, cytosolic endonuclease that is

activated following caspase activation (Liu et al., 1997; Enari et al., 7998; Liu et al.,

1998). DFF4O/CAD activity is suppressed by a bound inhibitory subunit DFF45flCAD

(lnhibitor of CAD). Active DFF40/CAD is released and translocated to the nucleus due

to processing of DFF45/ICAD by active caspases 3 and 7 in response to an apoptotic

signal (Liu et al., 1997: Sakahira et al., 1998; Wolf et al., 1999). There is speculation

that lamin cleavage may induce sufficient nuclear envelope damage to permit

endonucleases such as DFF4O/CAD access to the nucleus and thus facilitate DNA

fragmentation (Cryns and Yuan, 1998). However, there is new evidence that suggests

lamin cleavage is not a contributing factor to DNA fragmentation, but rather there is an

increased permeability of nuclear pores due to activated caspase 9 (Faleiro and Lazebnik,

2000). Currently, the component(s) of the nuclear pore regulated by caspases is

unknown.
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There are a significant number of caspase substrates that impact various aspects of

cellular homeostasis including cell cycle regulation and DNA repair mechanisms (Stroh

and Schulze-Osthoff, 1998; Wolf and Green, 1999). Caspase-mediated cleavage of

retinoblastoma protein (RB; Janicke et a\.,1996) and the mouse double minute-2 protein

(MDM2; Erhardt et al.,1997) may facilitate cell cycle arrest (Stroh and Schulze-Osthoff,

1998). The DNA repair protein poly@DP-ribose) polymerase (PARP) is cleaved by

caspases 3 and 7. Presumably, this cleavage event disturbs DNA repair, however this

hypothesis remains to be formally tested. Regardless, PARP cleavage serves as a

valuable indicator of caspase activation in experimental settings (Cohen, 1997; Stroh and

Schulze-Osthoff, 1 998).

There is an ever increasing list of caspase substrates that impact transcription,

translation, signal transduction, and replication (reviewed in Stroh and Schulze-Osthoff,

1998). All of these substrates can be postulated to contribute to the apoptotic mechanism,

either directly (structural proteins, amplifiers of apoptosis) or indirectly (disrupt cellular

homeostasis; terminate survival signals) (Wolf and Green, 1999). There are even more

proteins that are cleaved by caspases during apoptosis with unknown function.

Intriguingly, there is accumulating data that suggests inappropriate caspase-mediated

cleavage of certain substrates may contribute to the progression of neurodegenerative

diseases (Stroh and Schulze-Osthoff, 1998; Wolf and Green, 1999).

Interestingly, not all caspase recognition sites are cleaved implying that there may

also be structural/stereochemical requirements for cleavage. Furthermore, some cleavage

events may be cell type specific either due to the expression profiles of the substrate or

the caspases themselves (Stroh and Schulze-Osthoff, 1998). Finally, very few of the
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more than 100 known caspase substrates have been convincingly demonstrated to truly

contribute to the apoptotic process'

1.3.4 Subcellular localization

Caspases are primarily cytosolic. However, there is increasing evidence that

subpopulations of various caspases exist in different cellular compafments. For

example, a pool of procaspase 9 exists in the mitochondrial intermembrane space of some

tissues, including non-replicating post-mitotic neurons and cardiomyocytes (Krajewski e/

al., 7999; Susin et al., 1999a; Zhivotovsky et al., 1999). However, following an

appropriate apoptotic signal, active caspase 9 is primarily cytosolic, suggesting that latent

caspase 9 is sequestered until it is activated and unleashed on the cytosol to further the

apoptotic process. It is unknown if caspase 9 becomes activated after or during cellular

redistribution (Susin et al.,1999a). Likewise, in response to stress on the endoplasmic

reticulum (ER), ER-localized procaspase 12 is activated and redistributed to the cytosol

(Nakagawa et a\.,2000). In some cells, procaspase 7 is cytosolic until activation, at

which point it is translocated to the ER (Chandler et al.,1998; Zhivotovsky et al.,1999).

Coincidentally, the caspase 7 substrate sterol regulatory element-binding protein-l

(SREBP-I), a resident of the ER, is cleaved following redistribution of active caspase 7

to the ER (Chandler et al., 1998). This observation suggests that active caspases may

redistribute throughout the cell in order to process their substrate(s). This is supported by

recent work demonstrating the redistribution of active caspase 3 from the cytosol to the

nucleus, presumably to target its substrate DFF45/ICAD and thus induce DNA

fragmentation (Faleiro and Lazebnlk, 2000). Procaspases l, 2, 3, 8, and 9 are also
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cytosolic (Zhivotovsky et al., 1999). The impact of cellular compartmentalization of

caspases on apoprosis is unknown but is speculated to provide an additional level of

regulation that may be necessary to prevent accidental activation of the caspases. This

may be particularly important to cells that have a low regenerative capacity (Krajewski el

al., lggg). Further work will likely identiff numerous correlations between the

localization of caspases and the locale of their substrates'

1.3.5 Mechanisms of caspase activation

1.3.5.1 Extrinsic (type I) pathrvay

Extrinsic caspase activation occurs in response to ligation of death receptors.

This pathway is primarily involved in modulation and function of the immune response

(Ashkenazi and Dixit, 1998). Cell surface death receptors such as FaslCD95lApol,

TNFRI, DR3/Apo3, DR4, and DR5/Apo2|KILLER, and DR6, are all members of the

tumor necrosis factor receptor (TNFR) family (reviewed in Ashkenazi and Dixit, 1998;

Baker and Reddy, 1998; Denecker et o1.,2001). These receptors are characterized by an

intracellular carboxyl-terminal death domain (DD) that transmits an apoptotic signal upon

ligation of the appropriate death ligand (Denecker et al., 2001). Specifically, ligand

binding triggers receptor homotrimerization. This clustering of DDs induces recruitment

of adaptor proteins such as Fas-associated protein with DD (FADD) and/or TNFR-

associated protein with DD (TRADD). Both TRADD and FADD are required for

TNFR1 and DR3 signaling, while only FADD is required for Fas signaling (Baker and

Reddy, 1998; Denecker et al., 2001). TRADD interacts with the intracellular DD of

TNFR1 in response to ligand binding. TRADD subsequently recruits and binds FADD
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via its DD (Ashkenazi and Dixit, 1998). FADD also contains a DED motif that is

required for interaction with the DED motif of procaspase 8. This DED-DED interaction

effectively recruits procaspase 8 to the death-inducing qignaling complex (DISC) at the

cytoplasmic face of the plasma membrane (Ashkenazi and Dixit, 1998; Baker and Reddy,

1998; Denecker et a1.,2001). Procaspase 8 autoproteolysis is triggered due to the

intrinsic proteolytic activity of procaspase 8 refe¡red to as proximity-induced activation

(Figure 4) (Salvesen and Dixit, 1999).

In response to Fas ligation, cells can die via two non-mutually exclusive types of

apoptotic pathways, and thus are defined as type I and type II cells (Scaffidi et a|.,1998;

Scaffidi et al., 1999). In type I cells, there is significant and rapid activation of caspase 8

at the DISC yielding efficient and direct activation of downstream effector procaspases 3,

6, and 7 (Denecker et a\.,2001). In type II cells, DISC formation is less prominent and

thus caspase 8 activation is considerably slower. These cells require propagation and

amplification of the death signal by the mitochondria. Specifically, caspase 8 cleaves

BID, a pro-apoptotic member of the BCL-? family, to produce a truncated product (tBID)

that translocates to the mitochondria and induces cytochrome c release (Li et al., 7998;

Luo et al., 1998). Cytochrome c functions as a cofactor for procaspase 9 activation.

Activated caspase 9 processes downstream effector procaspases (Denecker et al., 2001).

In summary, type I cells induce cell death independent of the mitochondria, the home of

cytochrome c. In contrast, type II cells require mitochondria to induce apoptosis. In

agreement with these observations are data demonstrating that BCL-Z and BCL-X¡-, anti-

apoptotic homologues of CED-9, can prevent cytochrome c release (Kluck et al., 1997;

Yang et al., 1997), and thus effectively inhibit apoptosis in type II cells but not type I
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cells (Scaffidi et al., 1998). Cell type specific involvement of the death receptor and

mitochondrial pathways in response to the chemotherapeutic agents doxorubicin and

etoposide extends and supports the classification of type I and type II cells (Fulda et al-,

2001). Interestingly, a similar caspase-mediated cleavage event has been observed for

the pro-apoptotic BCL-2-related protein BAD, yielding a more potent apoptotic inducer

(Condorelli et al., 2001).

1.3.5.2 Intrinsic (type II) pathrvay

Intrinsic caspase activation occurs in response to development, growth factor

withdrawal, anoikis ,as well as several cytotoxic and genotoxic agents (Minn et aL.,1998;

Denecker et a\.,2001). This pathway is characterized by release of cytochrome c from

the intermitochondrial space, which functions as a co-factor for assembly of the

apoptosome. The apoptosome complex consists of cytochrome c2 dATP/ATP,

procaspase 9, and the adaptor protein Apaf-1, a CED-4 homologue (described in detail in

Section 1.4; Zou et al., 1999). Oligomerization of Apaf-l protein increases the local

concentration of procaspase 9 and thereby triggers autocatalytic processing due to the

significant intrinsic zymogen activity of procaspase 9 (Salvesen and Dixit, 1999).

Subsequently, the active initiator caspase 9 proteolytically activates the effector

procaspase 3 (Hu et a\.,1999;Zouet a\.,1999; Brattonet a|.,2001). Active caspase 3

can activate procaspases 2,6, 8, and 10, thereby contributing to a feedback amplification

loop of caspase activation which facilitates manifestation of the apoptotic phenotype

(Slee ef al.,1999; Denecker et a\.,2001). Both intrinsic and extrinsic caspase activation

pathways converge on the same subset of effector caspases (Figure 4).
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Figure 4: Extrinsic and intrinsic apoptotic signaling pathrvays. In extrinsic (type I)
caspase activation, a large amount of active caspase-8 is generated at the receptosome

complex (efficient DISC formation), which leads to direct activation of downstream
procaspases. In intrinsic (type II) caspase activation, DISC formation is strongly
reduced, resulting in minor procaspase 8 activation. In the latter case, propagation and
amplification of the apoptotic signal by mitochondrial factors, such as cytochrome c, are
required for activation of downstream executioner (effector) procaspases. C¡ochrome
c and ATP/dATP bind Apaf-l and induce a conformational change, allowing
oligomerization and recruitment of procaspase 9 (formation of apoptosome).
Proximity-induced activation of procaspase 9 activates downstream executioner
procaspases. Active effector caspases may further activate procaspase 8 in an

autoamplification loop. Executioner caspases cleave substrates implicated in the
morphological and biochemical features of apoptosis (Adapted from Denecker et al.,
2001).
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1.3.6 Caspaseinhibitors

As outlined in the previous sections, caspases are potent killers and are subject to

various levels of regulation. There are a variety of endogenous caspase inhibitors that

have evolved both in mammalian cells and viruses. There are two distinct types of

caspase inhibitors: (i) those that inhibit caspase activation by competing with components

of the apoptotic machinery, and (ii) those that act as pseudosubstrates and inhibit the

catalytic site of caspases. In the death receptor pathway, there are a number of decoy

receptors, such as DcRI/TRAIL-R3/TRID, DcR2/TRAIL-R4/TRLINDD, and DcR3 that

efficiently bind ligand but lack or have a truncated intracellular signaling domain, and

thus ca¡ not transmit the death signal. Therefore, these decoy receptors compete with

death receptors for the activating ligand (Ashkenazi and Dixit, 1998). In addition,

proteins such as FADD-like lnhibiting protein (FLIP), of both viral and cellular origin,

inhibit caspase activation because they share significant sequence homology to

procaspase 8 but lack the essential catalytic pentapeptide (reviewed in Ashkenazi and

Dixit, 1998). Specifically, this homology enables FLIP to actively compete with

procaspase 8 for FADD, the critical adapter protein that mediates procaspase 8 activation.

Alternatively, members of the inhibitor of 4¡roptosis protein (IAP) family such as XIAP

fi-linked I,{Ð, c-IAPI @ellular IAP) and c-L\P2, can bind and potently inhibit caspases

3,7, and 9, but not caspases l, 6, 8, or 10, or CED-3 (Deveraux et a1.,1997; Roy et al.,

1997;Deveraux et al.,1998). In addition, it has recently been discovered that XIAP can

inhibit the apoptosome via direct association with Apaf-l (Bratton et al., 2001).

Interestingly, members of the IAP family are themselves regulated by the recently
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identified XAFI SlAP-4ssociated factor l) and Smac/DIABLO @econd mitochondrial

acrivator of caspases/direct þP þinding protein with low pI) proteins (Du et aL.,2000;

Verhagen et a\.,2000; Liston et a\.,2001). Some caspases, such as caspases 9,3, and2,

have endogenous variants that either lack a catalytic site or other structural domain

required for efficient caspase activation, and thus compete with catalytically-competent

caspases for upstream activation signaling (Seol and Billiar, 1999; Droin et aL.,2000;

Huang et a|.,2001).

Baculovirus p35 protein is an ideal example of a caspase pseudosubstrate.

Specifically, p35 protein contains a caspase cleavage site. However, upon cleavage, the

fragments generated are retained in complex with the caspase and thus function as a

stoichiometric inhibitor (Bump et a\.,1995; Xue and Horvitz,7995; Fisher et a\.,1999;

Zoog et a\.,1999). Exogenous expression of p35 protein is a potent pan-caspase inhibitor

in mammalian cells (Bump et a\.,1995; Xue and Horvitz,1995). Similarly, the cowpox

virus CrmA protein is also a caspase pseudosubstrate that is cleaved by caspases 1 and 8

and prevents their participation in subsequent reactions (Ray er al., 1992; Zhou et al.,

1997). These two proteins have led to the development of synthetic peptide inhibitors

that have furthered the delineation of caspase activation. The irreversible tripeptide

caspase inhibitor Ac-zVAD-fmk (benzyloxycarbonyl-valine-alanine-aspartatyl methoxy

fluoromethyl ketone) potently inhibits a wide range of caspases due to the lack of a

specificity-directing residue in the P4 position. Ac-zVAD-fmk is cleaved by caspases and

retained in the active site via a covalent bond, thus prohibiting recycling of the enzyme

(Slee et al., 1996). More specific peptide inhibitors have been developed based on

residue preference in the P4 position (Section I.3.2). Specifically, Ac-DEVD-fmk and
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Ac-YVAD-fmk have been developed to selectively inhibit caspase 3-like and caspase 1-

like proteases, respectively (Cohen, 1997).

1.4 Apaf-l

The significant role of CED-4 in regulating activation of CED-3 in C. elegans

suggested that a similar molecule should exist to facilitate caspase activation in

mammalian cells. This hypothesis was confirmed by the biochemical purification of

Apaf-l @¡loptosis protease activating factor-]), a 130 kDa that is functionally equivalent

ro CED-4 (Zou et al., 1997). Apaf-l shares 22Yo identity and 48% similarity with CED-

4, predominantly in a stretch of 320 amino acids. Interestingly, Apaf-l also shows 21%

identity and 53o/o similarity to CED-3 (Zou et al., 1997). This region of homology is

confined to the amino-terminus and is required for binding to caspases via homophilic

interactions, and thus is termed the caspase recruitment domain (CARD). Other

interesting structural features include a nucleotide binding domain comprised of

consensus Walker A and B boxes, as well as a carboxyl-terminal WD repeat region

which facilitates protein-protein interactions (Zou et a|.,1997).

Several studies have contributed to the molecular mechanism of Apaf-1-mediated

caspase activation. In the absence of co-factors, Apaf-1 is proposed to exist in an

inactive conformation such that the amino-terminal CARD domain is inaccessible due to

a "folding over" of the WD repeat region (Li et al., 1997). Binding of the co-factors,

cytochrome c and dATP/ATP, both of which are released from the mitochondria, to the

WD repeats and nucleotide binding domain, respectively, triggers a conformational

change which exposes the CARD; thereby permitting binding of the pro domain of
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procaspase 9 to the CARD of Apaf-1 (Li et al., 1997). The complex consisting of Apaf-

l, procaspase 9, cytochrome c, and dATP is referred to as the apoptosome. Association

of procaspase 9 to Apaf-l likely occì.rs concomitantly with Apaf-l oligomerization,

which is mediated by the CED-4 homology domain (Hu et a\.,1998; Srinivasula et al.,

1998; Zou et a\.,1999). Apaf-1 oligomerization brings several procaspase 9 molecules

within close proximity (Zou et al.,1999). Intrinsic procaspase 9 activity is sufficient for

autocatalysis (Hu et al., 1999; Zou et al., ßgg). Interestingly, there is one report that

procaspase 9 can be activated without proteolytic processing (Stennicke et al., 1999).

Regardless, active caspase 9 activates the downstream effector caspase 3 (Hu et al.,1999;

Zou et a\.,1999). However, it is unclear whether active caspase 9 is released to seek out

procaspase 3 (Zol et al., 1999) or whether it is retained to process procaspase 3 that has

been recruited by the WD repeats of Apaf-l (Hu e/ al., 1999). Recently, it has been

proposed that active caspase 3 is retained in the apoptosome, while a small portion is

present in the cytosol as free enzyme (Bratton et a1.,2001). All of these observations

may be satisfied by the recent observation that ApaÊl is proteolytically processed in

response to some apoptotic stimuli (Lauber et a\.,2001). This cleavage event leads to the

partial loss of Apaf-1's CARD and therefore may permit the release of activated caspases

from the complex (Lauber et aL.,2001). However, Bratton et al. (2001) have shown that

caspase 3 interacts with Apaf-i (and the apoptosome) via interaction with XIAP ë-

linked ],{Ð, a potent member of the evolutionarily conserved IAP family of endogenous

caspase inhibitors (Deveraux and Reed, 1999; Bratton et a1.,2001). Therefore, these

authors propose a model in which active caspase 3 is retained with the apoptosome, and

thus inhibited via its interaction with XIAP (Bratton et a1.,2001). A new mitochondrial
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protein, SmagIDIABLO Qecond mitochondrial activator of caspases/direct IAP þinding

protein with þw pI), provides an additional level of regulation (Du et a\.,2000; Verhagen

et a1.,2000). In response to a death signal, Smac/DIABLO redistributes to the cytosol

(similar to cytochrome c) and promotes caspase activation by antagonizing XIAP

inhibition (Du et al., 2000; Verhagen et al., 2000) and promoting processing of

procaspase 3 (Chai et a1.,2000). It has also been reported that SmaoIDIABLO can

activate procaspase 9 independently of cytochrome c and Apaf-l by directly antagonizing

XIAP bound to inactive (Chauhan et a1.,2001) or active (Ekert et a1.,2001) caspase 9.

Furthermore, based on the identification and functional studies of a Smac/DIABLO splice

variant, referred to as Smac F, an lAP-independent mechanism of Smac/DIABLO

function has recently been proposed (Roberts et a|.,2001).

Nucleotide binding is required for caspase 9 activation, however the molecular

basis for this requirement is unclear. Early reports demonstrated that both dATP or ATP

bound to the nucleotide binding domain of Apaf-l, albeit at significantly different

concentrations, and that nucleotide binding was a requirement for caspase activation (Zou

et al., 1999). Moreover, it was demonstrated that ATP hydrolysis occurred, presumably

to facilitate Apaf-1 conformational change(s) and/or oligomerization by allowing

cytochrome c to bind (Li et al., 1997; Hu et al., 1999; Zou et aL.,1999). However, recent

evidence indicates that ATP hydrolysis is not required and that simple binding of the

nucleotide to Apaf-l is sufficient for apoptosome formation and function (Jiang and

Vy'ang, 2000). Interestingly, cytochrome c binding to Apaf-1 can occur independently of

dATP, but dATP is required for subsequent caspase activation (Jiang and Wang, 2000;

Puning-Koch and Mclendon, 2000).
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The apoptosome, comprised of Apaf-l, cytochrome c, dATP, and procaspase 9,

exists as either a -700 kDa or a - 1.4 MDa complex (Cain et a1.,2000). It has been

proposed that the smaller 700 kDa complex is the active complex as both active caspase 9

and processed caspase 3 can be detected in cells expressing this complex (Cain et al.,

2000). Furthermore, cells treated with apoptotic stimuli rapidly assemble the 700 kDa

complex and process caspases (Cain et a\.,2000). In contrast, the 1.4 MDa complex is

biologically inactive, suggesting an additional level of regulation (Cain et aL.,2000).

This is supported by recent identification of NAC, a regulator of Apaf-l containing a

CARD, which is found in association with Apaf-1 in complexes greater than 1 MDa (Chu

et a\.,2001). However, NAC is reported to be a synergistic enhancer of Apaf-1-mediated

caspase activation, not a negative regulator (Chu et aL.,2001). The same sequence has

also been described as DEFCAP and is classified as a CED-4 homologue (Hlaing et al.,

2001). This group determined that DEFCAP was an apoptotic inducer and assisted in

procaspase 2 activation (Hlaing et aL.,2001). Therefore, it still remains possible that the

larger 1.4 MDa complex is maintained in an inactive state by as yet unidentified

regulatory molecules, perhaps XIAP or similar proteins, as mentioned earlier (Bratton ef

al., 2001). HSP70, which permits Apaf-l oligomerization into large complexes but

inhibits recruitment of procaspase 9 thus negatively regulating the apoptosome (Beere el

a\.,2000; Saleh et aL.,2000), is an excellent candidate.

Germ line deletion of apaf-l in mice is lethal at embryonic day 16.5 (Cecconi et

al., 1998; Yoshida et a\.,1998). Furthermore, these animals feature severe craniofacial

abnormalities, brain overgrowth, and persistence of interdigital webs (Cecconi et al.,

1998; Yoshida et aL.,1998). These studies define Apaf-1 as a critical component of PCD
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and development. In addition, ín vitro studies using cells derived from apaf-l-'' mice

have significantly contributed to ordering the release of cytochrome c upstream of

procaspase 9 activation (Cecconi et a|.,1998; Yoshida et a\.,1998). However, apaf-L"--

derived cells still remain sensitive to some apoptotic stimuli (Cecconi et al., 1998;

Yoshida et a\.,1998), suggesting that (i) apaf-l't'-d,erived cells can undergo apoptosis via

mitochondrial-independent pathways, such as that observed in response to death receptor

ligation in type I cells (Section 1.3.5.1); or (ii) alternate Apaf-1 homologues may exist.
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oncogene (Bakhshi et al., 1985; Cleary and Sklar, 1985, Cleary et al., 1986). This

particular translocation was identified in -85o/o of human follicular lymphomas and thus

classified as a proto-oncogene (Tsujimoto et al., 1985). Bcl-2 is a unique proto-oncogene

in that it does not favor cell proliferation, but rather cell survival in sub-optimal growth

conditions (Kelekar and Thompson, 1998). These conditions include growth factor

deprivation, ultraviolet (UV) and y-inadiation, heat shock, viral infection, and in the

presence of cytotoxic lymphokines, calcium ionophores, ffid free radical generating

agents (Schendel et al., 1998). Interestingly, not only can BCL-2 inhibit apoptosis

induced by the aforementioned events, but also necrosis induced by chemical hypoxia,

cyanide, rotenone, antimycin A, kainic acid and tumor necrosis factor-cr (TNF-cr) (Gross

et a|.,1999).

Transgenic experiments in C. elegans, in which BCL-2 rescued cells typically

committed to cell death in both wild type and ced-9-deficient animals, established that

BCL-2 is a functional homologue of CED-9 (Vaux et al., 1992; Hengartner and Horvitz,

1994). Subsequent studies identified numerous related proteins. Currently, there are

more than 20 known members of the BCL-2 family with opposing functions and varying

degrees of homology in both mammalian cells and viruses (Minn et a\.,1998). This large

family is now broadly divided into anti-apoptotic (pro-survival) and pro-apoptotic

proteins. Mammalian anti-apoptotic members include BCL-2, BCL-X¡, BCL-w, MCL-1,

41, adenovirus EIB l9K, Eppstein-Barr virus BHRF-I, and C. elegans CED-9. The

mammalian pro-apoptotic subfamily includes BAX, BAK, BCL-X5, BOK/N4TD, BAD,

BIK, BID, BIM, HRK, BLK, NOXA, BCL-RAMBO and C. elegans EGL-i (reviewed in

Kelekar and Thompson, 1998; Minn et a1.,1998; Adams and Cory, 1998; Gross et al.,
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1999; Oda et aL.,2000; Kataoka et a|.,2001). As alludedto earlier, deregulationof anti-

apoptotic bcl-2 expression is a contributing factor to the development of leukemia and

lymphoma (Tsujimoto et al., 1985) as well as many other types of cancer (Yang and

Korsmeyer,1996). Likewise, inactivating frameshift mutations of the pro-apoptotic bax

gene provide a selective growth advantage to cells during the development of

haemopoietic, gastric, and colorectal malignancies (Brimmell et aL.,1998; Ionov et al.,

2000). Furthermore, expression of bax suppresses tumorigenesis and stimulates

apoptosis of tumors ín vivo (Yin e/ a\.,1997). Therefore, study of this protein family and

its role in apoptosis will contribute significantly to understanding tumorigenesis. BCL-2

family proteins are proposed to regulate cell death in a variety of ways including homo-

and heterodimeric interactions, sequestering non-BCL-2 proteins, and impacting

mitochondrial function (Minn et al., 1998). The role of BCL-2 proteins at the

mitochondria will be discussed in detail.

35
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Figure 5: Classification and organization of BCL-2 family members. The
general organization of the BH3 and TM domains of various BCl-2-related proteins
is indicated. The family is divided into anti-apoptotic and pro-apoptotic proteins.
Subgroups exist in each category, as defined by the presence or absence of the BH
domains. V/ith the exception of C. elega¡¿s CED-9 and EGL-I, only mammalian
BCl-2-related proteins are shown. Illustrations are not to scale. (Adapted from
Kelekar and Thompson, 1998).
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1.5.1 Structural features ofBCL-Z family proteins

The basis for establishing the BCL-2 family is four conserved regions known as

the BCL-2 homology domains, BHl-4. The distribution of these domains fuither

subdivides the BCL-2 family (Figure 5) (Adams and Cory, 1998; Kelekar and Thompson,

1998). To date, all anti-apoptotic BCL-Z proteins contain all four BH domains and a

carboxyl-terminal TM domain. This set of proteins is further subdivided into class I or II

proteins due to the presence or absence of a loop forming region between BH3 and BH4

domains, respectively (Kelekar and Thompson, 1998). Note that the BH4 domain is

exclusive to anti-apoptotic proteins with the exception of BCL-X5, a splice variant of

BCL-XI (Minn et aL.,1996). Pro-apoptotic BCL-2 proteins are divided into th¡ee classes.

class I pro-apoptotic proteins feature BHl, BH2, BH3, and TM domains and

predominantly function via antagonizing anti-apoptotic proteins. Recent data suggest

that these proteins can also promote cell death via heterodimerization-independent

mechanisms (reviewed in Kelekar and Thompson, 1998; Minn et a\.,1998). Currently,

BCL-Xs is the only known member of class II pro-apoptotic proteins and promotes cell

death by antagonizing anti-apoptotic BCL-X¡ (Minn et a\.,1996). Class III proreins are

potent death agonists and are also referred to as "BH3-only" proteins as they share

homology with BCL-2 only in this region. This region is required for heterodimerization

and pro-apoptotic activity. Many BCL-2 family members also have a TM domain that

dictates subcellular localization (Kelekar and Thompson, 1998; Minn et a\.,1998).
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1.5.1.1 The BHI and BH2 domains

The least studied of the BH domains are BHl and BH2. The BHl and BH2

domains are2l and 16 residues long, respectively, and are typically separated by 30 to 40

amino acids (Minn et a\.,1998). Although BCL-} proteins are often illustrated linearly,

the three-dimensional association of the BH domains contributes to protein-protein

interactions. This is especially evident from X-ray and NMR @uclear magnetic

resonance) studies of the antagonist BCL-XI which demonstrate that BCL-X¡ is

primarily comprised of seven c¿-helices (Muchmore et al., 1996). Specifically, the cr-

helices of the BHl and BH2 domains cooperate with the cr-helical BH3 domain to form a

hydrophobic pocket on the surface of the protein. It is proposed that this cleft is

analogous to a 'receptor' and thus facilitates interaction with pro-apoptotic proteins

(Sattler et a|.,1997). BCL-Xs, which lacks the BHl and BH2 domains, does not interact

with any of the death agonists of the BCL-Z family indicating that these two regions are

essential for heterodimerization between opposing family members (Minn et al., 1996;

Kelekar and Thompson, 1998). Furthermore, mutation of a conserved glycine residue

(Glyt'*) within the BHI domain, which contributes to the hydrophobic pocket, hinders

interaction with death agonists and negates the protective activity of BCL-XI (Yin et al.,

1994; Sattler et al., 1997; Kelekar and Thompson, 1998). The BHI and BH2 domains

are also present in pro-apoptotic family members and may be involved in mitochondrial

deregulation, as described in Sections 1.5.3.3 and 1.6.
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1.5.1.2 The BH3 domain

The BH3 domain is the only domain shared by all BCL-2-related proteins. Not

only does it contribute to formation of the hydrophobic pocket of anti-apoptotic BCL-Z

proteins (Muchmore et al., 1996; Sattler et al., 1997), it is the single most important

domain for death agonists (Kelekar and Thompson, 1998; Minn et aL.,1998). So much

so that an entire branch of BH3-only (class III) proteins has diverged in both mammals

and the nematode C. elegans. The BH3 domain was initially identified as a span of l6

residues in BAK necessary for heterodimerization with anti-apoptotic BCL-2 proteins

and promotion of cell death (Chittenden et al., 1995; Sattler et al., 1997;' Kelekar and

Thompson, 1998). Structural, functional, and point mutation analyses have identified

eight residues that define the core of the BH3 domain (Figure 6). The crucial residues are

leucine at position I and aspartate at position 6 of the BH3 domain core (Kelekar and

Thompson, 1998). These residues are essential to heterodimerization and pro-apoptotic

activity. Interestingly, these residues are also present in some BCL-Z death agonists.

However, it is postulated that the presence or absence of a non-polar residue at position 4

of the BH3 core may determine anti- or pro-apoptotic activity, respectively (Kelekar and

Thompson, 1998). It is likely not that simple, as sequences surrounding the BH3 domain

have also been implicated in determining protein function (Sattler et aL.,1997).

Recently, structural studies have provided clues as to how anti- and pro-apoptotic

proteins may be differentiated. As mentioned previously, X-ray and NMR examination

of BCL-XI complexed to the BH3 domain of BAK revealed that the BH3 peptide formed

an amphipathic c-helix that inserted into the hydrophobic groove of BCL-XI (Sattler el

a|.,1997). Subsequent solving of the three-dimensional structure of the BH3-only death
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agonist BID, which is surprisingly similar to BCL-XI despite opposing function and

dissimilar primary sequences outside of the BH3 domain, has provided additional insight

into how the BH3 domain contributes to the regulation of cell death (Gross et al., 1999).

Specifically, the hydrophobic face of the BH3 domain of BID is packed against

neighboring helices but it is exposed in active truncated BID (tBID) (Chou et al.,1999;

McDonnell et al.,1999). This observation coupled with secondary structure predictions

of other BCL-Z-related proteins yields the emergence of two conformational subgroups

based on the accessibility of the BH3 domain (Figure 6) (Gross et aL.,1999; McDonnell

et al., 1999). Specifically, anti-apoptotic or inactive pro-apoptotic proteins have their

BH3 domain buried within their structure, while constitutively active pro-apoptotic

proteins have an exposed BH3 domain (Gross et a|.,1999; McDonnell et a|.,1999). This

model likely provides a regulatory step for modulation of BCL-} proteins. Regardless,

there are numerous biochemical studies to support the significant contribution of the BH3

domain to the heterodimerizaÍion and function of pro-apoptotic BCL-2 proteins as

deletion of this region impairs pro-apoptotic activity and can disrupt protein binding

(reviewedinAdamsandCory, 1998; KelekarandThompson, 1998;Gross etal.,1999).

Recently, the solution structure of full-length pro-apoptotic BAX has been solved and is

remarkably similar to the structures of BCL-2, BCL-X¡, and BID (Suzuki et aL.,2000).

Furthermore, previous studies of BCL-2 and BCL-X¡ wêrê unable to determine the

impact of the carboxyl-terminal hydrophobic TM domain. However, NMR studies of full

length BAX have determined that the TM domain regulates the accessibility of the BH3

domain (Suzuki et a1.,2000). This is supported by previous work that speculated the

BH3 domain became accessible only after the integration of BAX into the outer
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mitochondrial membrane via its TM domain (Section 1.5.1.4; Goping et al., 1998). In

addition, the same study revealed a role for the amino-terminus in regulating the

accessibility of the BH3 domain of BAX (Goping et al., 1998). Possible cooperative

effects between the amino-terminus and the carboxyl-terminal TM domain remain to be

determined.

The BH3 domain may also function as a regulatory domain that prevents the

integral association of a hairpin pair of central hydrophobic c-helices (45 and c6 of

BCL-} and BCL-X¡_) with the outer mitochondrial membrane (Schendel et al., 1998).

Equivalent pairs of cr-helices have been observed in BID and BAX (Chou et al., 1999;

McDonnell et al., 1999; Suzuki et a\.,2000). This region resembles the translocation

domain of bacterial toxins and have all been shown to form ion channels in vitro that may

contribute to apoptosis via regulation of mitochondrial homeostasis (Section 1.5.3.3;

Schendel et aL.,1998).
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1.5.1.3 The BH4 domain

The amino-terminal BH4 domain is well conserved among anti-apoptotic BCL-2

proteins. The BH4 domain contributes to the anti-apoptotic activity of this protein as its

deletion converts BCL-? and BCL-X¡ to pro-apoptotic proteins in some cell types

(Bomer et aL.,1994:Borner et a|.,1996; Hunter et a1.,1996; Huang et al., 1998; Shimizu

et a1.,2000a). Recently, it was shown that the BH4 domain of BCL-2 and BCL-XL

prevents mitochondrial deregulation characteristic of apoptosis (Shimizu et o1.,2000a).

The BH4 domain facilitates interactions with itself (Hanada et al.,1995) as well as non-

BCL-2 proteins, such as calcineurin (Shibasaki et al.,1997), Raf-1 ('Wang et al.,1996),

p28 BAP31 (Ng et a1.,1997), Apaf-l (Huet a1.,1998; Newmeyer et a1.,2000), and C.

elegans CED-4 (Huang et al., 1998). The functional significance of these interactions

with resoect to the resulation of cell death is unknown.

1.5.1.4 The TM domain

The carboxyl-terminal TM domain consists of 19 hydrophobic amino acids and is

present in most BCL-2 family members (Minn et aL.,1998; Zamzarri et a|.,1998). This

C-terminal anchoring sequence localizes proteins to the outer mitochondrial membrane

and the contiguous membrane comprising the endoplasmic reticulum (ER) and nuclear

envelope (Krajewski et al., 1993). The prototypical anti- and pro-apoptotic proteins,

BCL-Z and BAX, respectively, localize to distinct patches on the outer mitochondrial

membrane, usually at the contact sites where the in¡er and outer membranes are in close

proximity (Minn et al., 1998; Zamzarni et al., 1998). Furthermore, it is postulated that
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endogenous BAX is c¡{osolic or loosely associated with the mitochondria until prompted

to integrate by an apoptotic signal. Regardless, deletion of the TM domain impacts on

the activity of these proteins. Specifically, BCL-Z lacking its TM domain is primarily

cytosolic and abolishes or diminishes its protective function. Similarly, TM-deficient

BAX prevents mitochondrial localization and abolishes its pro-apoptotic function

(reviewed in Zarnzanti et al., 1998). However, targeting of BCL-2 or BAX to the

mitochondria via heterologous TM domain sequences restores localization and function

(Zha et al., I996a; Zhu et al., 1996; Goping et al., 1998). Other BCL-2 family members

lacking a TM domain are primarily cytosolic, but appear to efficiently translocate and

integrate into the mitochondria following an apoptotic stimulus (Kelekar and Thompson,

1998; Minn et aL.,1998). This has been demonstrated for BIM (Puthalakath et a\.,1999),

BID (Li et a1.,1998; Luo et al. 1998; Gross et a1.,1999a), and BAD (Zha et al.,1996)

following various post-translational modifi cations.

Interestingly,localizafion to the mitochondria is not absolutely required for BCL-

2 function. Expression of chimeric BCL-? proteins containing TM domain sequences

from ER proteins, such as actinomycin A or cytochrome b5, âr€ also able to inhibit

apoptosis in a cell type, signal-specific manner (Zhu et al.,1996;Lee et al., t999; Hacki

et al., 2000). Therefore, it is plausible that simply the anchoring of BCL-} to an

intracellular membrane is sufficient for cellular protection (Minn et a\.,199S). However,

chimeric BCL-2 protein can still heterodimerize with endogenous mitochondrial BCL-2-

related (and unrelated) proteins, therefore it is equally possible that chimeric BCL-2 can

still influence mitochondrial function despite forced targeting to the ER (Zamzarm et al.,

1 998).
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1.5.2 Post-translational modification of BCL-2 family proteins

The large number of family members suggests complex regulation perhaps

designed to sense different types of cellular damage (Gross et al.,1999). There is limited

evidence that BCL-2-related proteins may be transcriptionally regulated in response to

death stimuli (Gross et al., 1999). However, there is good evidence that post-

translational modifications such as, phosphorylation and proteolytic cleavage in response

to various stimuli, contribute to active and inactive conformers of BCL-2 proteins (Gross

et a1.,1999). As well, a number of BCL-2 proteins oligomerize and translocate within

the cell, however it is unclear if these events are a form of post-translational modification

or a consequence of modification. To complicate matters, it has also been observed that a

single protein can be regulated by more than one type of modification (Zha et al., 1996;

Li et al. , 1998; Luo et al. , 1998; Puthalakath et al. , 1999).

1.5.2.1 Phosphorylation state

The activity of a signal transduction protein is often determined by its

phosphorylation state. For example, in the presence of growth factors, BAD is held

inactive due to phosphorylation at residues serine-136 and se¡ine-II2 (Datta et a\.,1997;

del Peso et al., 1997; Blume-Jensen et al., 1998; Harada et al., 1999). Serine-i36 is

specifically phosphorylated by AKT/PKB (protein kinase E), a serine/threonine kinase

downstream of phopholnositide 3-kinase (PI3K) (Datta et al., 1997; del Peso et al.,

1997). Protein kinase A (PKA), which is tethered to the mitochondria by A-kinase

anchoring protein (AKAP), specifically targets serine-I12 (Harada et al., 1999).
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Phosphorylated BAD is sequestered in the cytosol by a 14-3-3 protein that recognizes

phosphoserine residues, thereby preventing it from acting on the mitochondria (Zha et al.,

1996). In the absence of growth factor, BAD is dephosphorylated and thus permitted to

associate with BCL-2IBCL-XL at the mitochondria. It is hypothesized that BAD

promotes cell death by recruitingBCL-2lBCl-Xl away from other binding partners (Zha

et a\.,1996; Gross et al., 1999). Dephosphorylated BAD heterodimerizes with BCL-2

and BCL-X¡ by inserting its BH3 domain into the hydrophobic clefts of BCL-2 and

BCL-XL (Gross et al., 1999). It is predicted that phosphorylation renders the BH3

domain unavailable for interaction, in accordance with the model set forth by McDonnell

et al. (1999).

The phosphorylation of BCL-Z has also been reported to impact its cytoprotective

activity. Specifically, serine phosphorylation sites have been identified in the proposed

loop region located between the BH4 and BH3 domains of BCL-2 and BCL-X¡ (Halder

et aL.,1995; Chang et a|.,1997;Ifo et a|.,1997; Poommipanit et a|.,1999). These sites

are proposed to negatively regulate BCL-? function as removal of the loop region

enhances apoptosis in some experimental systems (Srivastava et al., 1999; Wang et al.,

1999). It is speculated that phosphorylation within the loop region of BCL-2 yields an

altered conformation that influences its function (Gross et a|.,1999).

1.5.2.2 Proteolytic cleavage

Unlike phosphorylation, proteolytic cleavage is an irreversible mechanism of

protein activation. BID is a cytosolic BH3-only protein that is cleaved fromp22 to p15

by activated caspase 8 following ligation of death receptors (Li et al.,1998;Luo et al.,

46



1998) orto p17 by granzyme B (Barry et aL.,2000; Sutton et aL.,2000; Alimonti et al.,

2001). This cleavage event removes amino-terminal negative regulatory sequences and

permits translocation of the p15 or p17 fragment, referred to as IBID (!runcated BID), to

the mitochondria (Li et al.,1998;Luo et al.,1998). Furthermore, specific translocation

of tBID to the mitochondria is due to post-translational N-myristoylation of a glycine

residue exposed following proteolytic processing, suggesting yet another level of

regulation (Zha et a|.,2000). Structural NMR studies reveal that removal of the amino-

terminus exposes more than 200 

^2 
of previously buried hydrophobic surface. The net

electrostatic charge changes from -13 for BID to -4 for tBID (McDonnell et al.,1999).

Interestingly, the buried surface corresponds to the hydrophobic surface of the BH3

domain that can interact with BAX (Gross et al.,1999). Furthermore, there is evidence

that association of tBID with BAX or BAK induces a conformational change in

BA)VBAK that promotes their integration into the outer mitochondrial membrane

(Desagher et al., 1999; Crompton, 2000; Korsmeyer et al., 2000). This event yields

release of the caspase activator cytochrome c, however, although BAX and/or BAK are

required for tBlD-induced cytochrome c release, the molecular details of how

cytochrome c escapes the mitochondria remain elusive (Crompton, 2000; Korsmeyer e/

al., 2000; Wei et al., 2000a; Wei et al., 2001). Interesting, an analogous proteolytic

cleavage event has recently been identified for BAD, also a BH3-only pro-apoptotic

protein (Condorelli et ol., 2001). Similar to tBID, truncated BAD also translocates to the

mitochondria and induces cytochrome c release in response to ligation of death receptors,

as well as growth factor withdrawal (Condorelli et a\.,2001).
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Anti-apoptotic BCL-2 proteins can also be cleaved by proteases. Proteolytic

processing within the loop region of BCL-2 and BCL-X¡ relrtov€S the amino-terminal

BH4 domain and exposes the BH3 domain (Cheng et al., 1997). This effectively

converts BCL-2 from an anti-apoptotic protein to a pro-apoptotic protein (Cheng et al.,

1997). Caspases can cleave BCL-Z and BCL-X¡ in response to a variety of death stimuli

in a cell type dependent manner (Cheng et al., 1997; Clem et al., 1998; Fujita et al.,

1998; Fujita and Tsuruo, 1998; Grandgirard et al., 1998). The cleavage fragment

generated by caspase-dependent cleavage of BCL-2 anti-apoptotic proteins promotes the

release of cytochrome c from the mitochondria (Kirsch et al., 1999). This type of

mechanism contributes to a feed-forward amplification loop for efficiently killing the cell

following the initial activation of the caspase cascade (Kirsch et al.,1999).

1.5.2.3 Oligomerization and Translocation

As mentioned previously, it is uncertain whether protein oligomerization and

translocation events activate these proteins or are a consequence of other post-

translational modifications. The phosphorylation-dependent relocalization of BAD and

cleavage-dependent translocation of BID are but two examples of this phenomenon

(Sections I.5.2.1 and 1.5.2.2). In any case, the BCL-2 superfamily is unique in that

members exhibit a high capacity for protein-protein interactions. Homo- and

heterodimeric interactions between pro- and anti-apoptotic BCL-Z family proteins form

the basis of the'rheostat'model of cell death regulation (Section 1.5.3.1; Oltvai et al.,

1993). Recently, higher order oligomers have also been detected for some family

members such as BAX and BAK in vítro (Antonsson et aL.,2000; Wei et aL.,2000a) and
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invivo (Antonsson et a\.,2001). Inactive BAX is monomeric and cytosolic while active

mitochondrial BAX is cross-linkable as a homodimer (Goping et a|.,1998; Gross et al.,

1998; Conus er a1.,2000a). In vitro removal of the amino-terminus permits BAX

dimerization (and thus activation), translocation and integration into the outer

mitochondrial membrane (Goping et al., 1998). Alteration of the amino-terminus of

BAX has yet to be confirmed in vivo. However, it is presumed that BAX is held in an

inactive conformation due to an amino-terminal regulatory sequence that buries the BH3

domain, preventing killing and dimerization (Goping et al., 1998; McDonnell et al.,

1999). Consistent with these observations is the finding that enforced dimerization of

BAX triggers translocation of BAX homodimers to the mitochondria where it exerts its

pro-apoptotic activity (Gross et aL.,1998). Alternatively, in response to a death signal,

BAX oligomerization and insertion into the mitochondrial membrane of apoptotic cells

has also been observed (Antonsson el a1.,2001). However, NMR studies of BAX reveal

that the TM domain regulates BH3 domain accessibility (Suzuki et a|.,2000). It remains

possible that the amino-terminus and the TM domain cooperatively regulate the BH3

domain.. The accessibility of the BH3 domain of BAK is similarly regulated by the

amino-terminus (Desagher et al.,1999; Griffiths et al.,1999). It has recently been shown

that BCL-2 does not homodimerize to prevent apoptosis, but rather remains as a

monomer at the mitochondria even in the presence of deatli stimuli (Conus et a\.,2000a).

Furthermore, BCL-Z dimers were detected only when the BHI and BH2 domains were

removed or altered which also significantly diminished cell protective activity (Conus e/

aL.,2000a).
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Sequestering proteins in different subcellular areas ensures that pathways are not

activated accidentally. Likewise, the active translocation of pro-apoptotic molecules

from their latent 'hiding spot' to their site of action yields an additional mode of

regulation. As mentioned previously, cytosolic inactive BAX translocates (and

integrates) to the outer mitochondrial membrane where it is found as a cross-linkable

homodimer or oligomer, and exerts its cytotoxic activity following a death stimulus

(Goping et al., 1998; Gross et al., 1998; Conus et aL.,2000a; Antonsson et a|.,2001).

The BH3-only death agonist, BIM, normally localizes to the microtubule-associated

dynein motor complex through interaction with the LC8 dynein light chain (Puthalakath

et al., 1999). However, in response to an apoptotic signal, BIM redistributes to the

mitochondria where it interacts with and antagonizes BCL-2 (Puthalakath et al.,1999).

1.5.3 Models of BCL-2 function: pro- and anti-apoptotic

As described earlier, BCL-2 family proteins are proposed to regulate cell death in

a variety of ways including homo- and heterodimeric interactions, sequestering non-

BCL-2 proteins, and impacting mitochondrial function (Minn et aL.,1998). Each model

will be touched upon. However, the role of BCL-2 proteins at the mitochondria will be

discussed in detail.

1.5.3.1 Rheostat model

The large number of homo- and heterodimeric interactions observed between

opposing members of the BCL-Z family prompted the hypothesis that the relative ratio of

pro-apoptotic proteins bound to anti-apoptotic proteins determines cell fate, at least in
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part (Oltvai et al., 1993). This is referred to as the rheostat model. This model is

consistent with reports that certain agonists heterodimerize with a particular subset of

antagonists. (However, binding pair specificity may be partially a result of tissue specific

expression as revealed from knock out studies [reviewed in Minn et al., 1998]). In

addition, enforced homodimerization of BAX induces apoptosis (Gross et al., i998).

However, mutants of BCL-X¡ and BAX have been described that fail to heterodimerize

through their BH3 domain but retain their cytoprotective and cytotoxic activities,

respectively, indicating that BCL-2 proteins can function independently of

heterodimerization (Cheng et a1.,1996; Simonian et al.,1996:Zha and Reed, 1997; Minn

et al., 1999). In addition, BAX and BAK are cytotoxic to yeast, an organism known to

lack endogenous BCL-2 family proteins (Ink et al., 7997; Jurgensmeier et ø1., 1997).

This indicates that the simple balance of pro-apoptotic to anti-apoptotic proteins is not

sufficient to control apoptosis and therefore BCL-2 proteins have the capacity to regulate

cell death by alternate mechanisms.

1.5.3.2 Displacement/sequestering of Apaf-l

Based on the interaction between CED-9 with CED-4, it has also been proposed

that BCL-2IBCL-XL inhibit cell death by binding to Apaf-l, thereby preventing Apaf-l

from contributing to caspase activation (Hu e/ al.,1998). This hypothesis is supported by

early observations that BCL-XI associated with CED-4 and this interaction was disrupted

by BAX, BAK, or BIK resulting in apoptosis (Hu et a\.,1998). Similarly, BCL-X¡ co-

immunoprecipitates with Apaf-l in mammalian cells (Hu e/ a1.,1998; Newmeyer et al.,

2000). In addition, expression of BCL-X¡ prevents the interaction between Apaf-1 and
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procaspase 9 effectively blocking caspase 9 maturation (Hu et a|.,1998). However, it has

also been shown that although BCL-XL associates with Apaf-l, it does not prevent

procaspase 9 processing Q.{ewmeyer et al., 2000). There is increasing evidence that

BCL-XL in fact does not interact with Apaf-l (Song et al., 1998; Minn et al., 1999;

Moriishi et al., 1999; Conus et a\.,2000). These studies might be rationalized with the

previous observations by the recent characterization of AVEN, a novel protein that can

simultaneously bind BCL-X¡ and Apaf-1 (Chau et aL.,2000). The significance of these

studies to the regulation of apoptosis remains to be determined. In addition, the role of

alternate Apaf-1-like proteins, such as Nodl/CARD4, Nod2, and CARDl2 (Section 1.4),

cannot be dismissed as yet.

1.5.3.3 Pore formation

Structu¡al studies reveal that the tertiary structure of BCL-2, BCL-XI, BAX, and

BID are all very similar to the translocation domain of diphtheria toxin and the pore-

forming domains of colicins A and El despite limited sequence homology. Specifically,

all of these proteins feature a hairpin pair of two central hydrophobic helices that are

sandwiched between two outer layers of amphipathic cr-helices (Muchmorc et al., 1996;

Sattler et a|.,1997; Chou et a1.,1999; McDonnell et a|.,1999; Suzuki et a\.,2000). In

bacteria, both diphtheria toxin and colicins kill cells by forming highly conductive

voltage-gated channels that are assembled as four helix bundles that insert into the

plasma membrane of target cells (London, 1992; Elkins et aI., 1997). The significant

similarities in structures prompted the hypothesis that BCL-} proteins may regulate cell

death by forming pores in cellular membranes, specifically the mitochondrial outer
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membrane (Muchmore et al., 1996; Sattler et al., 1997). Each residue of an a-helix

contributes -1.5 Å to its overall length and an average lipid bilayer is -30 Ä across its

hydrophobic internal surface (Montal and Mueller, 1972; reviewed in Schendel et ol.,

1998). Therefore, approximately 20 consecutive hydrophobic residues are required to

span a lipid bilayer (Schendel et al., 1998). Intriguingly, the two central helices of BCL-

X¡ (o5,o6) are each sufficiently long enough to span a cellular membrane once.

Therefore, since each BCL-XI monomer contributes two helices, its dimer would yield a

four helix bundle and effectively form a pore (Schendel et al., 1998). Intriguingly,

several groups have observed that BCL-Z, BCL-XI, BAX, and BID can each form pores

in liposomes or planar lipid bilayers in vitro (reviewed in Antonsson et aL.,1997; Minn e/

al., 7997; Schlesinger et al., 7997;. Schendel et al., 1998; Schendel et al., 1999), however

the assembly of a four helix bundle has not been formally demonstrated. In the case of

BAX, it is predicted that oligomerization would assemble a structure comprised of more

than just a four helix bundle (Antonsson et aL.,2001).

Pores formed by BCL-2 family members have different properties. Specifically,

BCL-2 and BCL-X¡ cân form pores with multiple levels of conductance and show

selectivity to cations (Minn et a|.,1997; Schendel et a|.,1997; Schlesinger et a\.,1997),

while BAX pores also have multiple conductance levels but are slightly anion selective

(Antonsson et a|.,1997; Schlesinger et al.,1997). It is likely that the residues lining the

mouth and length of the channel lumen determine the ionic specificity of the pore

(Schendel et a|.,1998). It remains to be determined if increased anion transport by BAX

(or its regulation by BCL-2IBCL-XL) induces apoptosis. Furthermore, deletion of cr5 and

cr6 from BCL-2 converts BCL-2 into a pro-apoptotic protein that presumably is unable to
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form pores suggesting that other mechanisms exist (Schendel et al., 1998). However,

wild type BCL-2 can prevent BAX channel formation in lipid vesicles (Antonsson et al.,

1997). It is unknown if the observed BCL-Z inhibition is because BCL-Z prevents

formation of BAX channels or because BCL-? forms pores with opposing ion selectivity

and therefore restores ionic balance.

BCL-} and BCL-X¡ do not readily form ion-conductive pores at neutral pH, but

do so in low pH conditions suggesting that protonation may be required to facilitate pore

formation, similar to colicin (Schendel et al., 1998). In contrast, BAX ion-conductive

channel formation and function are equivalent in acidic and neutral pH conditions

(Schlesinger et a|.,1998). It has been proposed that acidic pH facilitates the association

of recombinant proteins with the experimental lipid bilayers as the recombinant proteins

used in all of these experiments lack the carboxyl-terminal TM domain (Schendel et al.,

1998). (The presence of the TM domain reduces protein solubility and impairs

purification of recombinant protein.) Therefore, the function of the TM domain may be

to bring these molecules in contact with lipid membranes (Schlesinger et a|.,1997).

As mentioned. the structural studies revealed that helices a5 and c¿6 are hidden

within the interior of BCl-2-relafed proteins. Therefore, a conformational change is

likely required for pore formation. It is possible that these helices are exposed and

inserted into the membrane in response to binding of the BH3 domain at the hydrophobic

pocket (Schendel et al., 1998). Recently, the tertiary structure of full length BAX

demonstrated that the BH3 domain is protected by the hydrophobic TM domain (Suzuki

et a1.,2000). However, integration of the TM domain into the outer mitochondrial

membrane induced a conformation change that exposed the BH3 domain (Suzuki et al.,
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2000). Therefore, this conformational change and/or subsequent protein-protein

interactions through the BH3 domain may permit and/or facilitate inseftion of c5 and a6

into the mitochondrial membrane (Schendel et al., 1998). The latter hypothesis is

favorable as BH3-mediated homo- and heterodimerization of BCl-2-related proteins

have been observed (Section 1.5.1.2). It is noteworthy, however, thatthe significance of

BCL-2 proteins as ion channels in apoptosis is unclear, as these structures have only

recently been confirmed in vivo (Antonsson et aL.,2001).

1.6 The mitochondria and the permeability transition pore

Mitochondria are the primary energy producers of the cell and are essential to cell

survival. The mitochondrion is comprised of two lipid membranes with the tightly folded

cristae of the inner membrane surrounding the mitochondrial matrix. Embedded within

the inner membrane are the proteins of the electron transport chain (ETC) which facilitate

production of cellular energy in the form of ATP (Harris and Thompson, 2000).

Normally, the inner membrane is impermeable to protons (H*) so as to generate a proton

gradient that is necessary for ATP production. The proton gradient across the inner

membrane sets up an electrochemical gradient such that the matrix side of the inner

membrane is negatively charged, while the side facing the intermembrane space is

positively charged. This is referred to as the mitochondrial transmembrane potential

(AVm) (Bernardi, 1999). However, the passage of H- back into the matrix is possible and

is a highly regulated event. The inner membrane contains many different, specific

transporters including the adenine nucleotide t¡anslocator (ANT) which exchanges ADP

and ATP between the mitochondrial matrix and the intermembrane space (Vieira et al.,
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2000). The outer mitochondrial membrane sulrounds the inner membrane, creating an

intermembrane space, and is impermeant to the intermembrane protein, holocytochrome

c. Movement of molecules across the outer membrane is less regulated and is primarily

mediated by the voltage-dependent anion channel (VDAC, also known as porin), the

most abundant protein in the outer membrane (Hanis and Thompson, 2000). The

increased permeability of the mitochondria is referred to as the mitochondrial

permeability transition (Denecker et a|.,2001).

Mitochondrial membrane perrneability is believed to be regulated by a large

protein complex, known as the permeability transition (PT) pore, that resides at the

contact sites between the inne¡ and outer membrane (Bernardi, 1999; Crompton, 1999;

Denecker et al., 2001). The exact composition and arrangement of the PT pore is

unknown; however, proteins of the matrix, inner and outer membranes, intermembrane

space, and the cytosol have all been associated with the phenomenon of PT (Figure 7).

Specifically, cyclophilin D (matrix), ANT (inner membrane), VDAC (outer membrane),

and peripheral benzodiazepin receptor (PBR; intermembrane space), and hexokinase

(cytsol) are the known components of the putative PT pore (Beutner et al., 1998;

Bernardi, 1999; Denecker et al., 2001). The PT pore exists in an open and closed

configuration. The open state of the PT pore permits passage of solutes of -1500 Daltons

and is promoted by high matrix Ca*, inorganic phosphate, reactive oxygen grecies

(ROS), oxidant chemicals, high matrix pH, and low Arym (Denecker et aL.,2001). In

contrast, Mg--, ADP, low matrix pH, and high Aym favor the closed conformation of the

PT pore (Denecker et aL.,2001). Experimentally, cyclosporin A (a ligand of cyclophilin

D) and bongkrekic acid (a ligand of ANT) can induce closure of the PT pore. As well,
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several BCl-2-related proteins have been shown to regulate the state of PT pore (Harris

and Thompson, 2000).

Prolonged PT pore opening dissipates the H* gradient resulting in depolarizafion

of the mitochondria and consequently a decrease in the measured ÂVm. In turn, this

leads to uncoupling of oxidative phosphorylation, inhibition of respiration, increased

ROS generation, and finally loss of ATP production (Bemardi et al., 1999; Crompton,

i999; Denecker et al., 2001). Increased permeability of the mitochondrial membrane

also leads to hyperosmolarity of the matrix. The subsequent influx of water to restore

osmotic balance results in mitochondrial matrix swelling and eventual outer membrane

rupture (Gross et aL.,1999; Denecker et a|.,2001). Note that the same events which are

consequences of PT pore opening (elevated ROS, decreased ATP, and intramitochondrial

Ca* overload) can also initiate opening of the PT pore (Kroemer et al., 1998; Crompton,

1999). The sequence of these mitochondrial events, in relation to one another, remains

controversial.

However, maintenance of appropriate mitochondrial permeability is a requirement

for cell survival. Furthermore, free ATP/ADP exchange as well as the movement of

other metabolic anions, such as creatine phosphate, between the cytosol and the matrix, is

dependent on passage through the outer membrane (Harris and Thompson, 2000). The

deregulation of the PT pore is an important contributor to cellular destruction (Zarnzami

et al., 1995) and is an event in both apoptosis and necrosis (Kroemer et al., 1998;

Crompton, 1999; Denecker et a1.,200I). The fact that apoptosis and necrosis can be

triggered by the same events leads to the hypothesis that the type of cell death to which

the mitochondria contributes may be dependent on the timing of the deregulation.
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Specifically, in apoptosis PT pore opening is primarily considered to be an amplification

step that is secondary to initial caspase activation, while it is an early event in necrotic

cell death (Kroemer et a1.,1998; Crompton, 1999)'
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Figure 7: A schematic representation of the respiratory complexes, the F6F1-
ATPase, and the PT pore complex in the mitochondrial inner membrane (IM)
and outer membrane (OM). The localization and function (if known) of the
different proteins are depicted. The Arym is principally achieved by a H* gradient
generated by electron transport (^pH). This H* gradient is used by the FsF¡-ATPase
to synthesize ATP. The PT pore is proposed to be composed or influenced by
clustered components of the iru"rer and outer mitochondrial membrane, including
hexokinase, creatine kinase (CK), voltage-dependent anion channel (VDAC),
adenine nucleotide translocator (ANT), the peripheral benzodiazepine receptor
(PBR), and the mitochondrial matrix protein cyclophilin D (CycD). Different agents
that induce or inhibit PT pore opening are shown. (Adapted from Gross et a\.,1999).
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1.6.1 Mitochondrial dysfunction in apoptosis

PT pore opening, Arym suppression, and ROS production are all observed in

apoptosis. However, the role of these events in the apoptotic program is controversial

(Kroemer et al., 1998; Bernardi, 1999). Furthermore, a large part of the controversy

arises from the timing of these events in relation to cytochrome c release. There is a

substantial amount of data in the literature that suggests the primary contribution of

mitochondria to apoptosis is the release of apoptogenic proteins that facilitate caspase

activation and/or facilitate the ordered disassembly of the cell. There are several soluble

apoptogenic proteins localized to the mitochondrial intermembrane space that are

released in response to an appropriate death signal. The major ones include cytochrome

c, procaspases 2, 3, and 9 (Susin et al.,1999a; discussed in Section 1.3.4), the nuclease

4¡roptosis-lnducing facto¡ (AIF) (Susin et al., 7999), and the newly identified IAP

antagonist Smac/DIABLO (Du et aL.,2000; Verhagen et a1.,2000; Section 1.4). As well,

there are 75 other proteins released from the mitochondria that have been identified via

mass spectrometry with unknown function in apoptosis (Patterson et al., 2000).

However, the release of cytochrome c, which promotes caspase activation, is largely

believed to be the most important form of mitochondrial deregulation in apoptosis.

1.6.1.1 Cytochrome c release

Apocytochrome c is synthesized in the cytosol and imported into the

mitochondrial intermembrane space where it is converted to holocytochrome c via

attachment of a haem group by haem lyase (Reed, 1997b). In healthy cells,
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holocytochrome c shuttles electrons between complexes IIi and IV of the electron

transport chain, and thus is essential to ATP production (Lehninger et al., 1993).

However, the redistribution of holocytochrome c to the cytosol is highly apoptogenic as

cytochrome c is a co-factor, along with dATP/ATP, for Apaf-l-mediated caspase

activation and thus is a critical component of the apoptotic program (Section 1.4; Reed,

1997b). The mechanism of how cytoch¡ome c escapes the mitochondria is unknown,

however three primary models exist. The th¡ee proposed models for cytochrome c

release are: (i) mitochondrial swelling and subsequent outer membrane rupture in

response to PT pore opening or metabolic changes (Vander Heiden et a|.,1997;Yander

Heiden et ol., 1999a); (ii) regulated cytochrome c exit from the mitochondria through the

PT pore (Shimizu et a\.,1999); and (iii) an undefined cltochrome c-specific channel in

the mitochondrial outer membrane (Kluck et al.,1999).

As mentioned previously, increased permeability of the mitochondrial membrane

can lead to hyperosmolarity of the matrix and subsequent matrix swelling and expansion

of the tightly folded inner membrane. Due to the larger surface area of the numerous

cristae of the inner membrane compared to the outer membrane, non-specific rupture of

the outer membrane eventually occurs (Gross et al., 1999; Harris and Thompson, 2000;

Denecker et a|.,2001). Ultimately, this would release all intermitochondrial proteins into

the cytosol, including cltochrome c. In the context of the cell, increased mitochondrial

permeability can be due to changes in the state of the PT pore or changes in downstream

metabolites (that may also regulate the PT pore) (Hanis and Thompson, 2000).

Mitochondria are a repository for a variety of essential metabolites and ions that

regulate the PT pore. In addition, pro-apoptotic proteins such as BAX and BAK can
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induce PT pore opening and Ar.¡rm suppression (Pastorino et a\.,1998; Pastorino et al.,

1999; Shimizu and Tsujimoto, 2000). Prolonged opening of the PT pore has been

correlated with membrane depolarization, while short "flickers" do not affect cell

viability (Pastorino et a\.,1999; Petronilli et a\.,2001). It has also been shown that only

prolonged PT pore opening leads to cytochrome c release possibly due to increased

matrix volume which makes more cytochrome c available for release (Pastorino et al.,

1999; Petronilli et al., 200I). This speculation is rooted in electron micrographs that

shown that 85-90Yo cytoclvome c is localized to pleiomorphic intercristal spaces that

communicate with the intermembrane space by narrow tubular "channels" (Frey and

Mannella, 2000). Therefore, matrix/intercristal volume changes caused by the PT pore

would increase the amount of cytochrome c available for release (Petronilli et a|.,2001).

Interestingly, although cytochrome c release would be speculated to disturb ATP

production, and thus favor necrosis, there are two major observations that appear to

rationalize this supposed contradiction. First, as alluded to earlier, mitochondria appear

to contain two populations of cytochrome c. Specifrcally, 85-90yo of the total

mitochondrial cytochrome c is localized to "compartments" formed by the tightly folded

cristae which form bottleneck-type "entrances" that limits the movement of cytochrome c

within the intermembrane space (Frey and Mannella, 2000). Thus, only l0-15% of the

cytochrome c contained within a single mitochondrion, which is likely sufficient for

caspase activation, is actually available to be released (Frey and Mannella, 2000). The

remaining intermitochondrial cytochrome c is likely more than sufficient to maintain the

appropriate amount of ATP production that is required for apoptosis (Eguchi et al.,

1999). Alternatively, it has been observed that there are two subsets of mitochondria
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within an apoptotic cell, functional and non-functional (D'Herde et al., 2000).

Specifically, it was determined that cells cultured without required growth factors

exhibited two distinct populations of respiring, cytochrome c-containing and non-

respiring cytochrome c-deficient mitochondria. Therefore, this study suggested that a

subset of mitochondria release enough cytochrome c to activate the caspase pathway,

while a second subset of mitochondria maintain a functional ETC to facilitate energy

requiring steps in the apoptotic program (D'Herde et a|.,2000).

Matrix swelling has been observed in response to growth factor withdrawal and

treatment with the kinase inhibitor, straurosporine, and \ilas prevented by the anti-

apoptotic protein BCL-Xr (Vander Heiden et al., 1997). Furthermore, it was

subsequently established that BCL-X¡ regulates mitochondrial volume by facilitating

mitochondrial ATP/ADP exchange (Vander Heiden et al., 1999a). Alternatively, ion

channels formed by pro-apoptotic BCL-Z homologues may also disrupt mitochondrial

physiology and thereby contribute to matrix swelling and non-specific release of

cytochrome c (Schendel et al., 1998).

The previous model of cytochrome c release predicts massive disruption of the

organelle, either directly or indirectly. However, there is recent evidence that shows

some cell types can recover from cytochrome c release (Hakem et al., 1998; Yoshida e¡

al., 1998; Martinou et al., 1999). Furthermore, cytochrome c release from isolated

mitochondria has been shown to be independent of outer membrane rupture (Doran and

Halestrap, 2000). It follows then, that in order for cells to recover and survive,

mitochondrial function must be maintained or at least restored. Therefore, the

mechanism of cytochrome c release must be specific and gentle enough to permit cells to
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recover from cytochrome c efflux, provided that downstream apoptotic events are

sufficiently blocked (Von Ahsen et a\.,2000). It is possible that the PT pore itself or an

alternate specific transporter/channel acts as a conduit for cytochrome c to escape from

the mitochondria. The PT pore as a conduit model is largely favored by early data that

showed PT pore opening preceded caspase-mediated apoptotic events, and thus

cytochrome c release, ild was blocked by BCL-Z|BCL-Xt (Zamzami et al', 1995;

Castedo et al., 1996; Marchetti et al., 1996; Zarnzami et al., 1996). However, the open

PT pore is only permeable to molecules up to 1.5 kDa, far from the predicted molecular

mass of cytochrome c of 15-16 kDa. There is also substantial evidence that indicates

cytochrome c release can occur independently of Arym suppression, which is often used

as an indirect albeit not always accurate, indicator of PT pore opening (Kluck et al.,

1997; Yang et al., 1997; reviewed in Bernardi et al., 1999). However, there is recent

evidence to indicate thatBCL-2 related proteins interact with components of the PT pore.

For example, pro-apoptotic BAX directly interacts with ANT (Marzo et al., 1998) and

VDAC (Narita et aL.,1998) and in both cases facilitates cytochrome c release. There is

intriguing new data that suggests BAX and VDAC together form a pore larger than that

made by BAX or VDAC alone, and that this large BAX-VDAC pore is permeable to

c1'tochrome c (Shimizu et aL.,2000b). Furthermore, it has been shown that BCL-2iBCL-

X¡ closes the VDAC channel and prevents cell death, perhaps by recruiting BAX away

from VDAC (Shimizu et a|.,2000a).

Since BCL-2 proteins are present at the mitochondrial surface, perhaps they form

the proposed cytochrome c-specific pore. The pro-apoptotic proteins BID and BAX have

been reported to induce a limited permeabilization of the mitochondrial outer membrane
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to facilitate cytochrome c release (Kluck et al., 1999). Furthermore, active p15 BID

triggers BAK and/or BAX activation via the BH3 domain, inducing multimerization of

BAK or BAX molecules, thereby facilitating cytochrome c release (Crompton, 2000;

Korsmeyer et a\.,2000). This is supported by studies demonstrating an increase in the

proportion of BAX dimers and oligomers in response to death signals (Antonsson et al.,

2000). In addition, BAX oligomerization and channel formation have been shown to be

required for cytochrome c release from liposomes and from isolated mitochondria

(Antonsson et a\.,2000). Even more intriguing is the recent finding that BAX is present

as an oligomeric complex in the mitochondrial membranes of apoptotic cells (Antonsson

et a1.,2001). Probably the strongest support for this model is the recent finding that

germline deletion of BAX and BAK prevents cytochrome c release in response to a

variety of death signals, and thus are absolute requirements for cytochrome c release

(V/ei er al., 2001). In addition, electron microscopy and tomography of isolated

mitochondria incubated with recombinant BID and BAX do not reveal any lesions in the

outer mitochondrial membrane and thus supports "gentle" release of cytochrome c rather

than "abusive" rupture of the organelle (Von Ahsen et al., 2000a).

There are numerous conflicting reports about the role of pro-apoptotic BCL-2

family members in cytochrome c release. A recent study may have found the reason for

this. It was proposed that BH3-only proteins such as BID and BIK induce cytochrome c

release independent of mitochondrial transmembrane potential and the permeability

transition (PT) pore (Shimizu and Tsujimoto,2000). In contrast, BAX and BAK, which

have BHl ,BH2, and BH3 domains, induce cytochrome c release concomitantly with PT

pore opening. In addition, cytochrome c release induced by BAX and BAK was
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dependent on efficient mitochondrial respiration while BH3-only proteins were not

(Shimizu and Tsujimoto, 2000). These observations are consistent with several groups

(L¡o et al., 1998: Priault et a1.,1999; Hanis et a\.,2000; Gross et a\.,2000; Wei et al.,

2001). However, there is evidence of crosstalk between these two classes of BCL-2

proteins as BID can induce oligomerization of BAX and BAK resulting in cytochrome c

release (Desagher et a\.,1999;Wei et a|.,2001).

1.6.1.2 AIF

AIF is a 57 l<Da flavoprotein sequestered in the mitochondrial intermembrane

space with strong homology to bacterial fenodoxin and reduced nicotinamide adenine

dinucleotide (NADH) oxidoreductases (Susin et al.,1999). in the presence of apoptotic

stimuli, such as ceramide, staurosporine, glucocorticoids, and HIV infection, AIF

translocates to the nucleus and induces chromatin condensation and large-scale (> 50 kb)

DNA fragmentation but not oligonucleosomal fragmentation (Susin et aL.,7999;Feni et

a\.,2000). It is speculated that AIF activates an unidentified latent nuclear endonuclease

(Susin et al.,1999). ln invitro experiments, AIF plus cytosol induces Âym suppression

and cytochrome c release from isolated mitochondria (Susin et al.,1999). Microinjection

of AIF into live cells induces similar mitochondrial defects as well as phosphatidylserine

externalization and nuclear damage (Susin et al., 1999). Significantly, AlF-mediated

apoptosis occurs in the presence of the broad-spectrum caspase inhibitor, Ac-zVAD-fmk,

and in models deficient in Apaf-l or caspase 9 (Joza et al., 2001). Therefore, AIF-

induced apoptosis can be genetically uncoupled from the Apaf-l/caspase 9 regulated

apoptotic pathway and is a caspase-independent effector of apoptosis. AIF relocalization
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has also been observed in necrotic cell death (Daugas et ã1.,2000). As an

oxidoreductase, AIF contains flavin adenine dinucleotide (FAD). However, this

component of AIF is required for its oxidoreductase activity but not to induce apoptosis

(Susin et al.,lggg). In this regard, AIF parallels cytochrome c in that it has a role in both

cell survival and cell death, the latter of which is activated upon subcellular relocalization

(Lorenzo et al.,1999). Furthermore, AIF homologues have been identified in C. elegans,

Drosophila melanogaster, Xenopus laevis, and Schizosaccharomyces pombe (Lotenzo et

a1.,1999). Even more interesting, is the recent evidence that AIF is a critical regulator of

early developmental cell death (Joza et a\.,2001). The signaling mechanism that induces

AIF translocation remains elusive although PT pore opening has been implicated (Susin

et a|.,1999).

1.6.2 Mitochondrial dysfunction in necrosis

With the exception of the release of cytochrome c and Smac/DIABLO, many of

the mitochondrial events that mediate apoptosis also facilitate necrotic cell death

(Kroemer et a\.,1998; Denecker et a\.,2001). One wonders, then, how the cell makes

the decision of which path to take. The severity and kinetics of mitochondrial events as

well as intracellular energy levels are believed to contribute to the decision (Kroemer er

al., 1998). Although controversial, PT pore opening and ROS production in apoptosis

are generally considered to occur downstream of caspase activation (Kroemer et al.,

1998). In contrast, early mitochondrial dysfunction and excessive ROS production are

considered to be primary causative events in necrosis (Kroemer et a|.,1998). In addition,

ATP is required for apoptosis, but is dispensable for necrosis (Nicotera and Leist, L997;
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Tsujimoto, 1997; McConkey, 1998; Eguchi et al.,1999)' Interestingly, ATP levels, PT

pore opening, and ROS production are all intricately related events, the order of which

are highly controversial.

Although over-simplified, one mechanism of necrotic cell death hypothesizes that

the bioenergetic and redox catastrophe induced by early PT pore opening "outruns" the

cell's efforts to activate caspases and die by apoptosis (Hirsch et al.,1997;Leist et al.,

1997; Kroemer et sl., 1998; Lemasters, 1999). This is supported by experiments in

which cells treated with the apoptotic inducer staurosporine can die by necrosis if ATP

production is inhibited by the addition of oligomycin, an inhibitor of the FoFr-ATPase

(Leist et al., 1997; Nicotera and Leist, 1997). Similarly, ovelexpression of BAX or BAK

normally induces apoptosis. However, in the presence of the caspase inhibitor Ac-

zVAD-fmk, although apoptosis is inhibited, as determined by lack of characteristic

apoptotic nuclear damage, BAX- and BAK-expressing cells still die (Xiang et al.,19961'

McCarthy et al., 1997). Furthermore, expression of FADD, a component of the death

receptor-mediated apoptotic pathway, in caspase 8-/- cells or in the presence of caspase

inhibitors, is still sufficient to induce cell death (Kawahara et a|.,1998; Matsumura et al.,

2000). Under these conditions, FADD induces necrotic cell death (Kawahara et al.,

1998; Matsumura et a\.,2000; Denecker et a1.,2001). Therefore, apoptosis and necrosis

also share some mediators of cell death.

It is speculated that prolonged PT pore openings disturb general mitochondrial

physiology and thus induce cell death. For example, opening of the PT pore dissipates

the H* gradient required for ATP production, thereby uncoupling oxidative

phosphorylation (Gross et al., 1999). This is can lead to matrix alkalinization and
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cytosolic acidification, as observed in response to BAX (reviewed in Matsuyama and

Reed, 2000; Matsuyama et al., 2000) or the ionophore valinomycin (Furlong et al.,

1998). However, the role of pH as a regulator of apoptosis is debatable as transient

cytosolic alkalinization due to growth factor withdrawal has also been shown to promote

BAX integration into the mitochondria and subsequent cell death (Khaled et a|.,1999). It

has also been suggested that pH changes a¡e not causative of cell death but merely reflect

metabolic alterations in the dying cell (Von Ahsen et a|.,2000).

ROS production is a feature of both apoptosis and necrosis. There are many

cellular reactions which produce oxygen-derived free radicals (Jacobson, 1996).

However, the primary intracellular site of ROS production is the mitochondria. Under

normal cellular conditions, l-2Yo of the oxygen reduced by mitochondria during oxidative

phosphorylation can be converted to superoxide anion (Oz') (Boveris and Chance,1973).

Specifically, the NADH dehydrogenase (complex I) and ubisemiquinone (complex III)

intermediate of the electron transport chain produce ROS as a by-product of the reactions

they catalyze (Turrens, 1997). Examples of reactive oxygen-derived species include

superoxide anion (Oz'-), hydroxyl radical ('OH), hydrogen peroxide (HzOz), nitric oxide

(NO'), and peroxynitrate (ONOO). Furthermore, one species can be converted to

another form via intracellular processes (Jacobson, 1996). For example, O2'- can be

converted to HzOz via superoxide dismutase. Similarly,H2O2 and NO' can be converted

to "OH, the most potent intracellular oxygen radical (Jacobson, i996). The hydroxyl

radical can cause lipid peroxidation, oxidation of sugars and protein thiols, DNA base

damage, and strand breakage of nucleic acids (Bai et a1.,1999). Forthese reasons, cells

have evolved several antioxidant systems to counteract this intracellular oxidative stress.
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A balance between ROS production and levels of cellular antioxidants is required to

maintain cell survival (Jacobson, 1996; Bai et al., 1999). Therefore, increased ROS

production or depletion of antioxidants can yield higher than acceptable levels of ROS

and induce substantial cellular damage (Jacobson, 1996;Bai et a|.,1999).

The observation of ROS production in both apoptotic and necrotic cell death may

be explained by the observation of two stages of ROS production (Tan et al., 1998).

Specifically, an early stage of ROS production has been observed in apoptosis where

ROS levels were increased 5- to iO-fold. This early ROS production was speculated to

be due to immediate depletion of the antioxidant glutathione (Tan et al., 1998).

However, this initial low level production of ROS may also be due to the partial release

of cytochrome c from individual mitochondria (Frey and Manella, 2000). Alternatively,

it may be due to the subset of mitochondria that have released their cytochrome c

(D'Herde et aL.,2000). In both cases, ROS can be produced due to uncoupled oxidative

phosphorylation. A second, later stage of ROS production is subsequently observed

where ROS levels are200- to 400-fold higher than basal levels (Tan et al.,1998). This

stage is presumably due to deregulation of the ETC (Tan et a|.,1998), as a switch from

the normal 4-electron reduction of Oz to a I -electron reduction has been observed

following cytochrome c release from mitochondria (Cai and Jones, 1998). Therefore, in

apoptosis, this second burst of ROS production is secondary to an activated caspase

pathway suggesting that ROS production may function to complement cytochrome c-

dependenlcaspase-mediated apoptosis or as a back-up system to ensure execution of a

dying cell, either directly or indirectly (Cai and Jones, 1998). However, the order of

cytochrome c release relative to ROS production is highly controversial (Cai and Jones,
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1998; Dumont et a1.,1999; Hildeman et al., 1999; von Harsdorf et al., 1999). On the

other hand, necrosis is characterized by ATP depletion that is presumably due to ETC

deregulation (Tsujimoto,1997; Nicotera and Leist, 1997;McConkey, 1998). Therefore,

this scenario favors the rapid enhancement of ROS production in necrosis. In addition,

there is new evidence that indicates ROS may play a role in directly regulating caspase

activity. Specifically, caspases are cysteine proteases and therefore have a thiol residue

that is susceptible to oxidation and thiol nitrosylation (Denecker et a|.,2001). It is not

surprising then that optimal caspase activity is obtained under reducing conditions

(Stennicke and Salvesen, 1997; Denecker et aL.,2001). This is best demonstrated by

studies where in the same cellular context, low levels of ROS induce apoptosis, while

excessively high ROS levels promote inactivation of caspases and death by necrosis

(Hampton and Onenius, i997; Samali et a|.,1999; Denecker et a|.,200I). In addition,

procaspase 3 can be inhibited by nitrosylation of its catalytic cysteine (reviewed in

Denecker et a|.,2001).

PT pore opening, which is observed in both apoptotic and necrotic cell death, can

also induce ROS production (Section 1.6; Takeyana et a1.,7993; Zoratti and Szabo,

1995;Marchetli et aL.,1996; Kroemer et a1.,1997; Hildeman et a1.,1999). Interestingly,

the PT pore itself is subject to regulation by ROS (Kroemer et al., 1998). This may be

due to oxidation of a critical thiol residue of ANT, a component of the PT pore, which

results in sustained opening of the PT pore (Costantini et aL.,2000). The controversy of

whether ROS is a cause or consequence of PT pore opening has been previously

considered to be dependent on the death signal (Zoratli and Szabo, 1995; Kroemer et al.,

1997). However, it is probably more likely that ROS and PT pore opening participate in
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a feed-forward amplification loop (Kroemer et al., 1998; Jabs, 1999). The decision

between apoptosis and necrosis may be determined by the delicate intercommunication of

these events (Denecker et a\.,2001). However, this hypothesis remains to be formally

tested.

In C. elegans, ced-9 is encoded as a part of a bi-cistronic gene that also encodes a

protein similar to cytochrome bsoo of complex II of the ETC (Hengartner and Horvitz,

1994). This intriguing observation raised the possibility that the mammalian homologue

BCL-2 may function in regulation of cellular redox (Hengartner and Horvitz, 1994). This

hypothesis is supported by the observations that BCL-2 can inhibit apoptosis and ROS

production, and therefore functions as an antioxidant (Hockenbery et aL.,1993;Kane et

a\.,1993). However, the role of BCL-2 as an antioxidant has recently been challenged.

Specifically, it has been discovered that a commonly used ROS-sensitive probe,

dichlorofluorescin (DCF), is oxidized by cytochrome c (Burkitt and Wardman, 2001).

This finding has significant implications for the role of BCL-Z as an antioxidant as BCL-

2 has previously been shown to inhibit cytochrome c release (Kluck et a|.,1997;Yang et

ol., 1997). Therefore, the apparent antioxidant activity of BCL-Z measured as

suppression of DCF oxidation, may actually be due to the ability of BCL-2 to prevent the

release of cytochrome c (Cai and Jones, 1998; Burkitt and Wardman,2001). However,

BCL-2 can inhibit both cytochrome c- and caspase-independent cell death (Okuno et al.,

1998; Scaffidi et al., i998). It has also been proposed that overexpression of BCL-2

permits cells to adapt to a higher oxidative state by inducing a slightly higher level of

basal HzOz @egli Esposti et al., 1999). It is believed that by increasing basal H2O2

levels (ie. functioning as a pro-oxidant), BCL-2 enhances cellular antioxidant
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mechanisms (Steinman, 1995; Degli Esposti et al., 1999). However, higher ROS levels

may also prevent cell death by preventing caspase activation, as discussed previously

(Stennicke and Salvesen,1997; Denecker et al',2001).

Interestingly, a mass spectroscopy approach to identify proteins released from

mitochondria during cell death noted several antioxidant enzymes. It is possible that the

removal of antioxidant enzymes from mitochondria, the primary site of ROS production,

facilitates ROS-mediated cell death (Patterson et a\.,2000; Ferri and Kroemet, 2001). In

addition, antioxidants were also implicated in cell death by gene microarray analysis of

apoptosis-resistant cells which revealed increased expression of genes that contribute to

the production of glutathione (Voehringer et aL.,2000). The significance of these studies

to the regulation of cell death remains to be determined.

A definite marker of necrosis is ATP depletion. Mitochondria are the main

producers of cellular ATP. Therefore, any disruption of electron transport and oxidative

phosphorylation may result in an energetic catastrophe and ultimately compromise cell

survival. Interestingly, it has recently been found that overexpression of BAX impairs

oxidative phosphorylation in yeast thereby sufficiently disrupting mitochondrial

respiration so as to induce ATP depletion and cell death (Hanis et al., 2000).

Morphologically, yeast overexpressing BAX feature cytoplasmic vacuolation, disturbed

mitochondrial architecture, and minor or absent nuclear damage (Hanis et aL.,2000). As

well, yeast cells that have been modified to be dependent on oxidative phosphorylation

are sensitive to BAX, while respiration-incompetent cells are BAX-resistant (Gross et al.,

2000; Harris et a1.,2000). As well, it has also been reported that yeast with mutated

FoFr-ATP synthase or deficient in ANT is resistant to BAX toxicity (Marzo et al.,1998;
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Matsuyama et a\.,1998). In addition,BCL-} and BCL-XI are sufficient to prevent BAX-

induced cell death in yeast (Greenhalf et al., 1996;Tao et al.,1997;Tao et al., 1998

Minn ef a\.,1999; Gross et a\.,2000). These studies strongly suggest that BCL-2 family

members can act on highly conserved components of the mitochondria that may directly

correspond with similar molecules in mammalian cells (Gross et a|.,2000). Furthermore,

sequence analysis of yeast has determined that there are no genes coding for analogous

members of the caspase, Apaf-l , or BCL-2 families (Gross et a|.,2000), suggesting the

existence of an alternate, likely mitochondria-dependent/mediated form of cell death.

Recently, a novel model of ATP depletion has been developed. As mentioned

earlier, PARP cleavage serves as a valuable indicator of apoptotic cell death (Section

1.3.3). Since PARP is a DNA repair enzyme, it was assumed that PARP cleavage, from

116 kDa to 85 kDa, facilitated apoptosis by preventing DNA repair. However, this

hypothesis has never been formerly tested and thus PARP cleavage is regarded more as a

by-product, rather than a mediator, of apoptosis (Stroh and Schulze-Osthoff, 1998).

Interestingly, a role for PARP in modulating cell death has recently been proposed.

Excessive PARP activity leads to depletion of its substrate NAD*. In the reactions

required to synthesizenew NAD*, ATP is depleted (Ha and Snyder, 1999). Therefore,

during apoptosis, the purpose of caspase-mediated PARP cleavage, and thus inactivation,

may be to maintain cellular ATP supplies and thus would favor the apoptotic program

(Ha and Snyder, 1999). In contrast, excessive PARP activation, perhaps in response to

ROS-induced DNA damage, would favor necrosis due to PARP-mediated depletion of

ATP (Ha and Snyder, 1999). The significance of this data is unclear as PARP cleavage

has also been observed in necrotic cell death (Gobeil et a|.,2001). Specifically, a major
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50 kDa cleavage fragment is generated during necrosis and is likely due to lysosomal

proteases such as cathepsins B and G, that are released (Gobeil et al., 2001). It is

possible, however, that necrotic PARP cleavage increases PARP activity, which would

still fit with the model of Gobeil et al. (2001). This possibility remains to be examined.

Apoptosis and necrosis are likely two extremes of a continuum of possible types

of cell death whose end phenotype is dictated in part, by the availability of ATP, PT pore

opening, ROS production, and kinetics of caspase activation in the dying cell (l.licotera

and Leist, 1997; Formigli et a1.,2000). The increasing number of studies reporting

"caspase-independent" cell death support this concept (Denecker et o1.,200i).

Furthermore, it has been proposed that this continuum is a reflection of cell type-specific

responses to certain stimuli Q.,iicotera and Leist, 1997; Kroemer et al., 1998).

Interestingly, BCL-2 and BCL-X¡ are effective inhibitors of both apoptotic and

necrotic/caspase-independent cell death (Minn et a|.,1998; Bai et a|.,1999; Okuno et al.,

1998; reviewed by Tsujimoto, 1997;McConkey, 1998). In both cases, BCL-2 and BCL-

Xl can modulate mitochondrial homeostasis, including PT pore status, ÂVm, ROS, and

ATP production (Kluck et a|.,1997; Tsujimoto, 1997;Yang et aL.,1997; Shimin¿ et al.,

1998; Vander Heiden and Thompson, 1999; Vande¡ Heiden et al., 1999; Matsvyama et

aL.,2000; Vander Heiden and Thompson, 2000). Finally, mitochondria are essential for

cell survival and death and function to continuously monitor the overall state of the cell.

Mitochondrial deregulation may be the decision point between apoptotic and necrotic cell

death (Feni and Kroemer,200l).
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1.7 BNIP3 SubfamilY

The BNIP3 subfamily currently consists of the death-inducing proteins BNIP3,

NIX, and the C. elegans orthologue ceBNIP3. BNIP3 @CL-2lElB Nineteen-kiloDalton

interacting protein-]) was identified in a yeast two hybrid screen for potential binding

partners of the adenoviral BCL-} functional homologue, EiB 19K (Boyd et aL.,1994)-

This interaction was confirmed via coimmunoprecipitation experiments in mammalian

cells. In addition, BNIP3 was demonstrated to interact with BCL-2 via the yeast two

hybrid assay and coimmunoprecipitation. Interestingly, BCL-2 and ElB 19K bind to

BNIP3 via regions of shared homology (Boyd et al., 1994). BNIP3 was subsequently

cloned from various sources and predicted to be 194 amino acids (Boyd et al., 1994).

Expression studies show that BNIP3 is ubiquitously expressed in mouse tissues as a 1.7

kb major transcript and i.5 kb minor transcript. Specifically, BNIP3 mRNA is expressed

in oviduct, uterus, spleen, lung, stomach, brain, heart, kidney, liver, seminal vesicle,

lacrimal and submaxillary glands (Chen et a1.,1997). However, BNIP3 protein is found

only in skin, tongue, and skeletal muscle (Vande Velde et a|.,2000). As well, BNIP3

protein is present in mitochondrial fractions of HeLa and 293T but not MCF-7 cell lines

(Vande Velde et aL.,2000). The only known mammalian homologue of BNIP3 is NIX

(BNIP3-like protein-X; also known as BNIP3a, BNIP3L, 85) (Matsushima et a1.,1998;

Chen et a|.,1999; Imazu et aL.,1999; Ohi et aL.,1999; Yasuda et a|.,1999). Human NIX

is 219 amino acids, shares 56%o identity to human BNIP3, and has amino-terminal

sequence that is distinctly different compared to the equivalent region in BNIP3 (Chen er

al., 1999). NIX is expressed as 3.9 kb and 1.6 kb transcripts in heart, brain, placenta,

lung, liver, skeletal muscle, kidney, and pancreas (Yasuda et al., 1999). BNIP3 is
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evolutionarily conserved in C. elegans. The BNIP3 orthologue in C. elegans, ceBNIP3,

is Z2l amino acids and shares 2lo/o identity to human BNIP3 at the amino acid level

(yasuda et al., 1998a; Cizeau et a1.,2000). ceBNIP3 is expressed primarily in the

embryonic stage and to a lesser extent in the larval stage (Cizeau et aL.,2000), the two

main time periods of cell death in C. elegans (Sulston et al., 1983). BNIP3 family

members have four common features: (1) a PEST sequence, (2) a BH3-like domain, (3) a

death-inducing carboxyl-terminal transmembrane (TM) domain, and (4) a conserved

domain of 19 amino acids of unknown function (Figure 8) (Chen et al., 1999; Cizeat et

a1.,2000). The presence of a carboxyl-terminal TM domain and BH3-like domain places

BNIP3 in class III of the pro-apoptoficBCL-2 proteins.

BNIP3, NIX and ceBNIP3 all have amino-terminal PEST sequences that are rich

in proline (P), glutamate (E), serine (S), and threonine (T). PEST sequences aIe

associated with proteins that are degraded via the proteasome (Rogers et aL.,1986). Cells

transfected with BNIP3, NIX, or ceBNIP3 show decreasing amounts of protein over an

extended time course. Similar results are observed with corresponding inactive/non-

killing mutants lacking the TM domain, indicating that decreasing protein levels are not

due to BNIP3-, NIX-, or ceBNlP3-induced cell death (Chen et al., 1997; Chen et al.,

1999; Cizeav et al., 2000). Subsequent treatment with lactacystin, a proteasome

inhibitor, yields an accumulation of protein (Chen et al., 1999; Cizeau et al., 2000).

Furthermore, degradation of NIX from the amino-terminus to an 11 kDa carboxyl-

terminal fragment is prevented by the addition of lactacystin (Chen et al., 1999). The

significance of proteasome-mediated degradation of BNIP3 proteins is unknown.
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As described earlier, the BH3 domain is an eight amino acid core sequence

containing a conserved leucine and aspartate at positions I and 6, respectively, and forms

an a-helix. These two residues are the critical component of BH3-mediated

heterodimerization of BCL-2 proteins and pro-apoptotic activity (Kelekar and Thompson,

199S). Residues 110 to i18 of BNIP3 reveal limited sequence homology to other BH3-

only pro-apoptotic proteins (Yasuda et a\.,1998; Ray et a\.,2000). Alignment of this

region with the BH3 domain of BAK reveals that Leurl0 and Asprrs of BNIP3 (and

corresponding residues in NIX) are conserved (Ray et a|.,2000). However, secondary

structure predictions of this region suggest that it is unable to form the required c¿-helix

(Dr. A.H. Greenberg, unpublished observations). Furthermore, the predicted BH3

domain of ceBNIP3 contains two additional prolines immediately upstream of the

conserved aspartate (Cizeau et a\.,2000), which are known helix-breakers (Branden and

Tooze, 1991). It has been demonstrated via the yeast two hybrid assay that an

abbreviated portion of the BH3-like domain, amino acids 110 to 115, is required for

heterodimerization of BNIP3 with EIB 19K or BCL-XL (Yasuda et a|.,1998). However,

it has also been shown that BNIP3 lacking the BH3-like domain efficiently interacts with

itself, BCL-2, BCL-XI, and CED-9 via yeast two hybrid, coimmunoprecipitation, and an

in vitro binding assay (Ray el a\.,2000). Deletion mapping studies reveal that BNIP3

requires its amino-terminus to interact with BCL-2 but not BCL-XI. Furthermore, the

TM domain was required for heterodimerization with both BCL-? and BCL-XI and

homodimerization (Ray e/ a1.,2000). BH3-independent homo- and heterodimerization

have also been observed for NIX (Imazu et a1.,1999; Ohi et al., 1999; Yasuda et al.,

1999). Likewise, ceBNIP3 interacts with CED-9 and BCL-X¡ via its TM domain and
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independent of its BH3 domain (Cizeau et a\.,2000). Full length BNIP3 proteins induce

cell death (Chen et al., 1997; Chen et al., 1999; Cizeau et a1.,2000)' Functionally,

deletion of the BH3-like domain of BNIP3 has no significant effect on cell death assessed

by cellular morphology in Rat-l, MCF-7, and 10T1/2 cell lines (Ray et a1.,2000).

However, substitution of the BH3-like domain of BNIP3 for the BH3 domain of BAX

resrores the killing activity of BAX in MCF-7 cells (Yasudaet a\.,1998). It is possible

that the BH3-like domain of BNIP3 in the context of BAX is under different

conformational constraints due to the additional presence of BHl, BH2, and BH4

domains of BAX (Ray e/ a\.,2000). Lack of a functional BH3 domain places BNIP3-

related proteins in a unique subfamily within the larger family of pro-apoptotic BCL-?

proteins (Chen et a|.,1999).

BNIP3 also features a carboxyl-terminal TM domain at residues i64 to 184 that

mediates homodimerization,localization, and cell death. BNiP3 homodimerization has

been confirmed via two-dimensional electrophoresis of trypsin-digested fragments and

the yeast two hybrid assay (Chen et a\.,1997). Sequence analysis of this region reveals

an LXXLL motif that is proposed to be important for hydrophobic interactions (Ohi er

a1.,1999). Uniquely, BNIP3 family homodimers are stable under reducing and alkylating

conditions, as well as in the presence of 6 M urea (Chen et al.,1997). The TM domain

localizes BNIP3 family members to the outer mitochondrial membrane, as demonstrated

by co-localization with the mitochondria-specific stain Mitotracker (Yasuda et a|.,1998:

Ohi et al., 1999) and the mitochondrial protein Heat Shock Protein-60 (HSP60) (Chen er

al., 1997; Chen et al., 1999; Cizeau et a1.,2000). Removal of the TM domain yields a

free cytosolic staining pattern (Chen et a\.,1997; Yasuda et aL.,1998' Chen et al.,1999).
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Endogenous BNIP3 is loosely associated with the outer mitochondrial membrane in

muscle and MCF-7 and 293T cell lines, but is integrated via the TM domain when

overexpressed (Vande Velde et a1.,2000). The mechanism regulating insertion into the

mitochondrial membrane is unknown but is speculated to involve a conformational

change and/or change in binding partners, permitting protein integration (Vande Velde e/

a1.,2000). The TM domain is also required for induction of cell death as the deletion

mutanr BNIP3A16 4-194 is unable to induce cell death (Chen et al., 1997). Similar results

have been shown for NIX and ceBNIP3 (Chen et al., 1999: Cizeau et a1.,2000). Until

recently, it was assumed that homodimerization was critical for the killing activity of

BNIP3. However, there are a series of BNIP3 mutants that loealize correctly to the

mitochondria and kill efficiently yet do not homodimerize (Ray et aL.,2000) indicating

that homodimerization can be separated from killing activity. Furthermore, the TM

domain is believed to be critical for killing; however, TM domain swapping experiments

indicate that BNIP3 can kill from mitochondrial and non-mitochondrial sites provided

that the protein is anchored to an intracellular membrane (Ray er a\.,2000).

Overexpression of BNIP3 induces apoptosis, measured by chromatin

condensation, in Rat-l cells at approximately 12 hours post-transfection (Chen et al.,

1997). Cell death, as determined by cellular morphology, induced by overexpression

NIX or ceBNIP3 is slightly less efficient (Chen et aL.,1999;Cizeauet a1.,2000). Cell

death can only be delayed by stable overexpression of BCL-2 or BCL-X¡ in Rat-l and

10TI/2 cell lines, respectively (Chen et al., 1997; Chen et al., 1999; Play et a1.,2000).

However, high levels of BCL-XL expression can completely suppress BNlP3-induced
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cell death (Chen et a\.,1997; Chen et a\.,1999; Cizeau et al., 2000). Furthermore, BCL-

2:BCL-Xt-inhibition is independent of the BH3 domain (Ray et al.,2000).

There are conflicting reports of the role of ceBNIP3 in the context of the main

apoptotic proteins of C. elegans, CED-3, CED-4, and CED9. ceBNIP3 is reported to

bind CED-3 (Yasuda et al.,I998a; Cizeau et a\.,2000) and may increase the processing

of CED-3 (Yasuda et a1.,1998a). ceBNIP3 is also reported to bind CED-9 viathe TM

domain, independent of the BH3-like and CD domains. Similar observations have been

made for the interaction of ceBNIP3 and BCL-X¡ (Cizeau et a1.,2000). There is also

some indications that co-transfection of ceBNIP3 and CED-3 yields a minimal additive

effect in death-promoting activity (Yasuda et al., I998a; Cizeau et a1.,2000). In all

cases, CED-9 is sufficient to block cell death (Yasuda et al., 1998a; Cizeau et a|.,2000).

Interestingly, ceBNIP3 can complex with CED-3, CED-9 (Yasuda et al.,1998a; Cizeau

et a1.,2000) and CED-4 (Ray et al.,2000) simultaneously, forming a temary structure

(Cizeau et aL.,2000).

The localization of BNIP3 family members to the mitochondria and recent

developments demonstrating the mitochondria as a major contributor to apoptosis raises

the question of whether these proteins influence mitochondrial physiology to induce cell

death. Interestingly, recombinant NIX added to isolated mitochondria induces release of

cytochrome c and loss of transmembrane potential (Arym), both of which are blocked by

BCL-XL. Ârym suppression was also independent of the BH3-like domain (Imazu et al.,

1999). The mechanism of cell death mediated by overexpression of BNIP3 is outlined in

this thesis. The study of BNIP3 family members will likely have significant

consequences for pathological models of cell death.
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PEST

BH3-like domain

Conserved domain BNIP3
NIX
ceBNlP3

81 104 115 119 130 164 184 194

107 129 139 143 154 188 208 219

123 136 140 151 189 210 221

BN|P3 104
Ntx 129
ceBNlP3 '123
BAK 72

BNIP3

NIX
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119
143
140

87
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139
136
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Figure 8: Schematic representation of BNIP3 family proteins. The BNIP3 family

currently consists of BNIP3, NiX (also referred to as BNIP3L, BNIP3cr, and B5),

and the C. elegans orthologue ceBNIP3. Overall, human BNIP3 shares 56% and

2lYo with NIX and ceBNIP3, respectively. These proteins contain an amino-

terminal PEST sequence, a BCL-Z homology 3 (BH3)-like domain, a conserved

domain (CD), and a carboxyl-terminal transmembrane (TM) domain. Note the

overlap of the BH3 and CD domains. Sequence alignments of the BH3-like and CD

domains are shown. Identical and similar amino acids are shaded black and gray,

respectively. Asterisks (*) indicate residues in the core of the BH3 domain with

similarity to BAK. Illustrations are not drawn to scale.
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2.0 Hypothesis

Overexpression of the mitochondrial, death-promoting protein BNIP3 induces cell

death via the classical apoptotic pathway including caspase activation and cytochrome c

release as it is akin to the pro-apoptotic family of BCL-2 proteins.

2.1 Specific Aims

To determine if BNIP3 directed to non-mitochondrial sites is able to

induce cell death compared to mitochondrially-targeted BNIP3.

To determine the mechanism of BNlP3-induced cell death.

2.2 Significance

Deregulated cell death is a contributing factor in several pathological conditions

including tumorigenesis and neurodegenerative diseases. In order to exploit programmed

cell death mechanisms as potential therapeutic targets, we must first endeavor to

understand their molecular basis. BNIP3 is involved in activating the cell death

mechanism. Determining the role of BNIP3 in programmed cell death will contribute to

the current knowledge of mammalian cellular homeostasis and the development of

numerous pathological conditions.

1.

2.

83



3.0 Materials and Methods

3.1 Reagents

All chemicals were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO)

unless otherwise indicated.

3.2 Cell lines

Human breast cancer MCF-7 cells and human cervical carcinoma HeLa cells were

cultured in cr-minimal essential medium (MEM) (Gibco-BRL, Burlington, ON)

supplemented with 10o/o vlv fetal bovine serum (FBS) (Cansera, Rexdale, ON), 1% v/v

MEM sodium pyruvate (Gibco-BRL), lyo v/v Hepes (Gibco-BRL), and ITo vlv L-

glutamine (Gibco-BRL). Human embryonic kidney 293T and 293-BCL-2 epithelial cells

and mouse embryonic fibroblasts (MEFs) deficient in Apaf-l, caspase 9 or caspase 3

were cultured in Dulbecco's Modified Eagle medium (DMEM) (Gibco-BRL)

supplemented with 10% v/v FBS. MEFs of less than ten passages were used in

experiments. MEF cell lines were developed by Dr. Raqallah Hakem (Amgen, Toronto,

ON). 293-BCL-2 cells were developed by Dr. Spencer Gibson (Manitoba Institute of

Biology, Winnipeg, MB).

3.3 Expression Plasmids

Construction of 3' T7-epitope tagged pcDNA3-BNIP3 and pcDNA3-BNIP3^TM,

and 3' HA-epitope tagged poDNA3-BNIP3 expression plasmids have been previously

described (Chen et al., 1997). pcDNA3-caspase-9-His6 and pcDNAl-p35 were gifts of
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Dr. Emad Alnemri (Thomas Jefferson University, Philadelphia, PA). pcDNA3-Apaf-l

and pFLAG-CMV-5a-tBID were donated by Dr. Xiaodong Wang (Howard Hughes

Medical Institute, Dallas, TX) and Dr. Junying Yuan (Harvard Medical School, Boston,

MA), respectively.

3.4 Antibodies

Murine monoclonal anti-T7 antibody was purchased from Novagen (Madison,

y¿1). Murine monoclonal anti-cytochrome c antibodies for immunoblotting (659814)

and immunofluorescence (67971A) were purchased from BD Pharmingen (Mississauga,

ON). Mouse monoclonal anti-PARP and anti-actin were purchased from Alexis

Biochemicals (San Diego, CA) and ICN Biochemicals (Montreal, PQ), respectively.

Mouse monoclonal anti-caspase 3 was purchased from Transduction Laboratories

(Lexington, KY). Rabbit polyclonal anti-AIF was a gift of Dr. Guido K¡oemer (CNRS,

Paris, France). Rabbit anti-FLAG polyclonal antibody and mouse anti-HA monoclonal

antibody were purchased from Zymed Laboratories Inc. (San Francisco, CA) and

Boehringer Mannheim (Indianapolis, IN), respectively. Secondary antibodies, goat anti-

mouse IgG-HRP, goat anti-mouse IgG-FITC, and goat anti-rabbit IgG-FITC, were all

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Goat anti-mouse IgG-

Cy3 was from Chemicon (Temecula, CA). Working dilutions of all antibodies are listed

in Table 2.
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Table 2z Summary of
immunofluorescence detection
as described in text.

antibody dilutions used for immunoblotting and

of proteins. Antibodies were diluted in blocking buffer,

Antibody Workins
Westem blottins

dilutions
Immunofluorescence

mouse anfi-T7
mouse anti-HA
mouse anti-actin
mouse anti-cytochrome c
mouse anti-caspase 3

mouse anti-caspase 7

mouse anti-caspase 9

mouse anti-PARP
mouse anti-BCL-XI
rabbit anti-AIF
rabbit anti-FLAG
goat anti-mouse HRP
goat anti-rabbit HRP
goat anti-mouse FITC
goat anti-rabbit FITC
goat anti-mouse Cy3

1/10 000

1/10 000
1/5000
1/3000
U2000
U7500
1/5000
112500

r/5000
1/1 000

1/20 000
l/100 000

l/1 500
1/i000

1/1000

U2500

1/1600
i /1 600
U2000
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3.5 Transient transfection of mammalian cells

3.5.1 Calcium phosphate method

Approximately 18 hours prior to transfection,2g3T cells were plated at 1x106

cells per 10 cm culture dishes Q.{unc, Denmark). The transfection mix was prepared as

follows: 500 ¡-rl 2x HeBS (50 mM Hepes, 10 mM KCl, 12 mM dextrose, 280 mM NaCl,

1.5 mM NazHPO¿, pH 7.05 I 0.05) was added drop-wise to a 15 ml conical tube

containing 7.5 pe of the indicated expression plasmid(s) diluted in 438 ¡^tl double-distilled

HzO and 62 ¡tl 2 M CaClz under continuous aeration (Pear et al., 1995). The calcium

phosphate-DNA precipitate was further diluted in 6 ml DMEM + 10o/o v/v FBS and 25

pM chloroquinone and immediately applied to cells. The transfection mix was replaced

with 10 ml DMEM+l\yo v/v FBS after 8 hours incubation at 37"C. The cells were

further cultured for the appropriate length of time, as determined by the experiment.

3.5.2 LipofectAMINE method

Approximately 18 hours prior to transfection, cells were plated at 1xl05 cells per

well of a 6-well plate Q.{unc). In a 15 ml conical tube, various amounts of DNA (as

dictated by experiment) were diluted in 100 pl OPTI-MEM I Reduced Serum Medium

(Gibco-BRL). In a second 15 ml conical tube, 7 ¡.rl LipofectAMINE Reagent (Gibco-

BRL) was diluted in 100 ¡rl OPTi-MEM I. The diluted DNA was added drop-wise to the

diluted LipofectAMINE Reagent. The mixture was permitted to incubate for 30 to 40

minutes at room temperature to permit formation of DNA-liposome complexes. An

additional 800 ¡rl OPTI-MEM I was added to each tube and immediately applied to cells

that had been washed twice with OPTI-MEM L The transfection mix was replaced with
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fresh growth medium 5 hours after application to cells. Cells were further cultured for

the appropriate length of time, as determined by the experiment'

3.6 Detection of Proteins

3.6.1 trndirectlmmunofluorescenceAnalysis

Briefly, cells grown on coverslips were fixed with 3.7o/o vlv paraformaldehyde

solution dituted in 1x PBS and subsequently permeabilized with two washes of 0.Io/ovlv

NP-40 diluted in lx PBS. Coverslips were then co-stained with appropriate primary

antibodies diluted in 0.1% v/v NP-40, 10Yo vlv FBS in 1x PBS. Coverslips were washed

three times, as before. Primary antibodies were visualized with appropriate fluorescence

conjugated antibodies diluted in 0.Io/o v/v NP-40, 70Yo vlv FBS in lx PBS. Cells were

also stained with Hoechst 33342. diluted 1:2500 v/v in 0.1o/o vlv NP-40 diluted in lx

PBS, to determine nuclear morphology. Fluorescence was visualized and captured using

aZeiss axiophot microscope equipped with a cooled CCD camera.

3.6.2 Western BIot Analysis

Transfected and endogenous proteins were detected by sodium dodecyl sulfate

(SDS) polyacrylamide gel electrophoresis (PAGE). Cells were lysed in RIPA buffer (i50

mM NaCl, 50 mM Tris-HCI, pH7.2,0.7 pM PMSF, lYov/v Triton X-100, 0.Io/ovlv

SDS, 1% v/v sodium deoxycholate, l/i000 v/v sodium azide). Aliquots of these lysates

were separated by electrophoresis at 120 volts for approximately 1.5 hours through

12.5% SDS-polyacrylamide gels made according to Sambrook et al. (1989) in Laemmli

buffer (25 mM Tris, 250 mM glycine, 0.IYo w/v SDS). Following separation, gels were

removed from the apparatus and incubated in transfer buffer (25 mM Tris, 190 mM
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glycine, 20o/o vlv methanol). Proteins were transfened using a semi-dry transfer

apparatus (LKB 2ll7 Multiphor Apparatus) in which filter paper (Munktell, Pharmacia)

and nitrocellulose membrane (0.22 ¡tm, Osmonics, Minnetonka, MN), both pre-soaked in

transfer buffer, and the gels, filter paper, and membrane were assembled according to the

manufacturer's instructions. Current of 37 milliamperes per 40 cm2 gel was applied for 1

to 2 hours. Nitrocellulose membranes were incubated in blocking buffer (3%o vlv BSA,

0.2o/o vlv Tween-20 diluted in PBS) for t hour at room temperature with agitation and

subsequently immunoblotted with appropriate antibodies diluted in fresh blocking buffer

ovemight at 4"C. Membranes were washed three times in 0.2o/o v/v Tween-20 in PBS for

10 minutes with agitation. Appropriate secondary antibody was diluted in blocking

buffer and applied to the membranes and permitted to incubate for t hour at room

temperature with agitation. Membranes were washed as before and proteins were

visualized with an enhanced chemiluminescence system (ECL) (Amersham Pharmacia

Biotech, Amersham, UK).

J. I B-Galactosidase Cell Death Assay

Cells were co-transfected with the reporter plasmid, pcDNA3-B-galactosidase

plus the indicated expression plasmid(s) via the Lipofectamine method (Section 3.5.2).

Twenty-seven hours post-transfection, cells were fixed with 0.2o/o vlv glutaraldehyde

diluted in lx PBS (phosphate buffered saline) for ten minutes and washed three times

with PBS. Cells were then stained with 0.8 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-

galactopyranoside (X-gal) diluted in X-gal buffer (2 mM MgSOa diluted in lx PBS, 150

mM IÇFe(CN)6olt1r9, 150 mM K¡Fe(CN)e mixed 8:l:1 by volume) and incubated for at
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least four hours at 37"C. The percent of cell death was determined as the number of

rounded, condensed, blue-staining cells in the total population of flat, blue-staining cells.

This assay was used to evaluate (i) peptide caspase inhibitors, where the final amount of

DNA was 0.75 pg (including 0.01 pg pcDNA3-B-gal), (ii) expression of pcDNAi-p35 as

a caspase inhibitor, where the final amount of DNA was adjusted to 1 .95 frg (including

0.01 ¡rg pcDNA3-B-gal), and (iii) BNIP3-induced cell death in MEF cells, where the final

amount of DNA was 1 .2 pg (including 0.3 pg pcDNA3-B-gal). In all cases, the total

DNA amount was adjusted with empty pcDNA3 vector (Clontech, Palo Alto, CA).

3.8 Assessment of Caspase Activation

Various doses of the broad spectrum caspase inhibitor, Ac-zVAD-fmk, or the

control peptide Ac-FA-fmk (Enzyme System Products, Dublin, CA) were applied to

transfected 293T cells (Section 3.5.2) six hours after transfection. Cell death was

determined by the B-galactosidase assay (Section 3.7). Likewise, p35 was co-expressed

with BNIP3 to assess inhibition of caspase activity.

Cleavage of endogenous caspases was detected by immunoblot analysis (Section

3.6.2). Briefly, lysates were collected from 293T cells transiently transfected via the

CaPO¿ method (Section 3.5.1) at the indicated times. Membranes were probed with

mouse monoclonal antibodies directed to caspase 3, caspase 7, caspase 9, and PARP

according to Table X (Section 3.4).

Transfected 293T cells (Section 3.5.1) were also assayed for caspase cleavage via

in vitro cleavage of the peptide, Ac-DEVD-pNA (Biomol, Plymouth Meeting, PA),

according to the conditions outlined by Quignon et al. (1998). Two 10 cm plates of
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transfected cells were required for a single reaction. Attached and detached cells were

collected and washed twice in PBS and then resuspended in i ml PBS. An aliquot of l0

pl was used to determine cell number with a hemacytometer. An aliquot of 5 x 106 cells

was centrifuged and resuspended in 200 pl freshly prepared NP-40 lysis buffer (10 mM

HepesÆ'.laOH, pH 7.4,2 mM EDTA, 1 mM DTT, Iyo v/v NP-40, 1/1000 v/v PMSF,

1/1000 v/v leupeptin, 1/1000 v/v pepstatin A, i/1000 v/v aprotinin). Cells were

centrifuged at 1100 x g for 5 minutes. An aliquot of 120 pl was removed from the

supernatant and centrifuged again at 1 100 x g. An aliquot of 100 ¡rl (lysate) was then

removed from the supernatant and used in the assay. Protein concentration was

determined using the Coomassie Plus Protein Assay kit (Pierce Chemical Co., Brockville,

ON) where 300 ¡rl reagent was applied to a well of a flat-bottomed 96 well plate Q.Iunc)

containing 1 pl of lysate. Absorbances were measured on a spectrophotometer

(Multiskan MCC|340, Titertek) at 620 nnt. Using this information, all lysate samples

were adjusted with NP-40 lysis buffer to contain equivalent protein concentrations. The

reaction was set up in a 96 well plate where each well contained 20 pl lysate, 100 ¡rM

Ao-DEVD-pNA, 178 pl Reaction buffer (100 mM Hepes, pH 7.5,20Yo vlv glycerol, 5

mM DTT, 0.5 mM EDTA). Where appropriate, samples were pre-incubated with 500

nM Ac-DEVD-fmk (Enzyme Systems Products) for 30 minutes at room temperature.

Plates were incubated at 37'C for 4 hours. Data were acquired on a spectrophotometer

(Multiskan MCC|340, Titertek) at 405 nm. Raw data were analyzed relative to the

cleavage activity observed in untransfected cell lysates in each experiment, yielding "fold

activation".
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3.9 Assessment of Cytochrome c Release

Mitochondria were isolated from CaPo¿-transfected 293T cells (Section 3.5.1)

using 70 strokes (tight pestle) in a I ml Dounce homogenizer (Wheaton) in 300 pl freshly

prepared CFS buffer (220 mM mannitol, 68 mM sucrose, 2 mM NaCl, 2.5 mM KHzPO+,

0.5 mM EGTA,2 mM MgCl2, 10 mM Hepes-NaOH, pH 7.4,5 mM pyruvate, 0.1 mM

PMSF, 1 mM DTT, 1i 1000 v/v aprotinin, 1/1000 v/v leupeptin, lil000 v/v pepstatin A)

as previously described (Susin et a\.,2000). Mitochondria were resuspended in H buffer

(300 mM sucrose, 5 mM N-tris[hydroxymethyl]methyl-2-amino ethane sulfonic acid

[TES],200 pM EGTA, pH7.2) (Susin et a1.,2000). Aliquots of 5 pg protein were

analyzed by electrophoresis through a SDS-I5% polyacrylamide gel and immunoblotted

with anti-cytochrome c monoclonal antibody (Section 3.6.2). Equivalent protein loading

was ensured by probing the same filter with monoclonal anti-actin antibody.

Cytochrome c release was also determined by indirect immunofluorescence of

transfected MCF-7 and293T cells grown on coverslips (Section 3.6.1). Coverslips were

co-stained with mouse anti-cytochrome c monoclonal antibody and an appropriate

epitope antibody (rabbit anti-HA for BNIP3; rabbit anti-FLAG for tBID). Primary

antibodies were visualized with Cy3-conjugated goat anti-mouse IgG and FITC-

conjugated goat anti-rabbit IgG. Cytochrome c release was identified as the

redistribution of a punctate, mitochondrial staining pattern to a diffuse, cytosolic pattem.

No fewer than 200 cells were scored for each sample.

3.10 Annexin V Staining
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Cells transiently transfected with CaPOa (Section 3.5.1) were collected at the

indicated times and washed in cold PBS. Cells were centrifuged at 3000 x g for 5 min at

4oC and resuspended in 200 ¡rl PBS. Cells were resuspended in labeling solution (1 ml

[10 mM Hepes/1.{aOH, pH 7.4,140 mM NaCl, 5 mM CaCl2f,20 pl Annexin-V-FLUOS

(Boehringer Mannheim), 20 ¡rl propidium iodide [50 pglml]) and incubated at room

temperature for 15 minutes. Samples were analyzed via flow cytometry (FACScalibur,

Becton-Dickinson, San Jose, CA).

3.11 DNA Fragmentation Assays

3.11.1 TUNEL (lerminal Deoxynucleotidyl Transferase-mediated dUTP Nicked

End Labeling) Assay

Briefly, CaPOa-transfected 293T cells (Section 3.5.1) were collected on ice

following 24 hours of expression. Cells were washed in PBS and resuspended to 5 x 10s

cells/ml. Aliquots of 100 pl were permitted to adhere to poly-lysine coated slides with

inscribed circles for 30 minutes at room temperature. The remaining fluid was carefully

aspirated without disturbing the adhered cells. Cells were covered with 3.7o/o vlv

paraformaldehyde solution diluted in 1x PBS and allowed to fix overnight at 4oC in a

humidity chamber. Slides were then washed twice in PBS and permeabilized with 0.1%

v/v Triton X-l00, O.7o/ov/v sodium citrate diluted in lx PBS for two minutes on ice, and

then washed twice in PBS. DNA fragmentation was detected using the In Situ Cell Death

Detection Kit, Fluorescein (Roche Diagnostics, Mannheim, Germany), also referred to as

the TUNEL assay, as per the manufacturer's recommendations. Slides were washed

twice in PBS and subsequently stained with Hoechst33342, diluted I:2500 v/v in PBS, to
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visualize the total cell population. Slides were again washed twice in PBS. FluoroGuard

antifade reagent (Bio-Rad Laboratories, Hercules, CA) was applied to the cells and then

covered with coverslips. Images were captured as described earlier. No fewer than 200

nuclei were scored manually for each sample'

3.11.2 Internucleosomal DNA Laddering

DNA fragmentation was also assessed via internucleosomal DNA laddering.

Cells transiently transfected with CaPOa (Section 3.5.1) were collected at the indicated

times and washed in cold PBS. Cells were centrifuged at 30009 for 5 min at 4oC and

resuspended in 200 pl PBS. Genomic DNA was isolated from whole cells using the

EasyDNA kit (Invitrogen, San Diego, CA) according to the manufacturer's instructions.

An aliquot of l0 ¡rg DNA was diluted in TE (10 mM Tris-HCl, pH 8.0, I mM EDTA)

and I0%o v/v loading dye (0.25% v/v bromophenol blue, 50% v/v glycerol). This aliquot

was electrophoresed on a 1.5o/o wlv agarose gel made with TAE buffer (40 mM Tris-

acetate,lmM EDTA, pH 8.0) containing 1 ¡rg/ml ethidium bromide run at 85 volts for

one hour. DNA fragments were visualized by UV light on a transilluminator due to

fluorescence of ethidium bromide intercalated with the DNA fragments.

3.12 ElectronMicroscopy

Transfected 293T cells (Section 3.5.1) were collected and washed twice in PBS.

Cell pellets were resuspended in 500 ¡rl fixative solution (2%o vlv paraformaldehyde,

g.lYovlv gluteraldehyde diluted in 0.1 M sodium cacodylate) for I to 2 hour(s) atroom

temperature. Cells were post-fixed with IYo wlv osmium tetroxide for 1.5 hours, washed
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in pBS, and block stained for t hour in 3o/o v/v aqueous uranyl acetate. Samples were

then washed again, dehydrated with graded alcohol, and embedded in Epon-Araldyte

resin (Maynard Scientifrc). Ultrathin sections were cut on a Reichert ultramicrotome,

counter-stained with 0.3%o wlv lead citrate, and examined on a Philips 8M420 electron

microscope.

3.13 Assessment of PT Pore Opening by Confocal Imaging

Aliquots of 293T cells were grown on coverslips and transfected via the CaPO+

method (Section 3.5.1). Coverslips were collected 9 to 10 hours after transfection and

washed with HH buffer (10 mM Hepes, pH7.2 diluted in lx Hanks Balanced Salt

Solution IHBSS; Giboco-BRL]) before staining with 1 ¡rM calcein-AM (Molecular

Probes, Eugene, OR) in the presence of 5 mM CoClz at room temperature for i 5 minutes.

CoClz was added to quench cytosolic staining so that mitochondrial fluorescence can be

visualized as glowing bodies over a dark background (Bernardi et aL.,1999). Cells were

washed four times and resuspended in HH buffer and imaged with an Olympus IX70

inverted confocal laser microscope equipped with Fluoview 2.0 software (Carson Group

Inc., Markham, ON). A bandpass filter of 488 nm was used to capture the green calcein

images, while Nomarski optics were used to obtain transmitted light images of the cells.

To determine mitochondrial calcein fluorescence levels, individual cells were identified

using Nomarski optics and total mitochondrial fluorescence per cell was measured

digitally with Northem Eclipse software, version 5.0 (Empix Inc. Toronto, ON) yielding

relative fluorescence units (RFU). Cells were then arbitrarily classified into low (0-40
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000 RFU), intermediate (40 000 - 60 000 RFU), and high levels (> 60 000 RFU) of

fluorescence.

3.14 Measurement of Mitochondrial Arym Suppression and ROS Production

Eight hours after transfection, changes in mitochondrial function were determined

by incubating 1 x rc6 2%T cells, transiently transfected by the CaPO¿ method (Section

3.5.1), with either 1 pM IC-L, 40 nM DiOCo, or 2 pM dihydroethidium (HE) (all from

Molecular Probes) diluted in HBSS (Gibco-BRL) for 30 minutes at 37oC. Controls we¡e

performed in the presence or absence of 50 pM mCICCP or an excess of 30% vlv H2O2.

For inhibition experiments, cyclosporin A or bongkrekic acid (a gift from Dr. J.A. Duine,

Delft University, Delft, The Netherlands) were added two hours prior to transfection at

the indicated concentrations. Aliquots were also stained with 1 pglml propidium iodide

(PI) to assess cell death. Cells were scored using a FACScalibur flow cytometer (Becton-

Dickinson) and data were analyzed with Cellquest software, version 3.1 (Becton-

Dickinson). In all cases, samples were gated to exclude cellular debris.

96



4.0 Results

4.1 BNIP3 family members require the TM domain to induce cell death

Many BCL-2 pro-apoptotic proteins feature a carboxyl-terminal TM domain that

is required for proper subcellular localization and dimerization (Adams and Cory, 1998;

Minn et al., 1998). Likewise, BNIP3 and NIX have a TM domain at residues 164 to 184

(Boyd et a\.,1994; Chen et al.,1997; Chen et al.,1999). It has been demonstrated that

the TM domain of BNIP3 is required to induce nuclear morphology associated with

apoptosis, as determined by Hoechst dye staining (Chen et al.,l99l). We confirmed this

observation by an alternate assay. Briefly, constructs lacking the TM domain of BNIP3

(BNIP3^TM) or NIX (I.{IXATM) (Figure 9a) were co-expressed in 293T cells with a

reporter plasmid encoding the B-galactosidase gene of .Ð. coli and cell death was assessed

by cellular morphology as described (Section 3.7). Deletion of the TM domain abolished

the death promoting activities of both BNIP3 and NIX compared to full length BNIP3

and NIX, respectively (Figure 9b). Therefore, the TM domains of BNIP3 and NIX are

reouired to induce cell death.
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Figure 9: BNIP3 family members require the TM domain to induce cell death
(A) Schematic representation of BNIP3 and NIX and their TM domain deletio
mutants. (B) 293T cells were transiently co-transfected with the reporter plasmid
pcDNA3-Bgal and either wild type (WT) BNIP3-T7 or NIX-T7 (solid bars) or mutan
(ATM) BNIP3ATM-T7 or NIXATM. Twenty-seven hours post transfection, cell
were fixed, stained, and evaluated for dead cells as described in Section 3.7 . The dat
are representative of results obtained in two independent experiments.
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4.2 BNIP3 induces cell death from mitochondrial and non-mitochondrial sites

Initial studies demonstrated that BNIP3 predominantly localized to the

mitochondria and that this was mediated by the TM domain (Boyd et al.,1994; Chen et

at.,1997). To determine if BNIP3 can induce cell death from alternate subcellular sites,

cell death assays were repeated using BNIP3 substituted with heterologous TM domain

sequences from BCL-2 and cytochrome b5. BNIP3-BcITM was constructed by joining

the c¡oplasmic portion of BNIP3 (amino acids I to 163) to 21 residues of the BCL-2 TM

domain, which has previously been shown to be sufficient to direct heterologous proteins

to the outer mitochondrial membrane with the protein oriented towards the cytosol

(Figure 10a) Q.{guyen et al.,1993, Janiak et al.,1994). Similarly, residues 1 to 163 of

BNiP3 were fused to 35 amino acids of rat hepatic cytochrome bs, which is sufficient to

target heterologous proteins to the cytoplasmic face of the endoplasmic reticulum (Figure

10a) (Mitoma and lto, 1992; Zhu et al., 1996). Localization of the chimeric proteins was

confirmed by confocal imaging of fluorescently-labeled proteins as described in Section

3.6.1 (Figure 10b). As expected, wild type BNIP3 and BNiP3-BclTM localized to the

mitochondria as determined by co-localization with the matrix protein, HSP60 (Figure

10b). In contrast, BNIP3-Cb5TM localized to sites that clearly did not overlap with

mitochondrial HSP60 staining (Figure l0b).

To determine if these chimeric proteins were able to induce cell death as

efficiently as BNIP3, the constructs were overexpressed in 293T and MCF-7 cells

(Section 3.5.2) and cell death was determined as described (Section 3.7). Both BNIP3-

BcITM and BNIP3-Cb5TM were equally able to induce cell death compared to wild type

BNIP3 in MCF-7 cells (Figure 11). In293T cells, however, the chimeric proteins were
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still able to induce cell death, albeit BNIP3-Cb5TM induced cell death to a lesser extent.

BNIP3^TM served a negative control, confirming Section 4.1.
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Figure 10: Localization of BNIP3 substituted with heterologous TM domains.
(A) Schematic representation of BNIP3 fused with the TM domain sequences of BCL-
2 and cytochrome b5. @) MCF-7 cells were transiently transfected with BNIP3,
BNIP3-BclTM, or BNIP3-Cb5. Cells were co-stained with anti-BNIP3 and anti-
HSP60 antibodies and then visualized with Cy3 and FlTC-conjugated antibodies. The
staining pattem for BNIP3 (B) and BNIP3-BcITM (D) resembles the punctate
mitochondrial staining pattern characteristic of HSP60 in corresponding cells (C and
E). BNIP3-Cb5TM shows a globular staining pattem (F) distinct from the distribution
of HSP60 (G).
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Figure 11: BNIP3 induces cell death from mitochondrial and non-mitochondrial
sites. 293T (A) or MCF-7 (B) cells were transiently co-transfected with BNIP3 (WT),

BNIP3-BcITM (BclTM), BNIP3-Cb5 (Cb5TM), or BNIP3ATM (ATM) and B-
galactosidase reported plasmid. Twenty-seven hours post transfection, cells were
fixed, stained, and evaluated for dead cells as described in Section 3.7. Results are

representative of two independent experiments.
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4.3 BNlP3-induced cell death is caspase-independent

BNIP3 was originally proposed to be a member of the 'BH3-only' subfamily of

BCL-2 pro-apoptotic proteins. It is now known that the BH3-like domain is not required

for the killing activity of BNIP3 (Ray e/ a1.,2000). However, this result did not rule out

the possibility that BNIP3 induced cell death via caspase activation. To determine if

BNlP3-induced cell death was mediated by caspases, we evaluated the effectiveness of

the broad spectrum peptide caspase inhibitor Ac-zVAD-fmk and the baculovirus anti-

apoptotic gene p35 in preventing BNlP3-induced cell death. Cells (293T) were

transiently co-transfected with BNIP3 and a reporter plasmid encoding the F-

galactosidase gene of E. colí, and subsequently treated with increasing concentrations of

peptide inhibitor as described (Section 3.8). Cell death \ilas assessed by cellular

morphology (Section 3.7). BNlP3-induced cell death was unaffected by 100 prM Ac-

zVAD-fmk, a concentration previously shown to effectively block caspase-mediated cell

death (Li et a|.,I998;Desagher et al.,lggg). Furthermore, this concentration of inhibitor

effectively suppressed cell death by greater than50o/o in both tBID and caspase 9lApaf-l

transfectants, both known to function via caspase activation (Figure 12a). The BNIP3

deletion mutant BNIP3^TM, which lacks the TM domain and has previously been shown

to be incapable of mitochondrial localization and induction of cell death (Chen et al.,

1991; Chen et al., 1999; Yasuda et al., 1999 and Section 4.1), served as a negative

control to veriff that the observed cell death was specific in all cases. Increasing

amounts of a vector encoding the known caspase inhibitor baculovirus p35 protein

(Bump eÍ al., 1995; Xue and Horvitz, 1995) co-transfected with the other indicated

vectors were similarly ineffective in abrogating BNIP3 cell death at concentrations of up
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to 1.5 pg, well above the 0.5 pg p35 plasmid required to block caspase 9lApaf-l induced

cell death (Figure 12b). These data provide indirect evidence for a lack of caspase

involvement in BNIP3-induced cell death.

Caspase activity in lysates of transfected cells can be determined using a peptide

containing a caspase specif,rc cleavage site, which yields a colorgenic product. The

caspase substrate Ao-DEVD-pNA was used to detect the activation of caspase 3-like

proteases in 293T cells transiently transfected with BNIP3, IBID or the inactive mutant

BNIP3ATM. Cells were harvested at 7,72, 18,24, and 36 hours post transfection then

lysates prepared and incubated with the substrate. The colored product was detected at

405 nm with a spectrophotometer. All data were manipulated to be relative to lysates

from untransfected cells, which were previously shown to be equivalent to mock

transfected cells (unpublished observations) as decribed (Section 3.8). At all time points,

lysates from cells transfected with BNIP3 or BNIP3^TM revealed only marginal

increases in proteolytic activity. Furthermore, these activities were not inhibited by the

caspase inhibitor of the same specificity, Ac-DEVD-fmk (Figure 13). In contrast, cells

overexpressing IBID, a known activator of caspases, exhibited a 4-fold increase in

substrate cleavage peaking at 12 hours and this was inhibited by treatment with 500 nM

Ac-DEVD-fmk (Figure 13). The gradual decline in the DEVDase activity of tBID-

transfected cells is likely due to high levels of tBlD-induced cell death resulting in a

decreased number of viable transfected cells relative to untransfected cells in the same

population.

The lack of significant caspase activation was further confirmed in

immunoblotting experiments. Experiments attempting to order the activation of caspases
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have demonstrated that caspase 9 can proteolytically activate procaspases 3 and 7 (Slee et

al.,1999). Furthermore, poly-ADP ribosylating polymerase (PARP) is cleaved by active

downstream caspases, such as caspase 3 and 7, and is commonly used as a marker for

caspase activation (Schlegel et al., 1996;Faleiro et al.,1997; Zhang et al' 1999; Nguyen

et a1.,2000). Whole cell lysates of BNlP3-expressing 293T cells were collected at 72,

24,36, and 48 hours post-transfection and immunoblotted for the caspase substrate PARP

and caspases 3, 7, and 9 (Section 3.6.2). There was little evidence of proteol¡ic

processing of PARP (Figure 14d), and no processing of procaspase 3 (Figure l4a) in

BNIp3 lysates. In conrrast, efficient processing of PARP from 116 kD to 86 kD (Figure

14d), and procaspases 3,7, and 9 (Figure l4a-c) were readily detected in lysates from

BAX transfectants. No processing of procaspase I and 9 was observed in BNIP3 lysates

up to 36 hours (Figure 14a and b).
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Figure 12: Broad spectrum caspase inhibitors Ac-zVAD-fmk and baculovirus
p35 fail to inhibit BNlP3-induced cell death. (A) 293T cells were transiently co-

transfected with the reporter plasmid, pcDNA3-Bgal and either BNIP3-T7 (O) or
inactive mutant BNIP3ATM-T7 (<)). Cells transfected with tBID-FLAG (I), or
caspase 9-Hise plus Apaf-l (V) served as positive controls. All groups were treated
with increasing concentrations of Ac-zVAD-fmk. (B) In a parallel experiment, 2937
cells were transfected as above with increasing concentrations of pcDNAl-p35.
Twenty-seven hours post transfection, cells were fixed, stained, and evaluated for dead

cells as described in Materials and Methods. The data are representative of results
obtained in three independent experiments.
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Figure 13: Overexpression of BNIP3 does not induce significant DEVDase
activity. Lysates from 293T cells transfected with BNIP3-T7, BNIP3^TM-T7, or
IBID-FLAG were harvested at 7,12,78,24, and 36 hours and then incubated with the
substrate DEVD-pNA in the presence (solid bars) or absence (shaded bars) of 500 nM
of the inhibitor Ac-DEVD-fmk. Fold activation was determined as the ratio of
cleavage activity observed in transfected cells to the cleavage activity of untransfected
controls. Results are expressed as the mean + standard enor (SE) from at least th¡ee

independent experiments.
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Figure 14: Overexpression of BNIP3 fails to activate procaspases and PARP
cleavage. (A) Lysates from BNIP3-T7, BNIP3^TM-T7 (ATM), or BAX-transfected
293T cells were harvested 24 hours post-transfection and immunoblotted with mouse
monoclonal anti-procaspase 3 antibody. The alrow indicates the unprocessed p32

band. Lysates from BNIP3-T7, BNIP3^TM-T7, BAX or tBlD-transfected 293T cells
were harvested at 12,24,36, and 48 hours post-transfection and immunoblotted with
mouse monoclonal anti-procaspase 7 (B), anti-procaspase 9 (C), or anti-PARP (D)
antibodies. Arrows indicate the unprocessed (larger) and processed (smaller) bands.

Lane C, untransfected control.
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4.4 Overexpression of BNIP3 does not induce significant cytochrome c release

Overexpression of BNIP3 has been shown to induce its integration into the

mitochondrial outer membrane (Vande Velde et aL.,2000). 'We hypothesized that BNIP3

may function to initiate cell death by mitochondrial perturbation and subsequent release

of cytochrome c, a critical cofactor for Apaf-l-mediated cell death (Liu et a1.,1996;Li et

al., 1997). We initially assessed cytochrome c release from the mitochondrial

intermembrane space in transiently transfected cells via indirect immunofluorescence in

which cytochrome c release was scored as the loss of a punctate staining pattern (Figure

l5). BNIP3 and BNIP3ATM expressing cells were identified by immunostaining for the

C-terminal T7-epitope tag (Section 3.6.1). In both cases, no signif,rcant cytochrome c

release was observed in MCF-7 cells, and only a small amount was observed in 2937

cells, even after 48 hours of expression (Figure 16). On the other hand, 7I% of 293T and

9L%o of MCF-7 cells released cytochrome c 48 hours following transfection with tBID,

while the level of cell death induced by overexpression of IBID and BNIP3 was

equivalent (Figure 16). In tBID transfected cells, cytoch¡ome c \¡/as released prior to

apoptosis as determined by Hoechst dye staining (Figures 15 and 16).

We re-examined cytochrome c release via subcellular fractionation (Section 3.9)

of transfected 293T cells harvested at 18, 24, and 36 hours post-transfection and

subsequent immunoblotting of heavy membrane (HM) and cytosolic (5-100) fractions

(Section 3.6.2). A significant increase in cytochrome c was observed in the 5-100

fractions of tBID but not BNIP3 transfectants at l8 and 24 hours (Figure 17a). Loss of

cell viability of IBID and BNIP3 transfectants was equivalent, as determined by trypan

blue dye exclusion (Figure 17b). The decrease in cytochrome c levels in S-100 of tBID-
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expressing cells at 36 hours was concomitant with extensive cell death. 5-100

cytochrome c levels in BNlP3-transfected cells were similar to that of the inactive

BNIP3^TM and control cells despite a five-fold difference in viability (Figure 17). A

time course revealed that chromatin condensation following BNIP3 transfection preceded

the release of cytochrome c, indicating that cytochrome c could not be responsible for the

observed nuclear changes (Figure 15).
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Figure L5: Overexpression of BNIP3 does not induce significant redistribution of
cytochrome c. Twenty-four hours post-transfection, MCF-7 cells transiently
transfected with BNIP3-T7, BNIP3ATM-T7, or tBID-FLAG were stained with Cy3-
conjugated monoclonal anti-cytochrome c antibody and appropriate FlTC-conjugated
anti-epitope antibodies, and subsequently evaluated by fluorescent microscopy.
Cytochrome c release was scored as the loss of punctate mitochondrial staining.
Apoptotic cells were scored based on ch¡omatin condensation following Hoechst dye

staining.
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Figure 16: Overexpression of BNIP3 does not induce significant mitochondrial
cytochrome c release. Cells transiently transfected with BNIP3-T7, BNIP3ATM-T7,
or tBID-FLAG were stained with monoclonal anti-cytochrome c antibody and Cy3-
labeled anti-mouse antibody then evaluated by fluorescent microscopy. Time course

of cytochrome c release and apoptosis following BNIP3-T7 (Y), BNIP3ATM-T7 (I),
or IBID-FLAG (O) transfection of 293T (left panels) and MCF-7 (right panels) cells is
shown. Cytochrome c release was scored as the loss of cytoplasmic granular staining.
Apoptotic cells were scored based on chromatin condensation following Hoechst dye

staining. The data from three independent experiments are shown as the mean * SE

for each time point.
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Figure 17: BNIP3 does not induce signifÏcant mitochondrial cytochrome c
redistribution. Western blot analysis of the time course of release of cytochrome c
from mitochondria-containing heavy membrane (HM) fractions to 5-100 cytosol.

293T cells were transiently transfected with BNIP3-T7, BNIP3^TM-T7, or tBID-
FLAG and harvested at 18,24, and 36 hours post-transfection. Aliquots of 5 pg of
HM and 5-100 fractions were electrophoresed and immunoblotted with mouse anti-
cytochrome c antibody (p16). The same fìlter was blotted with mouse anti-actin
antibody (p43) to demonstrate equal loading. (B) Aliquots of cells used in panel A
were stained with trypan blue. Failure to exclude trypan blue was used to determine
cell death. Control (C), untransfected cells.
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4.5 BNIP3 induces cell death in fibroblasts deficient in Apaf-l' caspase 9 or

caspase 3

The previous experiments suggested that BNIP3 induced cell death without

cytochrome c release or caspase activation. Therefore, we proceeded to examine the

function of BNIP3 in cells genetically def,icient in Apaf-1 or Apaf-1-activated caspases 9

and 3 (Zou et al., 1997). Using the B-galactosidase cell death assay (Section 3.7), wild

type, Apaf-l-/-, caspase 9-/-, and caspase 3r- MEFs were transiently transfected with either

BNIP3 or BNIP3ÂTM. Overexpression of BNIP3 induced cell death in approximately

50o/o of the transfected population in the wild type and all mutant MEF lines tested

(Figure 18a). Expression of BNIP3ATM yielded results similar to mock transfected cells.

In contrast, the mutant cells exhibited profound resistance to adriamycin-induced cell

death (Figure R18b) confirming an earlier report (Hakem et al., 1998). Immunoblot

analysis of whole cell lysates demonstrated relatively equivalent expression of BNIP3 in

all of the MEF cell lines (Figure i8c).
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Figure 18: BNlP3-induced cell death in the absence of Apaf-I, caspase 9, or
caspase 3. (A) Wild type, Apaf-l-/-, caspase 9-l- (Casp9-/-), andiurpus. 3-l- lcasp3-/-¡
mouse embryo fibroblasts (MEFs) were t¡ansiently co-transfected with pcDNA3-Bgal
vector and either BNIP3-T7, BNIP3^TM-T7, or pcDNA3 and then scored for dead
cells as described in Materials and Methods. Results are expressed as the mean È SE
from th¡ee independent experiments. ,(B) The same cell aliquots of wild-type (WT),
Apaf-l''-, caspase-9-'-, and caspase-3-'- MEFs used for the experiments described in
panel A were transfected with pcDNA3-Bgal and treated with medium or with 3 pg
adriamycin per ml for 24 hours, and dead cells were enumerated in three experiments.
{N-Dimethyl formamide (DMF) was used to dilute adriamycin; (C) Lysates were
collected from BNIP3-T7-transfected wild type (WT), Apaf-l-'- (An'), caspase 9 (C9'-),
and caspase 3 (C3'/-) MEFs and immunoblotted with mouse anti-T7 antibody. Arrow
indicates BNIP3 homodimer (p60).
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4.6 Rapid loss of plasma membrane permeability Ín BNlP3-transfected cells

A morphological feature of cells undergoing apoptosis is the random

redistribution of the inner leaflet phospholipid phosphatidylserine (PS) to the outer leaflet

of the plasma membrane (Eamshaw et a\.,1999). Furthermore, apoptosis is characterized

by the maintenance of an intact plasma membrane (McConkey, 1998). Plasma

membrane integrity was determined as the ability of a cell to exclude propidium iodide

(PI). A time course following BNIP3 transfection identified increased plasma membrane

permeability as early as 2 hours post transfection and did not increase further over the

following 12 hours (Figure 19a). Externalized PS can be detected via fluorescently-

labeled annexin V, a calcium-dependent PS binding protein (Section 3.10) (Koopman et

a|.,7994; Vermes et a|.,1995). Cells gated to determine annexin V binding as a measure

of PS exrernalization in PI- populations (intact plasma membrane) at 12 hours revealed no

increase in annexin V staining of BNIP3{ransfected in cells that excluded PI, in contrast

to cells transfected with IBID, BAX or caspase 9l{paf-l (Figure 19b). BNIP3-

expressing cells analysed at 18 and 24 hours similarly did not show any increase in

annexin V staining in PI- cells (Figure 19c). Thus, BNIP3 induces early permeability of

the plasma membrane but not PS externalization.

116



A

tr 20
#

d15
inÈ10
U'

c){)s
s

ill
,ti 40
+l
Ø ?rì
õ
O
v20
s10

4 6 I 10

Time (hours)
C BNIP3 

^TM 
IBID BAX Cg/A

Control BNIP3 
^TM 

tBlD

Figure 19: BNIP3 induces rapid plasma membrane permeability but not PS
externalization. (A) Untransfected and BNIP3-T7-transfected 293T cells were harvested

at 2, 4, 8, orl2 hours post-transfection and stained with PI. PI* cells are expressed as the
mean + SE of three or four experiments for each time point. (B) Untransfected 293T cells
(C) and 293T cells transfected with BNIP3-T7 (BNIP3), BNIP3^TM-T7 (^TM), IBID-
FLAG (tBID), BAX or caspase 9l\paf-l (CglA) were harvested at 12 hours post-
transfection and were stained for annexin V and PL Cells that were gated as PS* PI- are

expressed as the mean * SE of three independent experiments. (C) Untransfected 2937
cells (Control) and 293T cells transfected with BNIP3-T7 (BNIP3), BNIP3^TM-T7
(^TM), tBID-FLAG (tBID), were harvested at 12, 18, and 24 hours post-transfection and
were stained for annexin V and PI. Cells that were gated as PS'PI- are expressed as the

mean + SE of two independent experiments.
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4.7 BNIP3 induces late DNA fragmentation that is independent of AIF

translocation

DNA fragmentation and chromatin condensation are hallmarks of caspase-

dependent, apoptotic cell death and have been consistently observed in BNIP3-

transfected cells (Chen et al.,1997; Chen et al.,1999). Since we had demonstrated that

plasma membrane was damaged early following BNIP3 expression (Section 4.6), we

examined the relative rate at which DNA fragmentation occurred using the terminal

deoxynucleotidyltransferase-mediated dUTP nicked end labeling (TLINEL) assay

(Section 3.1 1.1). Cells were transfected with BNIP3 and assayed at 18, 24, and 36 hours

post-transfection. BNIP3 transfectants showed increasing levels of TLINEL-positive cells

over time, but no activity was detected until 18 to 24 hours and maximal levels were not

reached until 36 hours, much slower than tBlD-induced DNA damage where maximum

damage was observed at 18 hours (Figure 20a). This contrasts with the initiation of

plasma membrane damage by BNIP3 at I hours and its completion by 18 hours. In

addition, we consistently observed only two or three T[INEl-positive foci in BNIP3

expressing cells, while tBID transfected cells exhibited much more extensive nuclear

fragmentation with six to ten TLINEL-positive foci per cell (Figure 20b). DNA

fragmentation could only be partially inhibited with 50 ¡"rM Ac-zVAD-fmk in BNIP3

transfectants but was nearly completely inhibited in tBlD-expressing cells (Figure 20c).

No effect was observed in parallel populations treated with 50 pM Ac-FA-fmk (Figure

20c).

Apoptotic DNA damage can also be detected via electrophoresis and appears as a

series of bands (or rungs) commonly referred to as a DNA ladder (reviewed in Nagata,
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2000). We confirmed the DNA fragmentation observed by TUNEL staining via

electrophoresis on agarose gels stained with ethidium bromide as described (Section

3.11.2). An oligonucleosomal ladder was easily detected in IBID transfectants at 18,24,

and 36 hours, while little DNA degradation and ladder formation was observed in BNIP3

transfectants even at 36 hours (Figure 21). In both assays, cells transfected with the

mutant BNIP3^TM did not have evident DNA damage, similar to untransfected controls

(Figure 20 and 2I). Ch¡omatin condensation, determined via Hoechst dye staining

(Section 3.6.1) had been previously observed (Figure 15)

Since wild-type BNlP3-induced chromatin condensation and DNA fragmentation

were not completely blocked by treatment with Ac-zVAD-fmk, we hypothesized that AIF

may also mediate BNlP3-induced DNA damage. AIF is a mitochondrial flavoprotein

which, in response to an apoptotic stimulus, translocates to the nucleus to induce

ch¡omatin condensation and high molecular weight DNA fragmentation (Susin er a/.

1999). Immunofluorescence analysis (Section 3.6.1) of BNIP3{ransfected 293T cells at

18, 24, and 36 hours post-transfection found no AIF nuclear translocation, despite

increases in the proportion of apoptotic cells observed by Hoechst dye staining (Figure

22a). Cells treated with staurosporine served as a positive control for AIF nuclear

translocation (as verified by Dr. E. Daugas and Dr. G. Kroemer, INSERM, France). The

data were conf,rrmed in parallel samples where HM fractions were immunoblotted for

AIF (Section3.6.2). No difference in the level of mitochondrially-localized AIF protein

was observed between BNlP3-transfectants and control untransfected or BNIP3^TM

transfected cells (Figure 22b).
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Figure 20: BNlP3-induced cell death is characterized by late DNA fragmentation. (A)

Quantification of TLJNEL-positive 293T cells transiently transfected with BNIP3-T7,

BNIP3^TM-T7 (ATM), or tBID-FLAG and stained at 18, 24, and 36 hours. Values for
BNIP3- and tBlD-transfected cells were significantly higher than those observed for controls

(C) at all time points (P<0.01). (B) Illustration of transfected cells as in panel A harvested 24

hours post-transfection and stained with the TLINEL reagent (right) o¡ Hoechst dye (left). (C)

Cells were transfected as in panel A in the absence (solid bars) or presence of 50 pM Ac-

zVAD-fmk (grey bars) or 50 ¡rM Ac-FA-fmk (white bars). Cells were TUNEL stained 24

hours post-transfection, and the percent positive was scored by fluorescent microscopy.

Results are expressed as the mean + SE from at least three independent experiments.
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Figure 21: Overexpression of BNIP3 does not induce significant oligonucleosoma

DNA laddering. Genomic DNA was extracted from 293T cells transientl

transfected with BNIP3-T7, BNIP3ATM-T7, or tBID-FLAG at 18,24, and 36 hour

post-transfection. An aliquot of 10 ¡rg DNA was electrophoresed on a 1 .5o/o wl
agarose gel containing 1 pg ethidium bromide per ml. Result shown is representativ

of three independent experiments. Arrows indicate oligonucleosomal fragments. M
marker.
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Figure 222 Overexpression of BNIP3 does not induce translocation of AIF. (A)
Quantification of AIF nuclear translocation (closed symbols) and chromatin
condensation (open symbols) in 293T cells transiently transfected with BNIP3-T7
(circles) or BNIP3ATM-T7 (triangles) and stained with Cy3-conjugated mouse anti-
AIF antibody and Hoechst dye at 12, 18, 24, 36 and 48 hours post-transfection.
Results are expressed as the mean + SE from at least three independent experiments.
(B) Heavy membrane fractions isolated from untransfected 293T cells (Control) and

cells transiently transfected with BNIP3-T7 (BNIP3) or BNIP3ATM-T7 (BNIP3^TM)
were harvested 18,24, and 36 hours post-transfection and immunoblotted with mouse
monoclonal anti-AIF antibodv. The arrow indicates the p56 band of AIF.
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4.8 BNlP3-expressing cells have ultrastructural features of necrosis

To determine the fine ultrastructural features of cells following BNIP3

expression, we performed transmission electron microscopy of 293T cells 24 hours post-

transfection as described (Section 3.12; Performed by Ms. Eileen MacMillan-Ward,

Manitoba Institute of Cell Biology). These experiments revealed a nuclear phenotype of

lightly dispersed foci of ch¡omatin condensation and heterochromatin (Figure 23b) rather

than the globular condensation typical of apoptosis (Wyllie et al., 1980). During a

detailed examination of cellular organelles, we detected many rounded mitochondria in

which the internal cisternae had been destroyed, while the inner and outer membranes of

the mitochondria appeared to be intact in most cells (Figure 23c). The mitochondria did

not appear to be undergoing gross swelling. Surprisingly, BNlP3-transfectants were

characterized by extensive cytoplasmic vacuolation and dense bodies. High power

examination of these structures revealed a heterogeneous mixture of electron-lucent and

electron-dense regions, many of which appear to be vacuoles and autophagosomes

(Figure 23 d and e) and some of the autophagic vacuoles contained whorls of

membranous material (Figure 23f) that have been observed during autophagic cell death

(Xue et o1.,1999).
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Figure 23: BNIP3 induces ultrastructural changes of necrosis. Normal 293T cells
(A) and BNlP3-expressing 293T cells (B to F) were examined 24 hours post-
transfection by transmission electron microscopy. Nuclei of BNIP3-expressing cells
exhibited dispersed foci of chromatin condensation and heterochromatin (B) compared
to control cells (A). High power magnifications of BNIP3 transfectants showed
rounded mitochondria with disrupted internal structures (arrows) (C), extensive
cytoplasmic vacuolation (D), autophagosomes (arrows) (E), and autophagic vacuoles

containing membranous whorls (F). (A and B), bar = 1 pm; (C to F), bar = 0.5

pm. (Performed by Ms. Eileen MacMillan-Ward, Manitoba Institute of Cell Biology.)
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4.9 BNlP3-induces mitochondrial PT pore opening, loss of AVm, and increased

ROS production

BNIP3 is a mitochondrial outer membrane protein and electron micrographs of

BNIP3-transfected cells featured disturbances in mitochondrial structure. Therefore, we

hypothesized that BNIP3 may directly induce mitochondrial dysfunction. Opening of the

mitochondrial PT pore often accompanies both apoptotic and necrotic cell death with the

consequent loss of transmembrane potential (Ârym) and respiratory inhibition with ROS

production (reviewed in Kroemer et al., 1998). The status of the PT pore can be

determined with the membrane-permeating fluorescent probe calcein-AM, which freely

enters mitochondria but cannot exit except through an open PT pore following processing

by cellular esterases. Using CoClz quenching of cytosolic fluorescence as described by

Bemardi et al. (1999), the release of calcein from mitochondria was analyzed by confocal

laser microscopy as described (Section 3.13). Following BNIP3 transfection,293T cells

lose mitochondrial calcein staining as early as I hours post-transfection (Figure 24a),

indicating opening of the PT pore. Quantitative image analysis was used to determine the

relative fluorescence units (RFU) per cell, as outlined with Nomarski optics. Cells were

arbitrarily classified into three levels of calcein staining, low (0 - 40 000 RFU),

intermediate (40 000 - 60 000 RFU), and high (> 60 000 RFU). It was observed that

BNlP3-transfectants could be primarily classified as calcein-low (Figure 24b), as

illustrated in representative micrographs (Figure 24a). In contrast, BNIP3^TM-

transfected and untransfected cells did not show any signifrcant preferences for calcein

staining state.
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To determine if BNlP3-expressing cells also decrease their transmembrane

potential, we used the cell-permeable lipophilic dye JC-1. Increased ROS production was

assessed using dihydroethidium (HE), which is oxidized to ethidium in the presence of

ROS. Cells were stained and analyzed 24 hours post-transfection by flow cytometry

using gates established from untransfected 293T cells (Figure 25a). CICCP (50 pM), an

uncoupler of the mitochondrial electron transport chain and thus collapses the

transmembrane potential across the inner mitochondrial membrane, was used to

determine maximal Ar.ym loss (Figure 25b). Cells that shifted down below a threshold

established from untreated cells were scored as JC-l1o. Likewise, hydrogen peroxide

(30%o vlv HzOù was used to establish maximum production of ROS and HEHI cells were

defined as those which shifted analogously to HzOz treatment (Figure 25c). Dead cells

were identified by uptake of propidium iodide (PI). BNIP3 was almost as efficient as

tBID at suppressing ÂVm, increasing ROS generation, and inducing cell death (Figure 26

a to c). In contrast, there were no significant differences between untransfected cells and

cells expressing the inactive mutant BNiP3ATM. BNlP3-induced Arym loss and ROS

production were identified as early as 2 hours post transfection and did not increase

further during 12 hours of analysis (Figure 27), indicating that the mitochondrial

dysfunction was maximal and occurred as early as plasma membrane permeability and

cell death as illustrated in Figure i 9a.
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Figure 24: BNlP3-induced cell death is characterized by opening of the PT pore.
(A) Untransfected (Control), BNIP3-T7 (BNIP3)- and BNIP3^TM-T7 (BNIP3ATM)-
transfected 293T cells were harvested 24 hours after transfection and incubated with
calcein-AM in the presence of CoClz to quench cytoplasmic fluorescence. Cells were
visualized by confocal laser microscopy (left) and Nomarski optics (tight). (B)

Quantitation of calcein fluorescence of cells transfected as described in panel A. The
pàrcentages of cells measured as low (CALCEINtO; 0 - 40 000 RFU), intermediate

iCef.Cen-ltto; 40 000 - 60 000 RFU) or high (CALCEIN"'; t 60 000 R¡.U) total
fluorescence units per cell are shown. The experiment was repeated with similar
results. By chi analysis, P<0.001 for the comparison of control versus BNIP3, and

BNIP3 ÂTM versus BNIP3.
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Figure 25: Establishment of flow cytometry parameters. (A) Representative flow
cyometry histogram of untransfected (control) cells gated to exclude cellular debris
using forward angle (FSC) and side angle (SSC) scatter. To establish a positive
control for enhanced ROS production, gated populations of untransfected cells were
stained with dihydroethidium (HE) in the absence (B) or presence (D) of 0.6Yo vlv
HzOz. Migration into the region defined as R2 is indicative of increased ROS
production. Similarly, to establish a positive control for suppression of mitochondrial
transmembrane potential (Aym), cells were stained with JC-l in the absence (C) or
presence (E) of 50 pM CICCP. A loss of red JC-l fluorescence is indicative of Âr.ym

loss.
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Figure 26: BNlP3-induced cell death is characterized by suppression of Arqm and
increased ROS production. (A) Untransfected (C) and BNIP3-T7 (BNIP3)-, BNIP3^TM-T7
(ATM)-, or IBID-FLAG (tBlD)-transfected 293T cells were harvested at 24 hours, stained with
JC-1, and analyzedby flow cytometry as a measure of Aiym. JC-lLo cells were defined as cells
that were gated within the same range as those treated with 50 pM CICCP (-98%) as shown in
Figure 25e. BNIP3- and tBID- but not BNlP3^TM-transfected cells were significantly
suppressed compared to controls (P<0.01). (B) Cells treated as in panel A were stained with
dihydroethidium (HE) to measure ROS production. HE HI cells were defined as cells that were
gated within the same range as those treated with 30% vlv H2O2 for 15 minutes (-98%) as

shown in Figure 25d. Levels in BNiP3- and tBlD-expressing cells were significantly increased

compared to untreated controls or BNIP3ATM transfectants (P<0.03). (C) Samples from the
control and each of the transfections described in panel A were stained with trypan blue to
determine cell death. BNIP3-and tBlD-transfected cells were significantly increased compared

to untreated controls or BNIP3ÁTM transfectants (P<0.01). Results are expressed as the mean *
SE from at least three independent experiments.
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Figure 27: BNlP3-induced Árym suppression, ROS production, and cell death occurs as
early as two hours. (A) Untransfected (Control) and BNIP3-T7 (BNlP3)-transfected 293T cells
were harvested at 2, 4, 6, and 8 hours post-transfection, stained with DiOCe, md analyzed by
flow cytometry as a measure of Âqrm. DiOCeLo cells were defined as cells that were gated
within the same range as those treated with 50 pM CICCP (-98%) as shown in Figure 25e.

BNIP3-transfected cells showed a loss of Ârym as early as 2 hours post-transfection compared to
controls. (B) Cells treated as in panel A were stained with dihydroethidium (HE) to measure
ROS production. HE t' cells were defined as cells that were gated within the same range as

those treated with 30Yovlv HzOz for 15 minutes (-98%) as shown in Figure 25d. Levels in
BNIP3-expressing cells were increased compared to untransfected cells (Control). (C) Samples
from untransfected (Control) and BNlP3-transfected cells described in panel A were stained
with propidium iodide (PI) to evaluate cell death. Data are representative of three independent
experiments.
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4.10 Inhibition of PT pore opening prevents mitochondrial dysfunction and cell

death

To confirm that the loss of ÂV.n, increase in ROS production and ensuing cell

death were the result of opening of the PT pore, we next examined the effect of PT pore

inhibitors on BNlP3-induced cell death and mitochondrial deregulation using the

potentiometric fluorescent probe, DiOCo in combination with HE (Section 3.14). CICCP

and HzOz served as positive controls as described in Section 4.9. As noted earlier, the PT

pore is a multi-protein complex located at the contact sites of the inner and outer

mitochondrial membranes. Opening of the PT pore can be inhibited by cyclosporin A,

which interacts with cyclophilin D, or bongkrekic acid, which binds to the ANT. Both

cyclophilin D and ANT have been demonstrated to be components of the PT pore

(Kroemer et a1.,1998). Cyclosporin A has some activity against calcineurin (Bernadi er

ol., 1999), therefore we also employed a more specific inhibitor, bongkrekic acid.

Previous studies have shown that 50 ¡rM cyclosporin A or 100 pM bongkrekic acid is

sufficient to inhibit Árym suppression (Bernardi et a\.,1999). Flow cytometry parameters

were established by treatment of untransfected cells with 50 ¡^rM CICCP and 30o/o v/v

HzOz as described for Figure 25. BNIP3-expressing cells showed -50o/o DiOC6Lo and

HEHI cells as detected in the upper left quadrant of Figur e 28a compared to untreated and

untransfected controls, consistent with previous experiments with JC-1 (Figure 26). Cells

were treated with cyclosporin A or bonglaekic acid for two hours and washed prior to

transfection, a procedure that did not affect BNIP3 expression in the 293T cells (Figure

28b). Treatment of BNlP3-transfectants with either cyclosporin A or bongk¡ekic acid

revealed a dose-dependent partial inhibition of Àrym suppression and ROS generation
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(Figure 29a and b). Cell death, as measured by uptake of PI, was similarly inhibited

(Figure 29c). Maximum suppression was about 50%o of untreated BNlP3-transfected

cells.
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Figure 28: Inhibition of BNIP3-induced mitochondrial dysfunction and cell death
by PT pore inhibitors. (A) Flow cyometric histograms of HE and DiOCe staining of
BNlP3-T7-transfected cells treated with 50 pM cyclosporin A (CsA) or 100 ¡rM
bongkrekic acid (BA). Values indicate percentage of cells that are DiOCoLo and HEHI.

(B) Western blot of BNlP3-transfected cells treated with I0,25, and 50 ¡rM CsA and

100 ¡.rM BA using anti-T7 epitope antibody. Anti-actin antibody was used as a
loadine control. Lane C, untransfected cells.
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Figure 29: Inhibition of BNIP3-induced mitochondrial dysfunction and cell death
by PT pore inhibitors. Untransfected (control) and BNIP3-T7 (BNlP3)-transfected
293T cells harvested 8 hours post-transfection were treated with increasing doses of
cyclosporin A or 100 pM bongkrekic acid (BA), and stained with DiOCe (A), HE (B),
or PI (C) and analyzed as described in Figure 26. BNIP3^TM-T7-transfected 2937
cells were used as a negative transfection control. Results are expressed as the mean +
SE of at least three independent experiments. Low DiOCo levels in BNIP3-expressing
cells was significantly inhibited when treated with 25 pM (P<0.05) and 50 pM
(P<0.02) cyclosporin A and 100 pM bongkrekic acid (P<0.02) compared to untreated

BNIP3 cells. Increase in HE fluorescence was inhibited at 25 ¡tM (P<0.03) and 50

pM (P<0.02) cyclosporin A, and 100 ¡rM bongkrekic acid (P<0.02). Cell death was

significantly suppressed at 50 ¡rM cyclosporin A (P<0.02) and 100 pM bongkrekic
acid (P<0.02).
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4.ll overexpression of BCL-? prevents BNlP3-induced cell death

Multiple reports have demonstrated that BCL-2 can inhibit PT pore opening,

Àyr-- suppression, and ROS production (reviewed in Vander Heiden and Thompson,

1999; Hanis and Thompson, 2000). Furthermore, overexpression of BCL-2 can also

inhibit caspase-independent cell death (Okuno et a|.,1998). BNIP3 physically interacts

with BCL-2 and BCL-X¡ @oyd et al., 1994; Chen et al., 1997; P.;ay et al., 2000).

Furthermore, overexpression of BCL-2 and BCL-X¡ can partly suppress BNlP3-induced

cell death, although this is overcome at high BNIP3 expression levels (Chen et aL.,1997;

Chen et at., 1999). We next examined the effect of BCL-2 on BNlP3-induced cell death

in cells stably transfected with BCL-2 using PI staining as described (Section 3.14). In

BNIP3-transfectants, plasma membrane damage, and thus cell death, was reduced to that

of inactive BNIP3ATM in BCl-2-expressing cells (Figure 30a). Transfection

efficiencies in both cell lines were relatively equivalent (Figure 30b).
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Figure 30: Inhibition of BNlP3-induced cell death by BCL-2 overexpression. (A)
BNlP3-induced cell death (solid bars) in 293T cells and 293 cells overexpressing

BCL-2 (293-BCL-2) compared to the inactive BNIP3^TM mutant (open bars). Eight
hours following BNIP3 transfection, cells were stained with PI and evaluated by flow
cytometry. The percent dead cells were calculated as the proportion of cells that were

PI positive. (B) Equivalent transfection effrciency was obtained in both cell lines, as

detected by immunostaining with mouse monoclonal anti-T7 antibody. Results are

representative of two independent experiments.
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5.0 Summary

In summary, the wo¡k described in this thesis identifies the mechanism of BNIP3-

induced cell death. Overexpression of BNIP3 induces early and significant suppression

of mitochondrial transmembrane potential and enhanced production of reactive oxygen

species. These events are likely due to the opening of the permeability transition pore as

a result of BNIP3 integration into the outer mitochondrial membrane (Vande Velde et al.,

2000). Furthermore, biochemical analysis revealed that there is no significant activation

of primary apoptotic effectors, specifically caspases 3,7, and 9. In addition, BNIP3-

induced cell death occurred independent of cytochrome c and Apaf-1, both of which are

critical components of caspase-mediated apoptosis. The early mitochondrial dysfunction

observed in BNlP3-transfectants results in morphological features uncharacteristic of

apoptosis. Furthermore, ultrastructural analysis of these cells reveal there is limited

evidence of apoptotic cell death. Rather, BNlP3-expressing cells feature extensive

cytoplasmic vacuolation, early loss of plasma membrane integrity, and destruction of

mitochondrial cristae. Interestingly, failure to localize to the mitochondria, as in the case

of the BNIP3^TM mutant, does not induce any significant mitochondrial dysfunction or

cell death compared to control untransfected cells. However, targeting of BNIP3 to

mitochondrial and non-mitochondrial sites, as in the case of the BNIP3-BcITM and

BNIP3-Cb5TM mutants, respectively, was sufficient to induce cell death. This data

suggests that the anchoring of the cytosolic portion of BNIP3 to intracellular membranes

is sufficient to activate the mechanism of BNlP3-induced cell death. which manifests as

necrotic-like cell death.
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6.0 Discussion

6.1 BNIP3 requires anchoring to an intracellular membrane to induce cell death

Endogenous BNIP3 protein is abundant in viable murine and human skeletal

muscle as a loosely associated protein that is not integrated into the mitochondrial

membrane (Vande Velde et a1.,2000). However, when overexpressed, BNIP3 integrates

into mitochondrial membrane through the carboxyl-terminal transmembrane domain

(amino acids 164-184) with the protein oriented with its amino-terminus in the cytosol

and is cytotoxic (Vande Velde et a1.,2000). Protein integration of BAX into the outer

mitochondrial membrane has also been observed in FL5.12 cells in response to growth

factor withdrawal and is regulated by its amino-terminus (Goping et ol., 1998). The

regulatory mechanism that maintains endogenous BNIP3 in an inactive, non-integrated

state, and the activating event which induces BNIP3 protein integration and cell death are

unknown. At least two non-mutually exclusive mechanisms are possible: (i) endogenous

BNIP3 assumes a conformation that prevents integration of the TM domain until it is

altered by some post translational modification, or (ii) endogenous BNIP3 interacts with

a regulatory protein that maintains it in an unintegrated form at the surface of the

mitochondria until it dissociates. Since overexpression induces cell death, BNIP3 is able

to overcome this inhibition in high concentrations, suggesting that the regulatory

mechanism is saturable. Translocation from the cytoplasm to the mitochondria during

induction of apoptosis has been reported for several members of the BCL-2 pro-apoptotic

family including BID (Li et al.,1998; Luo et a1.,1998), BAX (Goping er a/., 1998), BAK

(Griffiths et a\.,1999),BAD (Zha et al.,1996;Datta et a|.,1997), and BIM (Puthalakath

et al.,1999). These molecules can be regulated by phosphorylation, oligomerization, or
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proteolytic cleavage (Gross et a\.,1999). In the absence of an apoptotic stimulus, BAD is

phosphorylated by Akt (Zha et al., 1996) and by mitochondrion-anchored protein kinase

A(Harada etal., 1999) andsequesteredinthecytoplasmby 14-3-3 protein (Zhaetal.,

1996). BAX, BAK, and BIM are held inactive in the cytoplasm and are translocated to

the mitochondria after a cell death signal. Further regulation is suspected for BAX, as

both unknown regulatory sequences in the amino-terminus and its TM domain have been

implicated in regulating protein integration into the mitochondrial membrane following a

death stimulus (Goping et a\.,1998; Suzuki et aL.,2000). Similarly, BID is cleaved by

caspase 8 following Fas ligation, resulting in mitochondrial translocation (Li et a|.,1998;

Luo et al., 1998). Whether endogenous BNIP3 integration into the mitochondrial

membrane is regulated by a post-translational mechanism similar to these proteins

remains to be determined.

The carboxyl-terminal TM domain is essential for proper subcellular localization,

membrane association, and function of several BCL-2 family members. For example,

BCL-}lacking its TM domain is no longer able to inhibit apoptosis and does not localize

to its normal subcellular locations, including the mitochondria, ER, and nucleus (Minn er

al., 1998). Similarly, the TM domain of BAX mediates its localization and integration

into the outer mitochondrial membrane in response to an apoptotic stimulus (Goping el

a1.,1998). BNIP3 and its homologues also contain a carboxyl-terminal TM domain that

is required for localization to the mitochondria and its death-promoting activity (Chen e/

a\.,1997; Chen et al.,1999). Removal of the TM domain sequence produces a cytosolic

and non-toxic protein (Chen et al., 1997; Chen et al., 1999;Imazu et al.,1999; Ohi et al.,

1999: Cizeau et aL.,2000) that serves as a valuable negative control for cell death induced
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by BNIP3 overexpression. However, the substitution of heterologous TM domain

sequences restored its death-promoting activity (Ray et a1.,2000). Specifically, BNIP3

targeted to the mitochondria via the TM domain of BCL-2 induced cell death as

efficiently as wild type BNIP3. As well, BNIP3 directed to a non-mitochondrial site via

the TM domain of cytochrome bs was slightly less efficient, but still able to induce cell

death. Therefore, the cytosolic portion of BNIP3 may contain all the necessary elements

required to induce cell death and must be localized to an intracellular membrane to exert

its function. This conclusion is dependent on an essential experimental control that is

lacking in this thesis. Specifically, it is possible that simply overexpressing a

mitochondria-targeted protein causes enough membrane instability to induce cell death.

Therefore, in order to be sure that the observed cytotoxicity is specific to BNIP3

overexpression, it is necessary to repeat these experiments and veriff that overexpression

of an unrelated protein fused to a mitochondrial TM domain sequence does not induce

cell death.

There has been substantially less work done on the involvement of the ER in cell

death compared to the mitochondria. However, the ER stores intracellular calcium and

its specific release can trigger apoptosis (Shibasaki and McKeon, 1995). Furthermore,

there appears to be an intricate relationship between the anti-apoptotic protein BCL-2 and

Ca*. Specifically, BCL-} can decrease the amount of Ca* available for release from the

ER, as well as accelerate the uptake of Ca* into the ER (Kuo et al., i998; Foyouzi-

Youssefi et al., 2000). Although the ER is the major cellular store of calcium,

mitochondria also contribute to maintenance of calcium homeostasis by absorbing

cellular calcium (Ichas and Mazat, 1998). Intriguingly, mitochondrial response to
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intracellular calcium levels is a contributing factor to the decision between apoptosis and

necrosis and is mediated by the PT pore (Ichas and Mazat, 1998; Kruman and Mattson,

1999). In addition, mitochondrial calcium homeostasis can be regulated by BCL-2 (Zhu

et a\.,1999). The pathway(s) governing mitochondrial and ER communication regarding

intracellular calcium is unknown. It is possible that cytochrome bs-directed BNIP3

induces cell death by deregulating calcium homeostasis, which in turn impacts

mitochondrial calcium homeostasis and the PT pore. However, the possibility remains

that mitochondrial-targeted BNIP3 directly disrupts mitochondrial calcium levels and

induces cell death. It remains to be determined if expression of the BNIP3 mutants

containing heterologous TM domain sequences inflict mitochondrial dysfunction similar

to wild type BNIP3.

6.2 BNIP3 induces cell death independently of cytochrome c release

The mitochondrial membrane integration of many pro-apoptotic BCL-Z family

members induces mitochondrial dysfunction, which plays an important role in the cell

death pathway. One of the key events in apoptosis is the release of cytochrome c, which

functions with dATP as a co-factor for Apaf-l activation of the caspase cascade (Green

and Reed, 1998). There are cur¡ently three proposed models to explain the mechanism of

cytochrome c release: (i) PT pore-induced mitochondrial swelling and subsequent outer

membrane rupture (Vander Heiden et al., 1997); (ii) cytochrome c exit from the

mitochondria through the PT pore (Shimizu et al., 1999); and (iii) an undefined

cytochrome c-specific channel in the mitochondrial outer membrane (Kluck et aL.,1999).

In one model, the PT pore is hypothesized to serve as a conduit for cytoch¡ome c release
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into the cytoplasm. This is supported by experiments that show a direct interaction

between BAX and components of the PT pore, including ANT (Marzo et al., i998) and

VDAC Qllarita et a\.,1998; Shimizu et a\.,2000b), and evidence that BAX may open the

pore sufficiently to allow cytochrome c release (Shimizu et al., 1999). In contrast to

BAX, BNIP3 does not induce cytochrome c release despite evidence of early PT pore

opening. Therefore, a model in which opening of the PT pore is sufficient to release

cytochrome c is not supported by our data. BAX must have other effects on

mitochondrial membrane proteins to account for the difference with BNIP3. Specifically,

BAX oligomerizes in the outer mitochondrial membrane of apoptotic cells (Antonsson el

at.,2001). While BNIP3 is known to exist as a dimer, no higher order oligomers have

been identified for BNIP3. In addition, BAX can directly interact with VDAC Qrlarita er

a|.,7998; Shimizu et aL.,2000b). BAX-VDAC complexes exhibit a higher conductance

than pores formed by either protein alone (Shimizu et a1.,2000b). It is unknown if

BNIP3 interacts with mitochondrial pore proteins such as ANT and VDAC or whether it

is capable of forming a pore itself. Furthermore, it remains to be determined if BNIP3

can form higher order structures analogous to BAX (Antonsson et a|.,2000). As well,

BAX is able to form ion-specific channels via its a5/a6 region (Schlesinger et al., 1997;

Schendel et a\.,1998). It is unknown if BNIP3 has a similar pore-forming ability.

Although BNIP3 kills without cytochrome c release, it has been observed that the

BNIP3 homologue, NIX/BNIP3L/BNIP3c¿/85 recombinant protein induces cytochrome c

release from isolated mitochondria (Imazu et al., 1999). The reason for this difference

with BNIP3 is not known, however, there are clear structural differences between the

proteins that may account for this effect. Specifically, there are two regions in the amino-
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terminus of NIX that are distinct from BNIP3 (Chen et al., 1999). Furthermore, the

observations made by Imazu et al. (1999) were based on an in vitro assay. It remains to

be confirmed that overexpression of NIX induces similar effects invivo. In mammalian

cells, BNIP3 did not induce cytochrome c release from the mitochondria, as determined

bv both immunofluorescence and immunoblotting methods'

6.3 BNlP3-induced cell death is caspase- and Apaf-l-independent

The absence of mitochondrial cytochrome c release does not exclude the

activation of a caspase-dependent apoptotic pathway. For example, two different death

pathways have been described in Fas-induced apoptosis, one of which leads to direct

activation of caspase 3 through receptor activated caspase 8 and does not require

cytochrome c; and a second that requires mitochondrial release of cytochrome c to

activate caspase 3 and apoptosis (Scaffidi et al., 1998). BNIP3, on the other hand,

requires neither Apaf-l/c¡ochrome c nor the downstream caspases, as BNlP3-induced

cell death was unaffected by broad-spectrum caspase inhibitors and was fully functional

in MEF cell lines deficient in Apaf-1, caspase 9, or caspase 3. Thus, BNlP3-induced cell

death is primarily caspase-independent. Induction of caspase-independent cell death has

been increasingly observed, and examples include the adenoviral protein E4ORF4

(Lavoie et a\.,1998), and cellular proteins PML (Quignon ef a\.,1998), anti-CD2 (Deas

et al., 1998), oncogenic Ras (Chi et al., 1999), FADD (Kawahara et al., 1998) and

granzyme A (Beresford et a1.,1999). Furthermore, BAX and BAK are able to induce cell

death, as opposed to the nuclear changes of apoptosis, in the presence of the general

caspase inhibitor Ac-zVAD-fmk (Xiang et aL.,1996; McCarthy et aL.,1997). In addition,
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it has recently been shown that MEF cells deficient in Apaf-l undergo caspase-

independent cell death in response to staurosporine, cisplatinum, and UV irradiation

(Miyazaki et al., 2001).

6.4 The PT pore: apoptosis versus necrosis, cause or consequence

Opening of the PT pore, loss of AVm, and increased ROS production are

important contributors to cellular destruction (Zamzami et al., 1995) and are events in

both apoptosis and necrosis (Kroemer et al., 1998; Crompton, 1999)' However, the

sequence of these events in the apoptotic pathway remains controversial. Specifically,

Za¡rzarni et al. (1995) have demonstrated that ROS are generated only after dissipation

of Arym following dexamethasone treatment of splenic T cells. However, the loss of

mitochondrial membrane potential and ROS production can be both an inducer and a

consequence of PT pore opening depending on the death signal (reviewed in Zoratfi and

Szabo, 1995; Kroemer et al.,1997' Crompton, 1999). It is also controversial whether PT

pore opening is a cause or consequence of apoptotic cell death. Inhibition of the PT pore

prevents cell death and nuclear changes characteristic ofapoptosis, suggesting that the PT

pore is the critical, initiating event of apoptosis (Castedo et al., 1996; Marchetfi et al.,

1996; Zamzami et al., 1996). However, PT pore opening has also been observed as a late

event, secondary to initial caspase activation, suggesting that it functions as an

amplification step to propagate the apoptotic signal (Bossy-Wetzel et aL.,1998;Marzo et

a\.,7998a; Finucane et al., L999). In necrotic cell death, PT pore opening is considered

to be an early, pivotal event. During a necrotic insult, cyclosporin A can prevent PT pore

opening and cell death (Kroemer et al., 1998). Thus, apoptosis and necrosis may be

t44



differentiated based on the late or early opening of the PT pore, respectively (Kroemer ef

al., 1998). in addition, if caspase activation is delayed or absent, necrosis may occtlr

before the apoptotic program can be implemented. This type of phenomenon has been

previously observed. Overexpression of BAX or BAK in the presence of Ac-zVAD-fmk,

to inhibit caspase activation, results in caspase-independent cell death with similar

features to those observed in BNlP3-expressing cells (Xiang et al., 1996; McCarthy et

al., 1997). BNIP3 does not induce caspase activation possibly due to ROS-mediated

inhibition of caspase activity. Furthermore, overexpression of BNIP3 induces early,

sustained PT pore opening with Ârym suppression and ROS production. Therefore, the

mitochondrial events in BNIP3-expressing cells are closely related to necrotic cell death.

Furthermore, these events occur concurrently with plasma membrane permeabilization, a

feature of necrosis. As well, the PT pore-specific inhibitors, cyclosporin A and

bongkrekic acid, block both BNIP3-induced mitochondrial changes and cell death. Thus,

PT pore opening is a pivotal event for BNiP3-induced cell death and thus fits with a more

nec¡otic type of cell death. This is summarized in Figure 31. Although PT pore opening

is a key mechanism that mediates BNIP3-induced cell death, the specific mitochondrial

proteins that are targeted remain to be identified. However, BAX has been found to

interact directly with components of the PT pore and directly modulate PT pore opening

(Marzo et a\.,1998; Narita et a\.,1998). Therefore, BNIP3 may directly induce PT pore

opening via analogous interactions with one or more components of the PT pore.

Alternatively, BNIP3 may interact with or modulate the function of some unknown factor

that itself directly regulates the state of the PT pore. Due to the observed cell death

activity of cytochrome b5-targetted BNIP3 (BNIP3 -CybTM), BNIP3 -mediated disruption
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of Ca* homeostasis is a possible mechanism as the intracellular Ca- level is a known

modulator of PT pore opening (Bernardi,1999; Crompton, 1999). It is equally possible

that BNIp3 targets an unrelated protein that suppresses transmembrane potential and

enhances ROS production, events which themselves are sufficient to induce secondary

PT pore opening.
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6.5 BNIP3 induces necrotic-like cell death

Although cell death may be caspase-independent, DNA fragmentation and

chromatin condensation following most apoptotic signals requires downstream caspases

(Earnshaw et al.,lggg). Nuclei in BNIP3 transfectants exhibit DNA fragmentation and

focal chromatin condensation, although these nuclear changes are preceded by loss of

plasma membrane integrity and thus the cells are likely already committed to die'

Nevertheless, it is unclear how the nuclear changes are mediated, as there is only minimal

DEVDase activation, even at the late time points. Furthermore, DNA fragmentation is

only partially inhibited by Ac-zVAD-fmk. Immunofluorescence and immunoblotting of

subcellular fractions exclude the participation of AIF, a caspase-independent mediator

(Susin et al., lggg), as it was not translocated from the mitochondria to the nucleus in

BNIp3+ransfected cells. Ultrastructural analysis of BNIP3-transfected cells revealed that

the nuclei have a peculiar mottled appearance, with dispersed foci of ch¡omatin

condensation rather than the global large-scale condensation normally observed in

caspase-dependent apoptosis. Although we have not definitively determined how BNIP3

induces DNA strand breaks, it appears that the mechanism is not mediated by one of the

known apoptotic pathways. However, ROS is a known inducer of DNA strand breaks

and DNA base damage (Bai et al., 1999). Therefore, the ROS produced as a

consequence of BNlP3-mediated events may be suffrcient to induce the DNA damage

observed in BNlP3-expressing cells. It is also possible that non-caspase proteases

mediate the nuclear damage observed following overexpression of BNIP3. In the cell, a

large pool of catabolic enzymes, including endonucleases, exists within the lysosome.
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During some forms of cell death, the contents of the lysosome may be spilled into the

cytosol (Bursch, 2001). Furthermore, autophagosomes are associated with lysosomal

degradation (Bursch, 2001). Interestingly, autophagosomes are a major feature of

BNIp3-expressing cells. Therefore, the nuclear damage observed in BNIP3-transfected

cells may be due to an endonuclease derived from the autophagosome/lysosome

compartment. Caspase-independent nuclear damage and cell death has also been

observed in cells treated with the tryptase, granzyme A (Beresfotd et al., 1999)'

Subsequent studies determined that the rapid degradation of nuclear histones by

granryme A may be responsible for the observed DNA damage (Zhang et a1.,2001).

BNIP3 transfectants exhibit an early loss in plasma membrane integrity and this

precedes the appearance of DNA fragmentation detected by TUNEL. In contrast, cells

expressing tBID, BAX and caspase gll'lpaf-l showed both the expected apoptotic

phenotype of an intact plasma membrane and PS externalization (PS*PI-) as well as some

cells with early plasma membrane disruption. This observation suggests that the primary

cause of BNlP3-induced cell death is the loss of membrane integrity, which would be

more typical of a necrotic type of cell death. Interestingly, some species of oxygen

radicals can inflict membrane damage via lipid peroxidation (Bai et al., 1999).

Therefore, the plasma membrane damage observed in BNlP3-induced cell death may be

due to the enhanced ROS production induced by overexpression of BNIP3. Electron

micrograph analysis of BNlP3-transfected cells supports the interpretation that BNIP3

induces necrotic-like cell death. The morphological changes show extensive cytoplasmic

vacuolation and mitochondrial deformation with limited evidence of apoptotic nuclear

damage. Similar vacuole formation has been observed in caspase-independent forms of
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cell death including anti-CD2 treated cells (Deas et a\.,1998), neuronal cells subjected to

nerve growth factor (NGF) withdrawal (Xue et al., 1999), and Ac-zVAD-fmk-treated

BAX and BAK transfectants (Xiang et al., 1996; McCatthy et aI', 1997)' BNIP3-

expressing cells contain a heterogeneous population ofelectron-dense and electron-lucent

vacuoles, some of which appear to be autophagic and are very similar to the structures

recently observed in sympathetic neurons after NGF-withdrawal (Xue et al., 1999). In

this study, autophagic degeneration and vacuole formation were blocked by treatment

with an autophagy inhibitor, 3-methyladenine, but not the caspase inhibitor Ac-zVAD-

fmk, and may be similar to BNlP3-induced cell death. Furthermore, the appearance of

autophagic vacuoles suggests that degradative enzymes may be released from the

lysosome during the uncontrolled autophagy. Lysosomal proteases as mediators of cell

death have been implicated in several systems (reviewed in Bursch, 2001). It is possible

that this pool of proteases mediate the cellular and nuclear damage observed in BNIP3-

expressing cells. BNlP3-mediated cell death also resembles the caspase- and Apaf-l-

independent cell death in the interdigital spaces of mouse limb buds, including mottled

nuclei and cytoplasmic vacuolation (Chautan et al., 1999). A morphologically similar

form of caspase-independent cell death, referred to as autophagic cell death, has been

reported in the slime mold Dictyostelium, which was also inhibited by cyclosporin A

(Comillon etal., 1994;Olieetal.,1998). Evenmoreintriguingistheobservationof a

similar type of cell death in C. elegans (Hall et al.,1997).
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6.6 Model of cell death induced by endogenous BNIP3 and its potential regulation

Based on the observed function of BNIP3 as a mediator of cell death resembling

necrosis when overexpressed, it is reasonable to postulate that some forms of necrotic cell

death may be mediated by endogenous BNIP3. Low oxygen conditions (hypoxia) are

known to induce both apoptosis and necrosis (Bursch, 2001). Recently, increased

endogenous BNIP3 mRNA and protein expression have been observed in CHO-KI and

HeLa cell lines as well as neonatal rat cardiomyocytes grown in hypoxic conditions

(Bruick, 2000; Guo er a\.,2001). Upregulation of BNIP3 and NIX expression correlated

with increased cell death in cells grown in hypoxic condition (Bruick, 2000; Guo et ol.,

2001). Furthermore, expression analysis of nine BCL-2 family members revealed that

hypoxia specifically upregulated BNIP3 and NIX (Bruick, 2000) suggesting a unique role

for BNlP3-related proteins as mediators of hypoxic cell death. The role for BNIP3 in

hypoxic cell death is strengthened by the identification of two hypoxia response elements

(HRE) in the BNIP3 promoter (Bruick, 2000). HREs are binding sites for the highly

oxygen-sensitive heterodimeric transcription factor, Hypoxia lnducible Factor-1 (HIF-1).

One of the subunits of HIF-I, HIF-lcr, contains an oxygen-dependent degradation

domain that is rapidly degraded via the ubiquitin-proteasome pathway in the presence of

low oxygen conditions (Salcedo and Caro, 1997; Huang et a1.,1998a; Kallio et a1.,1999).

However, in hypoxic conditions, HIF-1cr is stabilized and associates with its partner HIF-

1Þ/ARNT to produce a transcription factor (Semenza, 2000). Target genes of HIF-I

include genes involved in glucose metabolism, erythropoiesis, and vascular development

(Semenza, 2000). Furthermore, HIF-1-induced expression of target genes is primarily
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geared towards cell survival (Semenza, 2000). However, the recent identification of

functional HREs in the BNIP3 promoter strongly implicates BNiP3 in hypoxic cell death.

However, in the study by Bruick (2000), there is a significant delay between mRNA

expression and protein expression. Examination of the literature suggests a potential self-

amplification mechanism for BNIP3. Specifically, BNIP3 induces increased ROS

production. Interestingly, HIF-1cr is regulated by intracellular levels of ROS. Therefore,

removal of the proposed post-translational regulatory mechanism that permits integration

of BNIP3 into the outer mitochondrial membrane results in significant ROS production.

The increased levels of intracellular ROS contributes to an altered cellular redox status

and provides the necessary environment for HIF-lcr stabilization. The HIF-I complex

would then proceed to transcriptionally upregulate BNIP3 mRNA that would generate

more protein and induce more ROS production, perpetuating a feed-forward self-

amplification loop. The simultaneous expression of HIF-1-dependent survival/adaptation

genes that permit a cell to partially adapt to hypoxia may account for the delay between

BNIP3 upregulation and cell death observed by Bruick (2000).

It has recently been determined that the oxygen sensing mechanisms involved in

stabilization of HIF-lcr does not depend on the ROS generated by deregulation of the

ETC (Srinivas et a1.,2001). Specifically,HzOz was ruled out as a mediator in HIF-I

activation. However, there are still other possible oxygen-derived free radicals that could

serve as viable candidates for HIF-1c¿ stabilization. Interestingly, dihydroethidium (HE),

the reagent used to detect ROS production in BNlP3-expressing cells, is primarily

reactive with superoxide anion (Cai and Jones, 1998). Therefore, although the oxygen

radical species generated in BNlP3-induced cell death are not defined, it is still possible

r52



that BNlp3-induced ROS production is appropriate to induce HIF-1 activation. Further

work using inhibitors specific to a subset of oxygen radicals could prove useful in

determining the viability of this model. Intriguingly, an ofthologue of HIF-1 has recently

been identifred in C. elegans (Jiang et a\.,2000). However, the deletion of the hif-l gene

revealed thathif-I is required for C. elegans'adaptation to hypoxia (Jiang et a\.,2000)'

A hypoxia adaptation mechanism has been observed in mammalian cells and is

presumably linked to HlF-l-mediated upregulation of glycolytic enzymes as a shift in

cellular metabolic state was observed (Seagroves et al., 2001). In addition, hypoxic

conditions did not affect the viability of wild type nematodes despite the known existence

of a C. elegans orthologue of BNIP3, ceBNIP3 (Yasuda et ø1., 1998a; Cizeau et al.,

2000). However, BNlP3-induced cell death in mammalian cells is mitochondria-

dependent/mediated, and therefore, this possible contradiction may be due to the fact that

there is currently no evidence of a mitochondria-dependent/mediated cell death pathway

in C. elegans. In humans, BNIP3 may play an important a role in disease models

featuring hypoxic stress, such as ischemia, cardiac infarct, and solid tumor growth.

6.7 Future studies

Although the basic mechanism of BNIP3-induced cell death has been delineated,

little is known about the physiological function of BNIP3. There are two approaches

available to identiffing the physiological role of endogenous proteins, including germline

deletion of the gene and antisense technology. In both cases, removal of the gene product

should effectively yield invaluable data about the endogenous role of BNIP3. The

structure of the gene encoding BNIP3 is currently being determined (D. Dubik, A.H'
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Greenberg, and J.M. Penninger, unpublished observations). Using the completed gene

structure, appropriate targeting vectors can be constructed to generate mice deficient in

BNIP3. Careful evaluation of bnip3-/- mice will undoubtedly uncover the role of BNIP3

in development and cellular homeostasis. Development of antisense probes specific for

BNIP3 would also be helpful. As well, experimental systems of necrotic cell death,

especially hypoxia, should yield valuable insight into the role of BNIP3 in disease models

such as ischemia, cardiac infarct, and the development of large solid tumors.

Development of antisense technology to prevent BNlP3-induced cell death in disease

models may also provide valuable therapeutic avenues.

Significant strides have been made in understanding the relationship between

mitochondrial physiology and cell death. Yeast have served as a valuable tool in these

studies due to their ease of manipulation and ability to grow in both respiratory/aerobic

and fermentative/anaerobic conditions (Hanis et a|.,2000). Using yeast, a blueprint for

cell death induced by BAX has recently been identified. Specifìcally, BAX requires

oxidative phosphorylation to efficiently induce cell death in yeast (Hanis et a\.,2000). In

contrast to the yeast two hybrid system, in which the vectors are targeted to the nucleus to

facilitate transcriptional activation of the reporter gene(s), these studies utilized full

length BAX targeted to the mitochondria via its own TM domain, thus placing BAX in its

"natural environment". If full length BNIP3 is similarly cytotoxic to yeast, it would be

useful to explore expression of BNIP3 in a variety of yeast strains, each with specific

mutations, under both aerobic and anaerobic conditions to determine the impact of

BNIP3 on mitochondrial physiology. Specifically, it is possible that BNIP3 mediates a

disruption of normal mitochondrial reactions so as to disturb cellular energy levels and
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thus favor necrosis. As well, overexpression of BAX has been previously shown to

trigger PT pore opening and caspase-independent cell death in the presence of caspase

inhibitors (Xiang et a\.,1996). Here, PT pore opening is suspected to be regulated by

protein-protein interactions as BAX can directly interact with ANT and VDAC (Marzo et

al., 1998; Narita et a\.,1998; Shimint et a\.,2000b). These direct interactions may be

facilitated by BAX protein integration into the outer mitochondrial membrane upon

receiving a death stimulus (Goping et o1.,1998). BNIP3 overexpression induces PT pore

opening and protein integration. Therefore, it is worthwhile to explore the possibility of

direct interactions between BNIP3 and components of the PT pore. Such interactions

could ultimately influence normal mitochondrial physiology and energy

production/homeo stasis.

The only truly biochemical definition of necrosis is significant ATP depletion

Q.licotera and Leist, 1997; Tsujimoto, 1997; McConkey, 1998). The work described

classifies BNIP3-induced cell death as necrotic-like based on morphological criteria and

an apparent lack of apoptotic biochemical and morphological criteria. Note that although

BNlP3-induced mitochondrial deregulation is early and likely indicative of necrosis,

there is a significant amount of controversial data yet to be sorted out due to the apparent

sharing of early PT pore opening by both apoptotic and necrotic cell death pathways. In

any case, it would be useful to define the energy status of BNlP3-expressing cells. As

well, this type of study in combination with previously suggested experiments, may

provide additional information into the biochemical pathway invoked in BNIP3-induced

cell death. In addition, an attempt to delineate the sequence of mitochondrial events,
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including PT pore opening, ROS production, and Arym suppression in relation to one

another, using specific pharmacological compounds may also prove useful.

Autophagy is a poorly understood mechanism in mammalian cells. The

observation that BNlP3-expressing cells contain numerous autophagic

vacuoles/autophagosomes suggests that BNIP3 may play a role in autophagic cell death.

Similar autophagosome structures have been observed in sympathetic neurons deprived

of nerve growth factor (Xue et al., 1999). As well, there is some indication that PT pore

opening influences autophagy (Bursch, 2001). Therefore, studies exploring BNIP3

expression in the presence of inhibitors of autophagy and PT pore opening, such as 3-

methyladenine and cyclosporin A, respectively, may partly elucidate a much sought after

mechanism for cellular removal by autophagy'

BNIP3 is a toxic protein and therefore must be regulated. Endogenous BNIP3 is

held inactive as a non-integrated protein loosely associated with the mitochondrial

membrane. The regulatory step(s) governing protein integration is/are unknown. As

mentioned previously, there are at least two non-mutually exclusive mechanisms

possible. First, endogenous BNIP3 may assume a conformation that is incompatible with

protein integration. Protein conformation may be altered by some post translational

modif,ication that permits BNIP3 integration via the TM domain. Detailed analysis of

possible post-translational modifications, including phosphorylation, myristolation, and

glycosylation, may yield important regulatory information. Determination of the three-

dimensional structure of BNIP3 may also be beneficial and perhaps even yield additional

information about protein function. Second, endogenous BNIP3 may interact with a

regulatory protein that maintains BNIP3 in an unintegrated form at the surface of the
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mitochondria. Dissociation of the regulatory protein may permit integration of BNIP3.

A possible interacting, regulatory protein could be identified via the yeast two hybrid

system coupled with co-immunoprecipitation studies in mammalian cells.

6.8 Conclusion

In conclusion, BNIP3 overexpression initiates a necrotic-like cell death pathway.

BNIP3-induced cell death requires early PT pore opening and is independent of caspases,

Apaf-l, and c¡ochrome c release. Mitochondrial dysfunction and loss of plasma

membrane integrity are early events in BNlP3-induced cell death. Other features of

BNlP3-expressing cells include extensive cytoplasmic vacuolation, the appearance of

autophagosomes, and disruption of normal mitochondrial architecture. The classification

of BNIP3-induced cell death as necrotic-like (instead of necrotic) is largely due to a lack

of formal evidence demonstrating a loss of cellular ATP, the only known event that is

characteristic of necrosis, in BNlP3-expressing cells. However, the observation that

necrotic-like cell death is induced by a protein, which is encoded by a gene, suggests that

not all programmed cell death is apoptosis. Rather, programmed cell death can be

apoptotic or necrotic in nature provided that it accomplishes a physiological function.

Therefore, BNIP3 represents a new class of mitochondrial proteins involved in a

necrotic-like cell death pathway.
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