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ABSTRACT 

BNIP3 is a ce11 death-inducing mitochondrial protein that is part of a Bcl-2 

subfamily with NIX and ceBNIP3. BW3-induced ce11 death morphologically resembles 

necrosis that is characterized by rapid plasma membrane damage and mitochondrial 

dysfunction in the early stages, followed by DNA fiagmentation and chromatin 

condensation characteristic of apoptotic ce11 death in the later stages. DNA fragmentation 

during most types of apoptosis is predominantly due to caspase-3 activation. However. 

BNIP3-induced cell death is independent of caspase-3 activity, thus the mechanism of 

BNIP3-induced DNA fragmentation remains unknown. Co-immunoprecipitation analysis 

revealed an interaction between BNIP3, MX, and caspase-2. The interaction is unique in 

that it is not mediated through the caspase-2 prodomain. Caspases-1, -8, and -9, which 

have homologous prodomains to caspase-2, do not bind BMP3 or MX, indicating 

specificiîy for caspase-2. Further structural analysis indicated that the transmembrane 

domain and NH2-terminus of BMP3, which mediate binding to Bcl-2 and Bcl-XL, are not 

required for binding caspase-2. An in vitro caspase assay detected activation of 

endogenous caspase-2 in BNIP3-transfected cells. This activation corresponded with 

enhanced ce11 death and DNA fragmentation in cells CO-expressing BNIP3 and caspase-2. 

Furthemore, both a broad-spectm caspase inhibitor and a caspase-2-specific inhibitor 

blockcd BNIP3-induced DNA fragmentation in vivo, and cleavage of a caspase-2-specific 

substrate in vitro, indicating a role for caspase-2 in BNTP3-induced ce11 death. Taken 

together, Our results suggest that BNIP3 induces DNA fragmentation and subsequent ce11 

death through a novel mechanism involving the specific recruitment and activation of 

caspase-2. 



INTRODUCTION 

Apoptosis, or programmed ce11 death, is an evolutionarily conserved, genetically 

regulated form of ce11 suicide essential for development and maintaining homeostasis in 

multicellular organisms (99). Apoptosis is important for the elimination of cells that are 

in excess, misplaced, nonfunctional, or self-reactive, as well as for cells that have 

sustained genetic darnage or have been infected by virus (42). Hence, the dsyregulation 

of apoptosis connibutes to the pathogenesis of a variety of human diseases (91). The 

failure of cells to induce apoptosis has been associated with cancer, autoimmune diseases, 

and viral infections. In contrast, excessive apoptosis has been associated with 

neurodegenerative disorders, A I D S ,  aplastic anemia, Alzheimer's disease, and 

osteoporosis. Apoptosis was onginally classified by Kerr et. al. (44) as an active and 

intrinsic ce11 death pathway distinct from necrosis. Apoptosis is triggered by a variety of 

extrinsic and intrinsic signals which include growth factor withdrawal, TNFa, Fas ligand, 

loss of matrix attachent,  heat shock, viral infection, chemotherapeutic drugs, radiation, 

hypoxia, DNA damage, oncogenes, and tumor suppressors (75,100). Necrosis on the 

other hand is generally considered to be an acute and passive form of ce11 death triggered 

by environmental insults that cause physical cellular injury (45). Necrotic ce11 death is 

associated with an early loss of plasma membrane integrity, allowing the leakage of 

cytoplasmic contents, rapid ce11 swelling, and lysis, resulting in the induction of an 

inflammaiory response (45). In contrast, apoptotic ce11 death is characterized by distinct 

morphological features including an intact plasma membrane, chromatin condensation, 

DNA Fragmentation, cytoskeleton dismption, ce11 shrinkage, and plasma membrane 



blebbing resulting in the formation of apoptotic bodies that are rapidly phagocytosed by 

macrophages, thus avoiding an inflarnmatory response (1 06). 

Apoptosis in the nematode Caenorhabditis elegans 

The first evidence for the existence of a genetically controlled ce11 death pathway 

came from studying the development of the nematode Caenorhabditis elegans. During 

C. elegans development, 1090 somatic nuclei are generated from a fertilized egg by an 

essentially invariant pattern of ce11 divisions (34). Precisely 13 1 cells rapidly undergo 

prograrnmed ce11 death to generate the 959 somatic nuclei of the adult hermaphrodite 

(35). Genetic analysis of prograrnmed ce11 death during development in C. elegans has 

identified several core components of the C. elegans death machinery that establish a 

paradigrn for ce11 death in al1 multicellular organisms. Three genes defme the killing or 

execution step of p rogrmecl  cell death; ced-3 (cell aeath abnormal), ced-4, and ced-9 

(35 ) .  CED-4 and CED-3 are required for initiation and execution of the ce11 death 

pathway, respectively (24), while CED-9 functions to protect cells f?om ce11 death (32). 

Severai mutations have been identified that alter the ce11 death process in al1 13 1 

cells, indicating that al1 programmed ce11 deaths that occur during C. elegans 

development involve the same mechanism. Mutations that result in a reduction or Ioss of 

function in either ced-3 or ced-4 cause cells that normally die to survive (24). However, 

neither mutation results in embryonic lethality, nor do the adult nematodes have any 

obvious deleterious effects on behavior, although they may have up to 20% more neural 

cells than wild-type nematodes (24). In contrast, a ced-9 gain-of-fûnction mutation 

prevents normal ce11 death, whereas a ced-9 loss-of-fiction mutation causes cells that 

normally live to undergo programmed ce11 death and results in embryonic lethality (32). 



Furthemore, mutations in either ced-3 or ced-4 completely suppress al1 defects observed 

in ced-9 loss-of-fùnction mutants (32). Thus, in order for ced-9 activity to have an effect, 

ced-3 and ced-4 must also be fbnctional, hence ced-9 functions upstream as a negative 

regulator by antagonizing the activities of ced-3 and ced-4 (32,35). Agonist and 

antagonist effects of these three proteins are rnediated through protein-protein 

interactions. CED-4 binds to and activates CED-3, while CED-9 can bind CED-4 forrning 

an inactive ternary complex that inhibits CED-3 activation (13,105). Recently, a new 

C. elegans protein has been identified called EGL-1 (egg-laying abnonnal-l) (19). Like 

the los-of-function mutations in ced-3 and ced-4, loss-of-fiinction mutations in egl-l 

cause al1 13 1 cells that normally die to instead survive (1 9 j. EGL-1 induces ce11 death by 

binding CED-9, and consequently disrupting the association between CED-9 and CED-4, 

allowing CED-4 to activate of CED-3 (21). A mode1 for the activation of programmed 

ce11 death in C. elegans evolved Eom the genetic and molecular data described above. 

Upon activation by upstrearn signals, EGL-1 physically interacts with CED-9, thereby 

releasing CED-4 fiom the CED-9/CED-4 complex. Free CED-4 can then promote 

activation of CED-3, which induces ce11 death by activating a discrete set of proteins that 

function to kill cells, and by inactivating other proteins that function to protect cells fiom 

death (34). 

The molecular ce11 death pathway delineated in C. elegans is highly conserved in 

rnarnmalian cells. The rnarnmalian counterparts of the C. elegans death genes have 

evolved into large gene families. The rnammalian interleukin-1P-converting enzyme 

(ICE) was the first CED-3 homologue to be identified (1 16), which subsequently grew 

into a farnily of cysteinyl aspartate-specific proteases, or caspases (4). Apaf-1 (apoptotic 



pro tease ac tivating fkctor-l) and the recently identi fied CARD4 (Cspase :ecruitment 

domain-containing protein-4) constitute a new mammalian family homologous to CED-4 - 

(7,119). The rnamrnalian homologue of CED-9 is Bcl-2 (33), which serves as the 

prototype for a family of anti- and pro-apoptotic members that also includes EGL-1 

homologues (1 9). 

The Caspases 

ICE is a cysteine protease that cleaves the inactive I L I  9 precursor at aspartate 

residue 116 to release the mature IL-IQ peptide, a cytokine involved in a wide range of 

biological responses including inflammation and hematopoiesis (92). ICE and CED-3 

share 29% identity overall, and 43% within a 1 15 arnino acid region that includes a 

completely conserved pentapeptide QACRQ, which contains the active site cysteine 

residue essential for ICE proteolytic activity (92,116). Mutations altering the 

pentapeptide sequence abolished CED-3 function, indicating for the first time that CED- 

3, like ICE, iûnctions as a cysteine protease in executing ce11 death in C. elegans 

(108,116). This discovery lead to the identification of a family of cysteinyl aspartate- 

specific proteases now known as caspases (4), which fùnction in inflammation and 

apoptosis (69,93). The caspase family thus far consists of 14 members that are divided 

into two subfamilies based on their homology to either ICE or CED-3 (2,69,93). The ICE 

subfarnily, consisting of caspases-1, -4, -5, -11, -12, and -13, fûnctions pnmarily in 

inflammation, whereas the CED-3 subfamily, consisting of the remaining caspases, 

hnctions in apoptosis (69,93). The CED-3 subfamily is füxther subdivided into initiator, 

or upstream caspases (caspases-2, -8, -9, and -10) and effector caspases (caspases-3, -6, - 

7, -14) that typically function fiirther downstream in the pathway to execute ce11 death 



(93). Downstream caspases are responsible for the cleavage of a discrete fraction of 

cytoplasmic and nuclear substrates, which ultimately lead to the systematic disassembly 

of the cell and characteristic apoptotic morphology (23). The net effect of caspase 

substrate cleavage is to: (i) arrest ce11 cycle progression, (ii) disable homeostatic and 

repair mec hanisms, (iii) detach the ce11 fiom surrounding tissue, (iv) disassemble 

cytoskeletal and nuclear structural components, and (v) mark the ce11 for phagocytosis 

(70)- 

Caspase Sîrucrure 

Caspases are expressed as inactive precursors consisting of three domains: an 

NI2-terminal prodomain, a large subunit (-20kD), and a small subunit (-1Ok.D) (93). The 

initiator caspases are structurally distinct tiom the effector caspases in that they have a 

significantly longer prodomain that is important for activation, as discussed below. 

Conversion of the caspase precursor to the mature protease requires two cleavage events 

at specific aspartate residues f o n d  within caspase consensus sequences at the domain 

junctions. Processing occurs in an ordered fashion, with cleavage between the smaI1 and 

large subunits preceding removal of the prodomain (23). The fiee large and small 

subunits associate to form a heterodimer with one catalytic domain in which both 

subunits contribute residues necessary for substrate specificity, binding, and catalysis 

(69,93). The crystal structures of mature caspase-1 and caspase-3 reveal a tetrameric 

conformation, consisting of two heterodimers and two independent catalytic sites 

(79,101). The catalytic site recognizes a very short tetrapeptide sequence in target 

substrates. Al1 caspases have an absolute requirement for aspartate in Pi ,  are flexible with 

Pz, prefer glutamate in P3, and are M e r  subdivided into three groups based on their 



amino acid preference in Ps: (i) a hydrophobie residue (caspases- 1, -4, -5, and -1 3), (ii) 

aspartate (caspases-2, -3, -7, and CED-3), (iii) an aliphatic residue (caspases-6, -8, -9, and 

-10) (94). Caspase-2 is unique in that it also appears to have a requirement for valine in 

P5 (89). Given that caspases are m o n g  the most specific of proteases, with an absolute 

requirement for cleavage after an aspartate residue, it serves to reason that these enzymes 

are activated either autocatalytically or in a cascade by other caspases. 

Caspase Acîivation 

There are three distinct pathways for caspase activation: (1) tram-activation, (2) 

autoactivation, and (3) recruitrnent-activation (69). Tram-activation is the primary 

mechanism for activation of effector procaspases by other upstream caspases, resulting in 

a proteolytic caspase cascade (69). Typically, upstream initiator caspases (e-g. caspase-8 

or-9) cfeave and activate downstrearn effector caspases (e.g. caspases-3 or -7), which 

subsequently activate other downstrearn caspases and may in turn initiate a feedback 

amplification loop (84). 

Autocatalytic activation has been observed by overexpression for most 

procaspases, although there is no definitive evidence that it occurs in the absence of 

adaptor molecules under physiological conditions (69). For exarnple, upon 

overexpression, caspase-2 homodirnerization mediated by the prodomain is sufficient for 

autocatalytic processing (9). In addition, procaspase-3 can be converted to an 

autoactivating caspase by fision to the caspase-2 prodomain (18). Under physiological 

conditions, adaptor molecules are likely required to promote autocatalytic activation of 

initiator procaspases by recniitment and oligomerization. 



Recruitment through adaptor molecules brings procaspases into close proximity 

enabling oligomerization and inducing auto-catalytic processing and activation, a process 

described as the induced-proximity model (81), also hown as scaffoid-mediated 

activation (23) .  The interaction of adaptor molecules and procaspases is mediated through 

homophilic interactions between specific domains collectively known as caspase 

recruitment domains (CARDs), which reside in the caspase prodomain and the 

corresponding adaptor molecule (50). Oligomerization mediated by CARDs has been 

observed for the activation of CED-3, caspase-1, caspase-2, caspase-8, and caspase-9, 

with their corresponding adaptor proteins, CED-4 (1 IO), CARDIAK (90), RAiDD (22), 

FADD (67), and Apaf-1 (85), respectively. The exact mechanism of activation is 

unknown, but likely involves intrinsic proteolytic activity that resides in the caspase 

zymogen (81). For example, the zymogenicity, the ratio of the activity of a processed 

protease to the activity of the zymogen on any given substrate, of procaspase-3 is greater 

than 10,000. thus the zymogen is completely inactive compared to the activated caspase- 

3. In contrast, the initiator procaspases-8 and -9 have zymogenicity ratios of 100 and 10, 

respectively, thus the zymogens have much more intrinsic activity than compared to 

procaspase-3 that can be utilized for autocatalytic processing (81). There are two main, 

non-exclusive, pathways descnbed for the activation of initiator caspases by the induced- 

proximi ty model : (i) the death receptor pathway, and (ii) cytochrome dApaf- 1 pathway . 

(i) The Death Receptor Pathway 

Death receptors belong to the tumor necrosis factor receptor (TNFR) farnily, and 

are ce11 surface receptors consisting of cysteine-nch extracellular domains and 

homologous cytoplasmic sequences called death domains @Ds) that transmit an 



apoptotic signal upon binding of a death ligand (5). Death receptors activate apical 

caspases, primarily caspase-8 and to a lesser extent caspase-IO, within seconds of ligand 

binding, inducing a swift apoptotic dernise of the ce11 (5). The best characterized death 

receptors include TNFRl (also called p55 or CD1 20a), and Fas (also called Apo l or 

CD95), and their corresponding death ligands, TNF, and Fas ligand (FasL or CD95L), 

respectively (5). Activation of TNFRl by TNF is complex in that ligand binding typically 

activates ceIl survival pathways mediated by NF-&, but can also induce apoptosis in 

certain cell types, although only when protein synthesis is impaired (5). In contrast, 

activation of Fas by either FasL, or receptor agonist antibodies, rapidly transduces an 

apoptotic signal through the formation of the DISC (death jnducing signaling cornplex), 

which comprises Fas, the adaptor molecule FADD @as-gssociated protein with death 

domain), and procaspase-8 (67). FasL binding induces clustering of the Fas receptors, - 

aIIowing for recruitment of FADD via homologous DD sequences (14). in turn, FADD 

recmits procaspase-8 via homologous death effector domains (DEDs), a specific type of 

CARD found in both FADD and the prodomain of caspase-8 (67). FADD mediated 

oligomerization promotes autocataiytic processing and activation of caspase-8, which 

subsequently activates downstream effector caspases cornmitting the cell to apoptosis 

(67)- 

FADD is also recruited to TNFRl through homologous interaction with the DD in 

the adaptor protein TRADD ITNFE-~sociated protein with death domain), and thus 

transduces apoptotic signals fiom ligand-bound TNFRl (15,36). Similarly, W R I  c m  

recmit M D  @IP-gssociated [ch-l -homologous protein with a &ath &main), also 

known as CRADD (caspase and gdaptor with &ath &main), through TRADD and 



another adaptor protein called RIP (receptor-interacting potein) (3,22). Although there is 

no direct evidence, RAIDD c m  recruit caspase-2 and may induce autocatalytic activation 

in a similar fashion as FADD and caspase-8 (3,22). However, a dominant negative FADD 

mutant effectively blocks TNF- and FasL-induced apoptosis, indicating an obligatory role 

for FADD in both cytokine-mediated pathways of caspase activation (36). 

The importance of caspase-8 during development is evident in mouse embryos 

with targeted disruption of caspase-8 that die at about day E l  1 due to irnpaired heart 

development and abdominal hemorrhage (98). Embryonic fibroblasts derived fiom 

caspase-8 '- mice are resistant to apoptosis induced by TNFRl and Fas, but remain 

sensitive to other apoptotic triggers such as treatment with dezamethosone, etoposide, 

staurosporine, or serum-starvation (98). Thus, while caspase-8 is the primary initiator 

caspase activated by the death receptors, there exists an alternative pathway for caspase 

activation in response to other apoptotic stimuli. 

(ii) The Cytochrome clApaf- l Pathway 

Another example of induced-proximity activation of initiator caspases is found in 

the cytochrome clApaf-1 pathway. Earlier studies utilizing cell-free extracts resulted in 

the identification of cytochrome c as an essential cofactor required for tnggenng 

activation of caspase-3 upon addition of dATP (56). Newly translated apocytochrome c 

exists in the cytosol and has no apoptosis promoting activity. However, upon its 

translocation into the mitochondrial intermembrane space, a heme group is attached 

forrning holocytochrome c. Treatment of isolated intact mitochondria with staurosporine, 

a broad-spectnim protein kinase inhibitor and potent apoptosis-inducing agent, induces 

the release of holocytochrome c into the cytosol(56). Subsequently, caspase-9, and a new 



protein called Apaf-1, were identified as the other two factors necessary for caspase-3 

activation in vitro (7). Apaf-l consists of three distinctive domains: (i) an NHz-terminal 

CARD that excIusively binds to the prodomain of procaspase-9, (ii) a 320 amino acid 

sequence with extensive homology to CED-4 that includes a putative ATPase domain 

with Walker's A and B motifs required for nucleotide binding, and (iii) 12 WD-40 

repeats at the COOH-terminus that are known to mediate protein-protein interactions (7). 

Multiple extrinsic and inûinsic apoptotic stimuli that do not activate death 

receptors, instead act directly on the mitochondna, inducing the release of cytochrome c. 

Once released into the cytosol, cytochrome c along with dATP bind to and induce a 

conformational change in Apaf-1, which allows it to recruit and oligomerize procaspase-9 

molecules resulting in autocatalytic activation (55,85). Active caspase-9 tram-activates 

caspase-3 thereby initiating a proteolytic caspase cascade. dATP1ATP hydrolysis is 

essential for cytochrome c binding to Apaf-1, Apaf-1 self-association, interaction of 

Apaf-1 and procaspase-9, and ultimately for caspase-9 activation (37). The WD-40 

repeats function to negatively regulate Apaf-1 firnction by interacting with the ATPase- 

like domain thereby preventing dATP/ATP hydrolysis and maintaining Apaf-1 in an 

inactive conformation (39). A truncated Apaf-1 lacking the WD-40 repeats is 

constitutively active independently of cytochrome c and dATP (39). A three-step reaction 

culminates in the formation of a muttimenc complex called the apoptosome that activates 

caspase-9 (120). Initially, dATP1ATP binds to Apaf-1 and is hydrolyzed to (LADPIADP, 

which fuels the binding of cytochrome c and the multimerization of Apaf-l/cytochrome c 

complexes to fom the apoptosome (120). Procaspase-9 is recruited to the apoptosome in 

a 1 : 1 molar ratio to Apaf-l and becornes activated through autocatalytic processing (120). 



The active caspase-9 is released fiom the complex, allowing it to cleave caspase-3 and 

new procaspase-9 to enter the complex (120). However, an alternative mechanism has 

been suggested in which Apaf-1 and active caspase-9 remain in a comptex and hnction 

as a holoenzyrne where caspase-9 is the catalytic subunit and Apaf-1 is the allosteric 

regulator (78). This is supported by the observation that caspase-9 activity is at least 

1000-fold greater when complexed with Apaf-1 than compared to the kee caspase 

(78,86). 

The importance of Apaf-1 as an apoptosis activator is evident in Apaf- 1 -deficient 

mice, which develop severe craniofacial malformations, brain hyperplasia, and abnormal 

eye development, resulting in embryonic lethality at day 16.5 (1 0,115). Similarly, 

targeted disruption of either caspase-9 or caspase-3 results in perinatal lethality due to 

severe brain abnonnalities (48,49). Although a Ioss-of-fiinction mutation in CED-3 is not 

lethal, the adult nematode does exhibit superfiuous neuronal cells (24), indicating an 

evolutionariIy conserved h c t i o n  for these caspases. The similarities in the phenotypes 

of Apaf-1 '-, caspase-9 ", and caspase-3 " mice suppons a mode1 in which the pro- 

apoptotic activity of these proteins is dependent on one another. Cells fiom Apaf-1- or 

caspase-9-deficient rnice have impaired activation of caspase-3, and exhibit resistance to 

a varïety of apoptotic stimuli including chemotherapeutic dmgs, dexamethosone, and y- 

irradiation even though cytochrome c is still released (1 0,30y48, 1 15). However, Apaf-l- 

and caspase-9-deficient cells remain susceptible to Fas-mediated killing, indicating that 

the two pathways can function independently (1 0y30,48, 1 15). 



Caspase-2 

Caspase-2 (Ich-lNedd2) is an obscure member of the caspase family given that 

its role in apoptosis has remained somewhat elusive and arnbiguous. The mouse caspase- 

2 homologue, Neddî (Ileurd precursor cell-expressed cJevelopmentally &wn-regulated 

gene 3, was first to be discovered as an mR.NA expressed during early ernbryonic brain 
C 

development and down-regulated in the adult brain (5 1,52). Using the Nedd2 cDNA as a 

probe, the human caspase-2 homologue was identified as Ich-l (ICE and CED-3 

~omologue-13, based on 27 % and 28% identity with caspase-1 (ICE) and CED-3, 

respectively (104). Given that Ich-1 was the second mammalian homologue of this family 

to be discovered it was re-classified as caspase-2 (4). 

Caspase-2 mRNA is alternatively spliced into long (Ich-1 r) and short (Ich- 1 s )  

iso forms in a tissue-specific rnanner (104). Expression of both caspase-2 isoforms c m  be 

detected in heart, kidney, and embryonic and adult brain, with expression of the short 

isoform being highest in the embryonic brain, and only the long isoform expressed in the 

adult thymus (104). In Rat-1 ceils, overexpression of caspase-2 (Ich-IL) induces 

apoptosis that is inhibited by Bcl-2, while overexpression of the short isoform (Ich-ls) 

prevents apoptosis induced by serum deprivation (1 04). Mice deficient in caspase-2 are 

endowed with excess oocytes in the ovaries, which are resistant to doxombicin-induced 

apoptosis (6). B lymphoblasts fiom caspase-2-deficient mice are resistant to apoptosis 

mediated by granzyme B and perforin, but are equally sensitive to apoptosis induced by 

anti-Fas, doxorubicin, etoposide, y-irradiation, and staurosporine as compared to wild 

type cells (6,54). Although activation of caspase-2 has been observed as an early 

response to ail of these factors (31), the sensitivity of the knockouts suggests that these 



agents can induce ce11 death through alternate pathways that do not require caspase-2 

activation. In contrast, facial motor neurons in caspase-2 hockout rnice exhibit 

accelerated apoptosis during development (6). In addition, sympathetic neurons kom 

caspase-2-deficient mice are more sensitive to nerve growth factor (NGF) withdrawal 

than wild type neurons (6). Although the molecular basis for these developmental 

abnormalities is entirely unknown, it may in part be due to the tissue specificity of 

alternative spIicing of caspase-2 that yields the long pro-apoptotic isoform or short anti- 

apoptotic isofonn (1 04). 

The subcelluIar location of caspase-2 is also varied. Endogenous procaspase-2 has 

been identi fied within the intermembrane space of isolated mouse liver mitochondria 

along with procaspase-9 and procaspase-3 (87,61). in response to multiple apoptotic 

stimuli, procaspase-2 and -9 redistribute fiom the mitochondria to the cytosol and are 

processed into the active protease in a variety of ce11 Iines (87). However, when 

overexpressed, caspase-2 displays a predominantly prodomain-dependent nuclear 

location with minimal cytoplasmic distribution (1 7). Recently, Mancini et. al. confinned 

a nuclear localization for endogenous caspase-2, as well as a significant fraction present 

in the Golgi compIex of HeLa cells (60). 

Structurally, caspase-2 is classified as an initiator caspase based on its long 

prodomain that is highly homologous to the caspase-9 prodomain (93). However, 

caspase-2 has also been classified as an effector caspase based on the observation that 

cleavage and activation of caspase-2 is a caspase-3-dependent event both in vitro and in 

vivo (54,84). Caspase-2 represents a unique scenario in that its activation in vivo has been 

observed by three nonexclusive mechanisrns: (i) autocatalytic processing by RAIDD- 



mediated oligomerization (22), (ii) autocatalytic processing by prodomain-dependent 

homodimerization (9), and (iii) trans-activation by caspase-3-dependent cleavage (54,84)- 

Processing of caspase-2 in vitro has also been attributed to caspase-8 and to a lesser 

extent caspase-7, while the active caspase-2 is only capable of processing its own 

precursor and no other known procaspases (96). Hence, caspase-2, whether activated 

upstream or downstream, may not function to initiate a wide proteolytic caspase cascade. 

However, it is plausible that caspase-2 can fiuiction both upstream as an initiator caspase. 

as well as functioning downstrearn as a caspase-3 substrate perhaps as part of a feedback 

amplification loop, or in response to other stimuli that do not directly activate caspase-2. 

Recently, the first caspase-2 substrate in vivo was identified as golgin-160, an autoantigen 

of the Golgi complex (60). Caspase-2 cleaves golgin-160 at a unique site not utilized by 

caspase-3 or caspase-7, which cleave at other shared sites (60). The presence of a caspase 

substrate in the Golgi complex suggests the potential for a novel apoptotic pathway, 

generated and transduced fiom the Golgi complex (60). 

Caspase-2 is known to physically interact with only two other proteins, RAIDD 

aIso known as CRADD (3,22), and ARC Capoptosis gepressor with GARD) (47). Both 

interactions are mediated through homophilic binding to the caspase-2 prodomain. 

M D D  has a dual-domain structure consisting of an NHz-terminal CARD that mediates 

binding exclusively to the prodomain of caspase-2 and CED-3, and a COOH-terminal 

DD that interacts specifically with the DD in RJP (3,22). in the presence of RIP, RAIDD 

is able to complex with the TNFR-1 signaling complex and simultaneously recruit 

caspase-2 in a similar fashion to the FADD mediated recruitment of caspase-8 (22). 

Overexpression of RAIDD induces ce11 death that is blocked by broad-spectrum caspase 



inhibitors, CmA and Ac-zVAD.fÎnk, as well as by a catalytically inactive caspase-2, 

presumably by acting as a dominant negative inhibitor of endogenous caspase-2 (22). 

Although there is no direct evidence, it does suggest that RAIDD can fwiction as an 

adaptor molecule by recruithg caspase-2 to the W R - 1  signaling complex via RIP, and 

thereby establishing an alternative, albeit redundant, Iink to the activation of downstream 

effector caspases. However, putative dominant-negative versions of RAIDD do not block 

TNFR-1 -induced ce11 death, fiuther supporting the observation that the FADD-caspase-8 

pathway predominates (22). In addition, since caspase-2 does not activate any other 

known caspases to date, RAIDD-induced apoptotic ce11 death may be executed 

exclusively by caspase-2, or may involve other unidentified caspases (3). ARC also 

contains an NHz-terminal CARD with significant homology to the CARDs found within 

Apaf-I and W D  (47). ARC interacts with caspase-2, caspase-8, and CED-3 via their 

prodomains, but not with caspase-1, -3, or -9 (47). Overexpression of ARC effectively 

inhibits apoptosis induced by caspase-8, CED-3, FADD, and TRADD, but not caspase-9 

(47). The effect of ARC on caspase-2 and W D - i n d u c e d  apoptosis has not been 

established, although the evidence suggests that ARC may fwiction sirnilady with 

caspase-2 and RAIDD as it does with caspase-8 and FADD. The mechanism by which 

ARC inhibits apoptosis remains unclear, but may be due to the disruption of caspase 

interaction with their respective adaptor proteins, thereby preventing proximity-induced 

autocatalytic activation (47). 

The Bcl-2 Family 

The Bcl-2 family of proteins plays an important role in regulating apoptotic 

pathways, both to inhibit and promote ce11 death. The bcl-2 @-ce11 iymphom~eukemia- 



2J gene was £kt discovered at the breakpoint of a t(14: 18) chromosomal translocation in 

B-cell rnalignancies as a novel proto-oncogene that promoted ce11 sunival by blocking 

apoptosis rather than promoting ce11 proliferation (95). Early studies revealed that the 

overexpression of Bcl-2 significantly prolonged the survival of a variety of cells 

subjected to a variety of conditions that usually lead to ce11 death, for example, (i) 

lymphokine deprivation from factor-dependent hematopoietic cells, (ii) glucocorticoid 

treatment of thymocytes, (iii) y-irradiation of thymocytes, and (iv) withdrawal of nerve 

growth factor fiom fetal sympathetic neurons (77). The wide range of circurnstances in 

which Bcl-2 fimctions suggests that it controls a distal step at which different signaling 

pathways converge into a common pathway for executing ce11 death (75). Subsequently, 

the Bcl-2 protein was found to be stnicturally and fiinctionally homologous to CED-9. 

Overexpression of Bcl-2 blocks normal programmed ce11 death in C. elegans, and 

partially rescues CED-9 loss-of-fùnction mutants, indicating an evolutionary conserved 

mechanism that allows Bcl-2 to substitute for Ced-9 (33). 

An fi- and Pro-apoptotic Bcf-2 Sub famifies 

Additional Bcl-2 homologues have been identified based on their ability to 

heterodimerize with Bcl-2 and on their sequence similarity with one or more of the four 

Bcl-2 hornology (BH1 to BH4) domains, resulting in the formation of a large farnily 

including both anti-apoptotic proteins (eg. Bcl-2, Bcl-XL, Mcl-1, Bcl-W, and CED-9), 

and pro-apoptotic proteins (eg. Bax, Bak, Bim, Bid, Bad, Bok, BNIP3, NIX, and EGL-1) 

(1.77). Al1 of the anti-apoptotic subfamily members contain at least the BHI and BH2 

domains, while those most similar to Bcl-2 have al1 four domains (1,77). in contrast, most 

of the pro-apoptotic members lack the BH4 domain, and are fùrther subdivided into the 



BH3-only subfarnily (eg. Bad, Bid, Bim, BNIP3, NIX, EGL-I), and Bax-like subfarnily 

which contain BHI, BH2, and BH3 (Bax, Bak, and Bok) (1,77). Most BcI-2 famiiy 

members also share a conserved transmembrane (TM) domain that localizes these 

proteins to the outer mitochondrial membrane, endoplasmic reticulurn, and nuclear 

envelope (1,77). 

MeciranlSnrs of Action of Anti- and Pro-apoptotic BcM Proteins 

(i) Homodimerization and Heterodimerization 

The BHl, BH2, and BH3 domains are involved in mediating homo- and 

heterodimerizations between anti- and pro-apoptotic proteins. The pro-apoptotic activity 

of Bax @cl-2 gsociated X protein) is dependent on homodimerization mediated by its 

BH3 domains (102,114). In viable cells, inactive Bax is predominantly monomeric and 

loosely associated with the mitochondria (27). Following a death stimulus, Bax forms 

homodimers that integrate into the mitochondrial outer membrane resulting in the release 

of cytochrome c and subsequent caspase activation (27). Bax pro-apoptotic activity can 

be neutralized by heterodimerization with Bcl-2 or Bcl-XL (72). The heterodimerization 

of Bcl-2IBcl-XL with Bax requires the BH 1 and BH2 domains of Bcl-2/Bcl-XL, and the 

BH3 domain of Bax (1 14,t 17). The three dimensional structure of Bcl-XL revealed that 

the BH 1, BH2, and BH3 domains are in close spatial proximity and form a hydrophobic 

pocket to which the amphipathic a-helix of the Bax BH3 domain can bind (66). The 

heterodimerization between Bcl-2 and Bax, and the observation that Bax overexpression 

can overcome Bcl-2 repression, suggested a mode1 in which the ratio of anti-apoptotic to 

pro-apoptotic proteins determined ce11 survival or death (72). If suficient Bcl-2/Bcl-XL is 

present in the ce11 to bind and effectively neutralize al1 of the Bax, the ce11 will be 



protected against ce11 death. In turn, insuficient amounts of Bcl-2/Bcl-XL will not be able 

to sequester Bax in an inactive heterodhner, hence Bax can form active homodimers that 

induce ce11 death. This model was M e r  supported by the observation that defetion of 

the BHI and BH2 domains in Bcl-2 abolished both anti-apoptotic activity and 

heterodimerization with Bax (1 14). However, deletion of the BH4 domain abrogates Bcl- 

2 activity, but does not interfere with Bax binding (40). Similady, BH3 mutants of Bax 

have been identified that retain their pro-apoptotic activity, but no longer bind Bcl-2 

(102). Thus, alternative mechanisms exist for the h c t i o n  of Bcl-2 and Bax that may 

involve heterodimerization, but are more complex than simple neutralization. 

(ii) Displacement 

In C. elegans CED-9 binds to CED-4 thereby displacing it from the CED-4/CED- 

3 complex and inhibiting CED-3 activation (13). A similar mechanism was proposed for 

the action of Bcl-2/Bcl-XL on the Apaf-l/caspase-9 interaction. Co-imrnunoprecipitation 

analysis revealed that Bcl-XL binds Apaf- 1, thereby blocking the association of Apaf- 1 

with caspase-9 (38). In addition, recombinant Bcl-XL blocked Apaf-1-mediated 

processing of caspase-9 in a cell-fiee system (38). However, recent studies have provided 

conflicting evidence to suggest that Bcl-2/Bcl-XL do not function in this fashion. Monishi 

et. al. (65) showed that under physiological conditions none of the anti-apoptotic Bcl-2 

famify members interacted with Apaf-1, and suggested that Bcl-2/Bcl-XL acted indirectly 

on Apaf-1 to inhibit its activity. In contrast, Newmeyer et. al. (68) showed that although 

Bcl-XL did associate with Apaf-1, it could not prevent caspase activation upon the 

addition of cytochrome c to a ce11 free system. AIthough the displacement model is valid 



for the funchon of CED-9 in the C. eIegans ' ce11 death pathway, the mammalian 

homologues appear to have a more complex fiinction. 

(iii) CIeavage and Translocation 

Bid @H3 interacting domain &ath agonist ) is a BH3-only member of the Bcl-2 

family that is known to interact with both Bcl-2 and Bax through its BH3 domain (1 03). 

In viable cells, Bid exists in an inactive conformation in the cytosol. Upon activation of 

ce11 surface death receptors, Bid is cleaved by caspase-8, resulting in the release of a 

COOH-terminal fragment, called tBid Ctnincated Bid), that translocates to the 

mitochondria and integrates into the outer membrane mggering the release of cytochrome 

c (53). Interestingly, in the presence of Bcl-2 and Bcl-XL, death ligand-induced cleavage, 

translocation, and integration of tBid into the mitochondrial outer membrane and ce11 

death still occur, but the release of cytochrome c is blocked (29). Thus, while Bid is 

required for death receptor-induced cytochrome c release, it is not essential for ce11 death 

since caspase-8 can directly cleave downstream effector caspases. 

(iv) Formation of Ion Channels or Pores 

A well-established role for Bcl-2/Bcl-XL-mediated inhibition of apoptosis is in 

blocking the release of cytochrome c fiom the mitochondrial intennembrane space, thus 

preventing formation of the apoptosome and caspase activation. Overexpression of Bcl- 

2/Bcl-XL prevents cytochrome c release frorn the mitochondria in response to multiple 

death-inducing stimuli (46,109), while Bax overexpression has been shown to promote 

cytochrome c release (43). The mechanism by which Bcl-2/Bcl-XL and Bax regulate 

cytochrome c release has been based on the three-dimensional structure of Bcl-XL. The 

structure of Bcl-XL exhibits strong similarity to the pore-forming domains of certain 



bacterial toxins that dimerize and form trammembrane channels, suggesting that Bcl-2 

family proteins rnay be capable of forming pores in the cytoplasmic membranes to which 

they localize (66). Bcl-2, Bcl-XL, Bax, and tBid al1 fonn ion channels in synthetic 

membranes in vitro (76,82,83). Furthennore, Bcl-2 can block the formation of Bax 

channels in liposomes (76). Thus, it is possible that Bax creates pores in the 

mitochondrial outer membrane that allow for release of cytochrome c (43). In turn, Bcl-2 

heterodimerization with Bax may prevent Bax channel formation, or alternatively rnay 

form a heteromeric channel that is not a conduit for cytochrome c (76). Although there is 

no evidence of channel formation in vivo, the in vitro studies suggest that the Bcl-2 

proteins may participate in mitochondrial perrneability transition, an event that involves 

opening of a large pore at the junction of the inner and outer membranes (20). Opening of 

the permeability transition (PT) pore occurs almost universally during apoptosis resulting 

in, (i) the dissipation of the mitochondrial membrane potential (Ay,), (ii) generation of 

reactive oxygen species (ROS), (iii) swelling and rupture of the outer membrane, and (iv) 

release of mitochondrial intemembrane space proteins that rnay include cytochrorne c, 

AiF (apoptosis inducing factor), and procaspases (20). Bcl-2 inhibits PT pore opening, 

whereas Bax induces it, possibly by directly interacting with pore components (88,107). 

The BNIP3 Subfamily 

BNIP3 @cl-2/nineteen kD-interacting protein-1; forrnerly NIP3) (1 2) forrns a 

BcI-2 subfamiIy of death-inducing mitochondrial proteins that includes the marnrnalian 

homologue MX (BW3-like protein X; also called BNLP3a/BNIP3L/BS) (1 I,62,7l, 1 12) 

and the C. elegans homologue ceBNIP3 (1 11) (16). BNIP3 was isolated fiom a yeast 

two-hybrid screen using the adenovirus E1B 19kD protein as bait, and was subsequently 



found to afso interact with Bcl-2 (8). NIX and ceBNIP3 share 56% and 2 1 % identity with 

BNIP3, respectively ( 1 1,111 ). Al1 three family members share similar structure and 

fhction including, (i) a NH2-terminai PEST sequence that labels these proteins for 

degradation by the proteosorne (1 1,16), (ii) a region with limited sequence homology to 

the BH3 domain of Bcl-2, hence their classification as BH3-only members of the Bcl-2 

family (16,28,41,74,113), (iii) a highly conserved domain of 19 amino acids with 

unknown function (16,16,74), and (iv) a COOH-terminal TM domain that is essential for 

mitochondrial localization, homodimenzation, and pro-apoptotic activity (1 1,12,16,113). 

It is only at the NHz-terminal where the sequences exhibit distinct differences (1 1,111). 

In particular, NIX has a significantly longer NH2-teminus that contains five sequential 

asparagine residues and is rich in proline (1 1). 

Heterodimerizations with Bcl-2, Bcl-XL, and CED-9 are also conserved within the 

BNIP3 subfamily (8,16,74,112). Typically the BH3 domain of pro-apoptotic Bcl-2 

proteins mediates heterodimerization with %cl-2/Bcl-XL, however BNIP3 and ceBNIP3 

bind Bcl-2/Bcl-XL independently of their BH3 domains (41,74,111). Instead, the NHz- 

terminus (residues 1-49) and TM dornain of BNiP3 are required for binding Bcl-2, and 

either region is sufficient for heterodimenzation with Bcl-XL (74). ceBMP3 has also 

been shown to heterodimerize with CED-3 and CED-4 (16,1 1 l), although the 

homologous interactions for BNIP3 and NIX have not yet been reported. 

Overexpression of B W 3 ,  MX and ceBNIP3 induces ce11 death in a variety of 

mammalian ce11 lines (1 1,12,111). Although Bcl-2 and Bcl-XL can heterodimerize with 

these BNIP3 family members, overexpression of Bcl-2 and Bcl-XL only delays the onset 

of ce11 death, and can completely surppress it only when expressed at very hi& levels 



( 1 1,12,16,112). Like Bax, endogenous BNIP3 is loosely associated with the 

rnitochondria, but is integrated into the outer membrane when overexpressed (97). This 

would suggest that active BNIP3 is integrated into the outer mitochondrial membrane in 

response to an apoptotic stimulus, although the mechanism remains unknown. Deletion 

of the TM domain abolishes the apoptotic activity of al1 three BNIP3 family proteins 

( 1 1,12,16). Although the TM domain is required for rnitochonàrial localization, chimenc 

B W 3  proteins that are targeted to nonmitochondrial sites by TM domain swapping are 

nearly as efficient at inducing ce11 death as the wild type (74). Ln addition, unlike other 

BH3-only proteins, BNIP3 and ceBNIP3 do not require the BH3 domain to initiate ce11 

death (16,74). However, substitution of the B N P 3  BH3 domain for the corresponding 

sequences in Bax fimctionally restores Bax pro-apoptotic activity and heterodimerization 

with Bcl-XL (1 13). Thus, the BH3 domain of BNIP3 appears to be fimctionally equivalent 

to the Bax BH3 domain, but only in the context of the Bax peptide, which may be due to 

conformational changes that differ from BNIP3. This suggests that BNIP3, ceBNIP3, and 

presumably NIX, induce ce11 death in a unique fashion unseen in other BH3-only proteins 

Recently, Vande Velde et. al. (97) descnbed a necrotic-like ce11 death in BNIP3- 

expressing cells as opposed to apoptotic ce11 death. Overexpression of BNIP3 induced 

early plasma membrane penneability and mitochondrial damage initiated by rapid 

opening of the mitochondrial PT pore, Ayrm suppression, and increased ROS production 

(97). The PT pore inhibitors cyclosponn A and bongkrekic acid efficiently blocked 

BNTP3-induced ce11 death, indicating that mitochondrial dysfunction is the primary cause 

of death (97). In addition, electron microscopy of BNIP3-transfected cells revealed 

extensive cytoplasmic vacuolation, autophagosornes, and mi tochondrial de formation in 



which the intemal cistemae were destroyed, but minimal nuclear damage characteristic of 

necrosis (97). Furthemore, BNTP3-induced ce11 death was independent of cytochrome c 

release, Apaf-1, caspase-9, and caspase-3 (97). Only during the later stages of BNIP3- 

induced cell death were features characteristic of apoptosis observed, specifically 

chromatin condensation and DNA fiagmentation (97). 

Hypothesis and Approach 

BNIP3 overexpression induces DNA fragmentation through an unknown 

mechanism (97). Typically, DNA fragmentation is attributed to caspase-3 activation, 

however BNIP3-expressing cells do not exhibit any caspase-3 activity (97). Thus, BNtP3 

utilizes an alternative pathway for initiating DNA fiagrnentation. Given that caspases are 

the primary executioners of apoptotic cell death, we postulate that an unidentified caspase 

activated by BNIP3 may be responsible for mediating DNA fragmentation. 

Protein-protein interaction is the predomirxmt mechanism utilized by apoptotic 

regulatory proteins to exert their pro- and anti-apoptotic effects. The C. elegans 

homologue ceBNIP3 heterodimerizes with CED-3 thereby enhancing its activation 

(16,111). Hence, CO-imrnunoprecipitation analysis wiI1 be employed to screen members 

of the caspase family for interaction with BNIP3 and its homologue MX. An in vitro 

caspase assay will be utilized to detect activation of endogenous caspases in BNIP3- 

transfected cells. The effect of caspase expression on BNIP3-induced ce11 death will be 

measured using the P-galactosidase ce11 death assay. To investigate the role of caspase 

activity in BNiP3-induced DNA fiagmentation, the TUNEL assay will be used to 

compare the extent of DNA fragmentation in cells expressing BNIP3 alone with cells co- 

expressing BNiP3 and either wild type caspase or a catalytically inactive caspase. 



Finally, the effect of a caspase-specific inhibitor on DNA hgmentation in BNIP3- 

transfected cells will M e r  substantiate a requirement for endogenous caspase activity 

in BNIP3-induced DNA ficigmentation. 



MATEMALS AND METHODS 

Ce11 Culture and Antibodies 

Human embryonic kidney cells (293T) were cultured in Dulbecco's Modified 

Eagle Medium (GIBCO-BRL, Burlington, ON), supplemented with 10% fetal calf serum 

(CanSera, Rexdale, ON). Murine monoclonal anti-T7 and rabbit polyclonal anti-HA 

antibodies used for imrnunoprecipitation and Western blot were purchased fiom Novagen 

(Madison, WI) and Santa Cruz Biotechnology Inc. (Santa Cruz, CA), respectively. 

Expression Plasmids 

Construction of recombinant expression phsrnids HA-tagged pcDNA3-BNIP3, 

pcDNA3-BNIP3A1-49, pcDNA3-BNIP3A164-194, ~ C D N A ~ - B N T . . ~ A ~ - ~ ~ / A  164- 194, 

and pcDNA3-NIX has been previously described (1 1,12). pcDNA3 constructs containing 

T7-tagged catalytically inactive full length caspase-2 and prodomain deletion mutant 

(Apro), as well as pFLAG-CMV-Sa-tBid were provided by Dr. Junying Yuan (Harvard 

Medical School, Boston, Mass.). Myc-tagged pcDNA3-caspase-2 wild type, FLAG- 

tagged pcDNA3-caspase- 1, and AUI-tagged pcDNA3-caspase-8 were donated by Dr. 

Gabriel Nunez (University of Michigan Medical School, Ann Arbor). pcDNA3-caspase- 

9-His6 and pcDNA3-Apaf-1 were provided by Dr. Emad Alnemri (Thomas Jefferson 

University, Philadelphia) and Dr. Xiaodong Wang (Howard Hughes Medical Institute, 

Dallas), respectively. 

Transient Transfections, Co-immunoprecipitation, and Western Blot Analysis 

Transient transfections, CO-immunoprecipitation, and Western blot analysis were 

performed essentiall y as previously described (74). Hurnan embryonic kidney cells were 

seeded at 2 x 106 in 100 mm culture dishes 24 hours pnor to transfection. Cells were co- 



transfected with 5 pg of each of the indicated expression plasmids by the calcium 

phosphate precipitation method. The total amount of DNA was maintained at 10 pg using 

empty pcDNA3 vector. 

Cells were collected 12 hours post-transfection, and washed two times in 

phosphate-buffered saline (PBS) (140 mM NaCI, 2.7 rnM KCl, 10 mM Na2HP0a, 1.8 

mM KH2POd, pH 7.3) followed by centrifugation at 330 g for 5 minutes at 4OC. The 

pellets were resuspended in 250 pl of 0.2% Nonidet P-40 isotonic lysis buffer (100 mM 

Tris-HC1 pH 7.5, 2 mM EDTA, 100 rnM NaCl, 0.2% NP-40, 5 pglmi aprotinin, 1 mg/ml 

leupeptin, 1 mg/ml pepstatin, and 1 mM phenylmethylsulfony1 fluonde), transferred to a 

clean microcentrifige tube, and incubated on ice for 20 minutes. The ce11 lysates, 

maintained on ice, were sonicated three times for 10 seconds, followed by centrifugation 

at 16,000 g for 10 minutes at 4'C. The supernatant was transferred to a clean 

microcentrifuge tube and precleared with 15 pl of protein A sepharose beads (Zymed 

Laboratones Inc., San Francisco, CA) for 30 minutes at 4 ' ~  with rotation. The precleared 

lysates were centrifuged at 6,000 g for 2 minutes at 4°C to pellet the protein A sepharose 

beads. To confirm protein expression, a 20 pl aliquot of lysate was removed, mixed with 

4 pl of 5X protein sarnple buffer (PSB) (2.5 M Tris, pH 6.8, 500 mM DTT, 10% SDS), 

boiled for 5 minutes, and stored at -20°C until ready for electrophoresis. The remaining 

ce11 lysate was mixed with an equal volume, approximately 200 pl of binding buffer (200 

m-M NaCl, 20% Glycerol, and 0.2% NP-40), and 2 pg of either mouse monoclonal anti- 

T7 or rabbit polyclonal anti-HA antibody, and incubated for 2-3 hours at 4 ' ~  with 

rotation. Immune complexes were collected by the addition of 15 pl of protein A 

sepharose beads followed by an additional one hour incubation at 4 ' ~  with rotation. The 



beads were collected by cenârifugation at 6,000 g for 2 minutes at 4"C, and washed three 

times with 1 ml of a 1 : 1 mixture of lysis buffer and binding buffer. Finally, the beads 

were mixed with 40 pl of PSB, boiled for 5 minutes, and stored at -20°C until ready for 

electrophoresis. 

A 10 pl aliquot of irnrnunoprecipitate and 2 pl aliquot of lysate were separated by 

electrophoresis on an 8-10% Laemlli SDS-polyacrylamide gel, and transferred to 

nitrocellulose membranes. Following transfer, the membranes were incubated for one 

hour with shaking at room temperature with a blocking solution containing 3% bovine 

s e m  albumin @A) and 0.2% TWEEN-20 in PBS. The membranes were probed with 

either mouse monoclonal anti-T7 or rabbit polyclonai anti-HA antibody diluted to 1 in 

10,000 in blocking buffer and incubated overnight at 4°C with gently rocking. Following 

three 10 minute washes in PBS with 0.2% TWEEN-20, the membranes were incubated 

with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody 

diluted to 1 in 5,000 with blocking solution for 1 hour at room temperature. After 

washing the membranes three times in PBS with 0.2% TWEEN-20 for 10 minutes each, 

the immune complexes were detected using the enhanced chemiluminescence (ECL) 

detection kit (Amersham Pharrnacia Biotech, Arnersham, UK) according to 

manufacturer's instructions. 

Zn vitro Ac-VDVAD-AMC Fluorometric Assay 

Activation of endogenous caspase-2 was assayed in  vitro using the fluorometric 

caspase-2-specific substrate Ac-VDVAI3.A.C (gnino-methyl oumarin) (Peptide 

Institute Inc., Osaka, Japan) (89). Cleavage of Ac-VDVADAMC by caspase-2 releases 

the fluorescent AMC product. Using an optimized calcium phosphate precipitation 



method (73), 293T cells seeded at 106 in lOOmm culture dishes were transiently 

transfected with 7.5 pg BMf3 or rnock bansfected with reagents alone. Cells were 

collected 1 8 hours post-transfection, washed twice in PBS and incubated with 200 pl of a 

1% Nonidet P-40 Iysis buffer (10 mM Hepes p H 7 5  2 mM EDTA, 1 m .  DTT, and 1% 

NP-40, 5 pg/ml aprotinin, 1 mghl leupeptin, 1 mg/ml pepstatin, and 1 mM 

phenylmethylsulfonyl fluoride) (61) for 15 minutes at 4OC with rotation. Lysates were 

collected by centrifugation at 14,000 g for 8 minutes and the concentration was adjusted 

to 5 pg/pl. TO confirm the specificity of proteolytic activity, 1 mg of lysate was pre- 

incubated in the presence or absence of 1 p M  Ac-zVAD.M (benzyloxycarbonyl-VAD- 

fluoro-methyl ktone), Ac-VDVAD-fmk, or Ac-FA.M (Enzyme System Products, - 

Livemore, CA) for 30 minutes at 37OC in a black 96-well plate. 100 pM of Ac- 

VDVADAMC was added to the lysate in a total volume of 300 pl of assay buffer (100 

rnM Hepes pH 7.5, 10% sucrose 0.1% CHAPS, 0.1 mM EDTA, and 1 rnM DTT) (61 ). 

and allowed to incubate for up to 8 hours at 37OC. Substrate cleavage was monitored 

using a ~itertek@ Fluoroskm II (Flow Laboratones hc., Lugano, Switzerland) multiwell 

plate reader at an excitation wavelength of 355 nm and an emission wavelength of 460 

rn at the indicated time points. 

P-galactosidase Cell Death Assay 

Using 35mm 6-well plates, 293T cells were seeded at 10' 24 hours prior to 

transfection. Cells were CO-transfected with 0.1 pg of each of the indicated expression 

plasmids plus 0.04 pg of a lac2 reporter plasmid using the LipofectAMINE reagent 

(GIBCO-BRL, Burlington, ON) according to manufacturer's instructions. The total DNA 

concentration per well was adjusted to 0.5 pg with empty pcDNA3 vector. Where 



indicated the medium was replaced with fresh medium containing 100 FM Ac- 

zVAD.fmk (Enzyme System Products, Livermore, CA) 4 hours post-transfection. After 

24 hours, cells were fixed with 0.2% glutaraldehyde in PBS for 10 minuces, rinsed three 

times in PBS, and stained with X-Ga1 buffer (0.5 mg/ml 5-bromo-4-chloro-3-indoxyl P- 

galactoside, 3 rnM K3Fe(CN)6, 3 rnM &Fe(CN)6-3H20, l mM MgC12, 10 mM KC1, 

0.1 % Triton X-100 in O. 1 M sodium phosphate buffer, pH 7.5) (64) for at least 4 hours at 

37OC to detect P-galactosidase expression. n i e  percent of  ce11 death was calculated based 

on the nurnber of rounded, condensed blue cells out of at least 300 total blue cells. 

DNA Fragmentation Assay 

293T cells were seeded at 106 in 100 mm culture dishes 24 hours pnor to 

transfection with 7.5 pg of the indicated expression plasmid using an optimized calcium 

phosphate precipitation method (73). Where indicated, transfected cells were incubated in 

the presence of 50 pM Ac-VDVAD-fink, Ac-zVAD.fmk, or Ac-FA.mik (Enzyme System 

Products, Livermore, CA). AAer a 24 hour incubation, cells were collected on ice, 

washed in PBS, and resuspended in PBS at a concentration of 5 x 1 O' cells/rnl. Aliquots 

of 100 pl were allowed to adhere ont0 poly-lysine coated slides within inscribed circles 

for 30 minutes at room temperature. The suspension was aspirated off without disrupting 

the cells, replaced with 100 pl of 3.7% fonnaldehyde solution in PBS, and allowed to fix 

ovemight at 4°C in a humid box. The fixed cells were rinsed two times with PBS, and 

permeabilized with O. 1% Triton X-10010.1% sodium citrate in PBS for 2 minutes on ice. 

After rinsing the cells twice with 1X PBS, the extent of DNA fiagmentation was 

detemined using the In Situ Ce11 Death Detection Kit, Fluorescein (Roche Diagnostics, 

Mannheim, Gennany), also known as the TUNEL (terminal deoxynucleotidyl 



 ans ferase-mediated dUTP ~ c k  end labeling) assay, according to manufacturer's 

instructions. Following incubation for 1 hour at 37°C with the TUNEL reagent, the cells 

were washed twice for 5 minutes in PBS, and subsequently stauied with Hoechst dye for 

visualization of the total ce11 population. After rinsing two times in PBS, FluoroGuard 

antifade reagent (Bio-Rad Laboratories, Hercules, CA) and coverslips were placed over 

the cells, and the slides were stored at 4°C away fiom light until ready for analysis. The 

percentage of TUNEL positive cells was scored out of 200-300 cells in the total 

population. 



RF,SULTS 

Heterodimerization of BNIP3 and NIX with Caspase-2 

The observation that ceBNIP3 physically interacts with CED-3 ( 2  1 1) prompted 

the examination of the mammalian homologues B M 9 3  and NIX for potential 

heterodimerizations with members of the caspasc family. Using CO-immunoprecipitation 

(CO-IP) analysis, catalytically inactive long prodomain caspases-1, -2, -8, and -9 were 

screened for interaction with BMP3 and NE. Figure I illustrates the structure of the 

catalytically inactive caspase-2 constnict utilized for CO-IP analysis. Caspases-1, -8, and - 

9 have a similar structure (not shown). The catalytically inactive caspases have the active 

site cysteine (C) residue replaced with an inactive serine (S) residue (Fig. 1) to reduce the 

extent of ce11 death in transfected cells. The top lefi panel of Figure 2 A is a Western blot 

for T7-tagged caspase-2 on anti-HA imrnunoprecipitates from 293T cells transiently 

expressing caspase-2 alone, or CO-expressing caspase-2 and either HA tagged BNIP3 or 

MX. Following an anti-T7 IP for caspase-2 in lysates from 293T cells CO-transfected 

with BNP3 and caspase-2, the BNIP3 dimer is detected by Western blot (Fig. 2 A, 

bottom left panel). However, as shown in the top left panel of Figure 2 A, there is no 

caspase-2 detected in anti-HA imrnunoprecipitates Erom CO-transfected cells. The 

opposite scenario is observed in NIX and caspase-2 CO-expressing cells. Both the p48 

full-length caspase-2, and the p34 intermediate cleavage product consisting of the 

prodomain and large subunit (54), are detected by Western blot following an P for NTX 

(Fig.2 A, top left panel). Conversely, an IP for caspase-2 does not successfÙlly co- 

precipitate NIX (Fig.2 /1, bottom lefi panel). In contrast, iPs for either BNIP3 or NIX 

failed to CO-precipitate caspases-1, 8, and 9 as indicated in Figure 2 B-D (lefi panels, 



second and third lanes). To confirm that caspase-2 does not non-specifically interact with 

the anti-HA antiserurn or to the protein A sepharose beads used for the IP, caspase-2 was 

blotted for in anti-HA immunoprecipitates fiom 293T celk expressing caspase-2 alone. 

As shown in the first lane of Figure 2 A, top teft panel, there is no caspase-2 detected. 

Similarly, niether BMP3 nor NDC bind non-specifically to the anti-T7 antibody or to the 

beads used for the iPs (data not shown). Like caspase-2, none of caspases-1, -8, or -9 

interacted non-specifically with the anti-HA antibody or the beads used for the IP (Fig. 2 

B-D, first lane lefi panels). Western blot of the lysates confirms efficient expression of 

caspases-2, -1, -8, and -9 in al1 transfections pig. 2 A-D, right panels). BMP3 and NIX 

are also expressed at significant Ievels in al1 CO-transfections similar to that depicted in 

the bottom right panel of Figure 2 A. 

Heterodimerization is Independent of the Caspase-2 Prodomain 

Al1 caspase heterodirnerizations identified to date are mediated through the 

prodomain. For example, the heterodimerization of caspase-9 with Apaf- 1 (55) ,  caspase- 

8 with FADD (67), caspase-2 with RAIDD (22), and ceBMP3 with CED-3 ( 1 1 1 ) are al1 

dependent on the caspase prodomain. To determine the necessity of the caspase-2 

prodomain for heterodimerization with BNP3 and NIX, 293T cells were CO-transfected 

with either HA-tagged BNIP3 or NU( and a catalytically inactive T7-tagged caspase-2 

p32 mutant with a deletion of the m-terminal  prodomain 152 amino acid residues 

(Apro) (Fig. 1). In CO-transfected 293T cells, caspase-2Apro is detected by Western blot 

fotlowing an IP for both B W 3  and NUC (Fig. 3 A, top panel). Similarly, both the dirner 

and monomer of BNIP3 and NU( CO-precipitated with a caspase-2Apro iP (Fig. 3 A, 

bottom panel). As with the tull-length caspase-2, caspase-2Apro does not bind non- 



specifically with either the anti-HA antiserum or the protein A sepharose beads used for 

the IP (Fig. 3 A, first lane, top panel). Westem blot of the lysates confims efficient 

expression of BNIP3, NIX, and caspase-2Apro (Fig.3 B, top and bottom panels). 

Heterodirnerization is Independent of the NHrterminus and Transmembrane 

Domain of BNIP3 

The NH2-terminus and TM domain of BNIP3 are required for heterodimerization 

with Bcl-2 and Bcl-XL (74). To determine if these same regions are involved in binding 

caspase-2, three deletion mutants of BNIP3 were examined for their binding potential 

with caspase-2: (i) BNIP3A1-49 mutant with a deletion of the NHz-terminal 49 amino 

acid residues, (ii) BNIP3A164-194 mutant with the C-terminus tnincated at arnino acid 

residue 163 and thus lacking the transmembrane (TM) domain, and (iii) BNIP3A1- 

49IA164- 194 double mutant lacking both the amino and carboxy terminais (Fig. 4 A). 

Each BNTP3 deletion mutant was CO-transfected into 293T ceils with fùil-length 

catalytically inactive caspase-2. Following an iP for each of the three BNIP3 deletion 

mutants, both the hll-length p48 caspase-2 and the p34 intermediate cleavage product 

were detected Fig. 4 B, top left panel). Thus, the Mi2-terminus and TM domain of 

Bh?P3 are not involved in binding caspase-2. All three BNIP3 deletion mutants and 

caspase-2 are efficiently expressed as shown by Westem blot of the cell lysates (Fig.4 B, 

top and bottom right panels). 

Activation of Endogenous Caspase-2 in BNIP3-expressing Cells 

The physiological effect of caspase binding is typically activation or inhibition of 

caspase activity . In the C. elegans' homologues ceBNIP3 and CED-3, CO-expression 

results in accelerated processing and activation of CED-3 (1 11). Given the pro-apoptotic 



nature of BNIP3, the binding of BNIP3 to caspase-2 may sirnilady fhction to promote 

activation of caspase-2. An in vitro fluorometric assay was employed using the peptide 

Ac-VDVAD.AMC, a caspase-2-specific substrate (89), to detect activation of 

endogenous caspase-2 in 293T cells transiently expressing BNIP3. Cleavage of Ac- 

VDVADAMC by caspase-2, or caspase-2-like proteases, releases the fluorescent AMC 

product, which can be detected and quantified in relative fluorescent units using a 

multiwell plate reader at an excitation wavelength of 355 n m  and an emission wavelength 

of 460 nrn. Lysates fiom BNIP3-transfected cells exhibited a significant increase in Ac- 

VDVAD.AMC cleavage activity over lysates fiom mock-transfected control cells 

(P4.02) (Fig. 5). To determine the specificity of the substrate cleavage, lysates were 

treated with 1 PM of Ac-zVAD.fink, Ac-VDVAD.fink, or Ac-FA-fink for 30 minutes 

prior to incubation with the substrate. Ac-zVAD.mik is a broad-spectrum caspase 

inhibitor and thus should inhibit al1 caspase activity. Conversely, Ac-VDVAD.hk is a 

caspase-2-specific inhibitor (89) with identical sequence to the substrate, and thus will 

specifically block cleavage by caspase-2 or caspase-Zlike proteases. The proteolytic 

activity observed in BNTP3 lysates is reduced to background levels by pre-treatrnent with 

either Ac-VDVAD. firnk oï Ac-zVAD.fmk (Fig. 5), indicating that endogenous caspase-2, 

or caspase-2-like proteases, are responsible for the increased activity. Ac-FA.fink is a 

non-specific peptide that serves as a negative control, and thus should have minimal to no 

effect on caspase activity. As expected, Ac-FA.W has only a minimal effect on Ac- 

VDVAD.AMC cleavage by BNIP3 lysates (Fig. 5). Background levels of Ac- 

VDVAD-AMC cleavage by mock transfected ce11 lysates are unaffected by any of the 

inhibitors (Fig. 5). 



Enhanced Ce11 Death in Cells Co-expressing BNIP3 and Caspase-2 

Given the observation that c e B W 3  and CED-3 physically interact and cooperate 

to induce enhanced apoptosis (1 1 l), the interaction of caspase-2 with BNIP3 and NU( 

may also serve to enhance ce11 death. Using the P-galactosidase ce11 death assay, the 

extent of ce11 death was compared in 293T cells transiently expressing either B W 3 ,  

NIX, or wild type caspase-2 alone with those cells CO-expressing BNIP3 and caspase-2, 

or NDC and caspase-2. M e r  24 hours, BNIP3 and NIX expressed alone induce about 

30% ce11 death, while caspase-2 induces about 25% ce11 death (Fig. 6). Co-expression of 

B N P 3  with caspase-2 results in a significant increase in ce11 death to about 50% 

(P<O.OOG) (Fig. 6). However, in cells CO-expressing NIX and caspase-2, there is no 

significant increase in ce11 death as compared to NIX alone (PM.1) (Fig. 6) .  A 

background of about 10% ce11 death is observed for cells transfected with empty 

pcDNA3 (Fig. 6). 

To determine the requirement for caspase-2 activity, the effectiveness of 100 pM 

Ac-zVAD.fmk on BNTP3 and caspase-2-induced ce11 death was examined using the P- 

gaIactosidase ce11 death assay (Fig. 7). Cells transiently transfected with BNIP3 and 

caspase-2 were incubated with 100 pM Ac-zVAD.fink for 24 hours, then stained and 

analyzed for the percentage of ce11 death. Expression of either caspase-2 or BNIP3 

induces ce11 death in 20-30% of untreated cells respectively, whereas CO-expression of 

both proteins induces 40-45% ce11 death (Fig. 7). Surprisingly, treatment with IO0 FM 

Ac-zVAD.hk had no effect on either caspase-2- or BNIP3-induced ce11 death (Fig. 7). 

Thus it follows that cells CO-expressing B W 3  and caspase-2 are also unaffected by 100 

pM Ac-zVAD.W (Fig. 7). As a positive control, 293T celts were CO-transfected with 



Apaf-1 and caspase-9, which are known to induce ce11 death by an Ac-zVAD-fmk 

inhibitable pathway. In the absence of inhibitor, Apaf-1 and caspase-9 induce almost 50% 

ce11 death, but only about 20% in the presence of 100 pM AC-zVAD-fink, hence 

confirming the effectiveness of the inhibitor (Fig.7). Transfection of ernpty pcDNA3 

induces minimal ceil death and is unaffected by the inhibitor (Fig.7). Thus, the P- 

gaiactosidase ce11 death assay and Ac-zVAD.mik are not suitable for evaluating the 

requirement for caspase-2 activity in BMP3-induced celi death. 

Enhanced DNA Fragmentation in Cells Co-expressing BNIP3 and Caspase-2 

BNIP3-induced ce11 death is charactenzed by late DNA hgmentation through an 

unknown mechanism (97). The interaction with and activation of caspase-2 may play a 

role in BNIP3-induced DNA fkagmentation. Using the TUN'EL assay, the extent of 3NA 

fragmentation in 293T cells transientIy transfected with either BMP3 or caspase-2 is 

compared to CO-transfected cells. BNIP3 induces DNA fiagmentation in about 25% of the 

total ce11 population 24 hours post-transfection (Fig. 8). Wild type caspase-2 induces 

DNA Fragmentation in about 15% of cells, whereas the catalytically inactive caspase-2 

exhibits only a minor increase over control celIs transfected with empty pcDNA3 (Fig. 

8). Co-expression of BhlP3 with wild type caspase-2 results in a significant enhancement 

in DNA fragmentation, up to 35% of the total ce11 population (P<0.001) (Fig. 8), similar 

to the pattern observed in the P-galactosidase ce11 death assay. However, when B N P 3  is 

CO-expressed with catalytically inactive caspase-2, there is no increase in the amount of 

DNA fragmentation (Fig. S), indicating that caspase-2 activity is required for the 

enhanced DNA fragmentation observed. Minimal DNA fiagmentation is observed in 

control cells transfected with empty pcDNA3 (Fig. 8) 



BNIP3-induced DNA Fragmentation Requires Endogenous Caspase-2 Activity 

In order to substantiate a role for endogenous caspase-2 activity in BNIP3- 

induced cell death, the effect of  Ac-VDVAD.fmk on BNIP3-induced DNA fiagmentation 

was determined using the TUNEL assay. Cells were transfected with either BNlP3, 

caspase-2, or tBid ttnincated Bid), and incubated for 24 hours with 50 p M  of Ac- 

VDVAD-fhk, Ac-zVAD.fMk, or Ac-FA.W. As previously observed in Figure 8, 

BNIP3 induces DNA fragmentation in about 30% of the total cell population (Fig-9)- 

Incubation of BMP3-transfected cells with either Ac-VDVAD-fmk or Ac-zVAD-fmk 

signi ficant ly reduces the percentage of cells exhibiting DNA fragmentation by half 

(P<0.02) (Fig. 9). In contrast, BNIP3-induced DNA fiagmentation is relatively unaffected 

by treatment with Ac-FA.W (D0.3) pig.  9)- Similady, both Ac-VDVAD.fmk and Ac- 

zVAD.mik, but not Ac-FA-fhk, reduce caspase-2-induced DNA fiagmentation by about 

50%, confirming the effectiveness of Ac-VDVAD. fmk against caspase-2 activity (Fig. 9). 

tBid induces DNA fiagmentation through the classical Apaf-l/caspase-9/caspase-3 

pathway, thus it serves as both a positive control for Ac-zVAD.fmk inhibition, and a 

negative control for Ac-VDVAD-fink inhibition. tBid induces DNA fragmentation in up 

to 75% of cells, which is aimost completely abolished by Ac-zVAD.fink (Fig. 9). in 

contrast, incubation of Bid-transfected cells with Ac-VDVAD.M or Ac-F A. fmk has 

little effect on DNA fiagmentation, exhibiting less than a 10% reduction (Fig. 9). Mock 

transfected control cells exhibit no TUNEL positive signals, and are unaffected by the 

caspase inhibitors (data not shown). 



Figure 1: Structure of the catalytically inactive caspase-2 construct used for co- 
immunoprecipitation analysis. 
Full-length p48 procaspase-2, intermediate cleavage product p34 consisting of the 
prodomain and large subunit, and prodomain deletion mutant p32 (Apro) are indicated by 
arrows. The active cysteine (C) residue that is replaceci with an inactive serine (S) residue 
is underlined. Cleavage sites are indicated by arrows at aspartate (AsP) residues. 
Caspases- 1 , -8, and -9 have similar structure (not shown). 
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Figure 2: Co-immunoprecipitation analysis of BNIP3 and NIX with caspases-1, -2, 
-8, and -9. 
293T cells were CO-transfected by the calcium phosphate method with HA-tagged BNIP3, 
or NIX, and (A) catalytically inactive caspase-2, (B, p.46) caspase-1, (C, p.46) caspase-8, 
or (D, p.46) caspase-9. Lysates were collected 12 hours post-transfection, 
irnmunoprecipitated with rabbit polyclonal anti-HA antibody, and immunoblotted with 
the appropriate caspase antibody, as descnbed under Material and Methods. In (A), 
immunoprecipitation of T7-tagged caspase-2 with mouse monoclonal anti-T7 antibody 
and irnmunoblot with rabbit polyclonal anti-HA antibody for BNP3 or NIX was also 
performed. Total ce11 lysates were analyzed for expression of BNIP3 and NiX (A, bottom 
right panel), and for expression of the indicated caspase (A-D). BMP3 migrates as a 
6OkDa dimer and 30kDa monomer. NIX migrates as an 80kDa dimer and 4OkDa 
monomer. Approximate sizes of the caspases as indicated by an arrow are as follows, 
48kDa, 48kDa, SSkDa, and 45kDa for caspase-2, -1, -8, and -9, respectively. The 
irnrnunoglobulin heavy chah (IgH) is present in al1 lanes at approximately 55-60kDa as 
indicated by the arrow. 
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Figure 3: Heterodimerization of BNIP3 and NIX with caspase-2 is independent of 
the prodomain. 
293T cells were CO-transfected with HA-tagged BNIP3 or NU( and a T7-tagged 
catalytically inactive caspase-2 mutant lacking the 152 amino acid NH2-terminal 
prodomain (Apro, Fig. 1). Lysates were collected 12 hours post-transfection. 
immunoprecipitated with rabbit polyclonal anti-HA antibody, and irnmunoblotted with 
mouse monoclonal anti-T7 antibody (A, top panel), and vice versa (A, bottom panel). 
Lysates confinn efficient expression of al1 proteins (B). 
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Figure 4: Heterodimerization of caspase-2 with BNIP3 is independent of the NH2- 
terminus and transmembrane domain. 
(A) Schematic representation of BNIP3 deletion mutants. (B)  293T cells were co- 
transfected with HA-tagged BNIP3 deletion mutants and T7-tagged catalytically inactive 
full Iength caspase-2 (Fig. 1 A). 12 hours post-transfection, lysates were 
imrnunoprecipitated with rabbit polyclonal anti-HA antibody, and irnmunoblotted with 
mouse monoclonal anti-T7 antibody (top left panel). Total ce11 lysates were 
immunoblotted for expression of caspase-2 (top right panel) and BNP3 deletion mutants 
(bottom panel) as indicated by arrows. 
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Figure 5: BNIP3 activates eadogenous caspase-2. 
293T cells were transiently transfected with BMP3 or mock transfected by the calcium 
phosphate method. Ce11 lysates were collected 18 hours post-transfection and incubated 
with 1 pM of Ac-FA.fink, Ac-zVAD.fink, or Ac-VDVAD-fink at 37OC for 30 minutes. 
100 pM Ac-MVAD.AMC was added to the lysates and allowed to incubated up to 8 
hours at 37OC. Results are expressed as relative fluorescent units (RFUs) 2 S.E. fiom 
three independent experiments. The increase in Ac-VDVAD-AMC cleavage by % N P 3  
lysates is significantly higher as compared to control lysates (P < 0.02). 



Figure 6: Co-expression of BMP3 and caspase-2 results in enhanced ce11 death in 
293T cells. 
293T cells were transiently CO-transfected with reporter plasmid, pcDNA3-pgal, and 
BNIP3, MX, or caspase-2 alone or in combination as indicated. 24 hours post- 
transfection cells were stained with X-gal and percent ce11 death determined. The results 
s h o w  represent the mean + S.E. from three independent experiments. Co-transfection of 
BNIP3 and caspase-2 results in a significant increase in ce11 death as compared to cells 
transfected with BNIP3 alone (P -c 0.006), whereas the increase observed in cells co- 
transfected with NU[ and caspase-2 is insignificant as compared to cells transfected with 
NIX alone (P > 0.1). 



Figure 7: BNIP3 and caspase-2-induced ce11 death is insensitive to Ac-zVAD.fmk. 
293T cells transiently transfected as described in Figure 6, were incubated with 100 p M  
Ac-zVAD.fÎnk for 24 hours and then stained for f3-galactosidase expression. Cells 
transfected with caspase-9 and Apaf-1 served as positive controls. Results representaiive 
of three independent experiments. 



Figure 8: Co-expression of BMP3 and caspase-2 results in enhanced DNA 
fragrnen tation in 293T cells, 
293T cells were transiently transfected with BNIP3, wild type caspase-2, or catalytically 
inactive caspase-2 alone or in combination. 24-hours post-transfection, celIs were stained 
with TUNEL as described in Material and Methods, and the percentage of DNA 
fragmentation 5 S.E. was determineci for three independent expenments. The increase in 
DNA fragmentation observed in BMP3 and caspase-2 CO-transfected cells is significantly 
greater than that observed in cells transfected with BNIP3 alone (P < 0.001). 
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Figure 9: BNIP3-induced DNA fragmentation is blocked by a caspase-2-specific 
inhibitor. 
293T cells transiently expressing BNIP3, caspase-2, or tBid, were incubated with 50 pM 
of Ac-FA.hk, Ac-VDVAD.fink, or Ac-zVAD.fmk for 24 hours, and then assayed for 
percentage DNA fragmentation as in Figure 7. The percentage of DNA fragmentation + 
S.E. was detemined fmm three independent experïments. Incubation of B W 3 -  
trans fected cells with either Ac-VIN AD-hk or Ac-zVAD. fink results in a signi ficant 
reduction in DNA fragmentation as compared to untreated cells msfec ted  with BMP3 
(P < 0.02), whereas the reduction observed in cells incubated with Ac-FA.fmk is not 
significant (P > 0.3). 



DISCUSSION 

Identification of heterodimenzations among apoptotic regulatory proteins has 

served as an important means for determinhg the mechanism of action of such proteins. 

Many of these interactions are structurally and functionally conserved between 

mammalian and C. elegans' proteins. For example, the interaction between Apaf-l and 

caspase-9 resulting in caspase-9 activation (55) is homologous to the CED4CED-3 

interaction in C. elegans (13). Similarly, BNIP3 and NTX heterodimerize with Bcl-2 

(8,4I ,74,112), which is homologous to the interaction observed between ceBNIP3 and 

CED-9 (16). Given that ceBNIP3 also heterodimerizes with CED-3 (1 I l ) ,  it was not 

surprising to find that BNIP3 and NIX interact with a mammalian CED-3 homologue, 

caspase-2. 

Caspase-2 is known to physically interact with only two other proteins, FWDD 

and ARC (3,22,47). Both interactions are mediated through homophilic binding to the 

caspase-2 prodomain. As welî, the interaction between CED-3 and ceBNIP3 is mediated 

by the prodomain (1 1 1), as are al1 caspase interactions in general, hence the necessity of 

the caspase-3 prodomain for binding BNIP3 and NU( was determined. interestingly, the 

interaction of caspase-2 with BNIP3 and NIX is independent of the prodomain. In 

addition, the other long prodomain caspases examined, caspase-1, -8, and -9 do not bind 

to either BNIP3 or NU(. Thus, this interaction is unique to caspase-2 and is not 

characteristic of the typical prodomain-mediated binding observed for al1 other caspase 

interactions identified to date. However, CO-IP analysis does not distinguish between 

direct and indirect interactions, hence another protein may be required for bridging the 

interaction between caspase-2, BNIP3, and M. 



To further charactenze the interaction structurally, three deletion mutants of 

BNIP3 were examined for binding potential with caspase-2: (i) BNLP3A1-49, (ii) 

BNIP3A 164-1 94 (Thl), and (iii) BMP3Al -WAl64-194 (TM). As obsented in the 

ceBNIP3 and CED-3 interaction (1 Il) ,  the TM domain of BNIP3 is not required for 

binding caspase-2. In addition, the NHz-terminal 49 arnino acid residues of BNIP3 are 

also not required for binding caspase-2. Thus, the regions of BMP3 required for binding 

Bcl-2 and Bcl-XL, specifically the NHz-terminus and TM domain (74), are not involved 

in caspase-2 binding. This implies that the region within amino acid residues 50-163. 

containing the BH3-like domain and conserved domain, may also contain a putative 

caspase-2 binding domain, although M e r  CO-IP analysis of deletion mutants fkom this 

region are required to determine the precise caspase-2 binding domain. 

The physiological effect of caspase binding is typicdly activation or inhibition of 

caspase activity. In the C. elegans' homologues ceBNIP3 and CED-3, CO-expression 

results in accelerated processing and activation of CED-3 (1 11). Given the pro-apoptotic 

nature of BNIP3, the binding of BNIP3 and caspase-2 may result in activation of caspase- 

2. Until only recently there were no known substrates for caspase-2 in vivo, hence an in 

virro fluorometric assay was employed using a caspase-2-specific peptide substrate in 

order to detect activation of endogenous caspase-2 in BNIIP3-expressing cells. Al1 

caspases have a strict requirement for a minimum 4 amino acid residue substrate 

recognition sequence with aspartate in the PI position, but only caspase-2 exhibits 

optimal specificity for a 5 arnino acid residue target sequence with valine in P5 (89). 

Using a series of defined peptide sequence variants, Talanian et. al. (89) determined the 

substrate specificity of several purified caspases by measuring relative V-/Km values, 



and found VDVAD to be the optimal substrate for caspase-2. Cleavage of Ac- 

VDVAD-AMC by caspase-2 releases the fluorescent AMC product, which can be 

quantified using a fluororneter. The ability of BNIP3-expressing cell lysates to 

specifically cleave the caspase-2-specific substrate Ac-VDVAD.AiMC in vitro, indicates 

activation of endogenous cspase-2, or caspase-2-like proteases, in BNIP3-trans fected 

ce1 1s. Furtherrnore, the endogenous VDVADase activity detected in BW3-expressing 

ce11 lysates is efficient blocked by Ac-zVAI3.M and Ac-VDVAD.fmk. Fluoro-methyl 

ketones (fhk) are irreversible caspase inhibitors, whose specificity depends on the 

conjugated peptide (26). The Ac-zVAD.fmk peptide functions as a broad-spectrum 

caspase inhibitor due to the lack of a Pq amino acid residue, thereby allowing it to bind 

irreversibly to a wide range of caspase catalytic sites and thus block the interaction of 

potential substrates (26). in contrast, Ac-VDVAD-fink is of identical sequence to the 

substrate used in the assay, hence it will specifically block caspase-2-mediated cleavage. 

The ability of Ac-VDVAD-fmk to completely block cleavage of Ac-VDVAD.AMC 

d o m  to levels observed in control ceil lysates, indicates the specificity of caspase 

activity in BNIP3-transfected cells. Ac-zVAD.fmk also inhibits VDVADase activity in 

BNIP3-transfected ce11 lysates. However, caspase-2 has been observed to be significantly 

less sensitive to Ac-zVAD.fmk as compareci to caspases-3, -7, -8, and -9 (26). Thus, Ac- 

z V A D . h k  may be inhibiting the activity of other unidentified caspases in addition to, or 

instead of, caspase-2. Based on the current models for caspase activation and the 

observed heterodimerization of BNIP3 and caspase-2, three potential mechanisms for 

BNIP3-induced caspase-2 activation are implied: (i) BNIP3-induced oligomerization and 

auto-catalytic activation of caspase-2, (5) BNIP3-induced recruitrnent of another 



molecule which promotes activation of caspase-2, and (iii) BNLP3-enhanced activity of 

the caspase-2 zymogen. 

Concordant with the induced-proximity mode1 (SI), BMP3 may fünction as an 

adaptor protein and induce oligomerization of procaspase-2 thereby bringing two 

procaspase-2 molecules into close proximity and prornoting auto-catalytic processing and 

activation. The TM domain mediates BNiP3 homodimerization (12), however the TM 

domain is not required for binding caspase-2, thus it may set-ve to mediate 

oligomerization of BNIP3/caspase-2 heterodirners. Although the zymogenicity ratio for 

caspase-2 has not been reporteci, prodomain-mediated homodimerization during 

overexpression is sufficient to induce auto-catalytic activation of procaspase-2 (9), 

indicating that the zymogen does have sufficient intrinsic activity for self-processing. 

Another possible mechanism is that BNIP3 may function to recruit, or favorably 

present procaspase-2 to another molecule that could promote processing and activation. 

Since the prodomain of caspase-2 is not required for binding BNIP3, it is available to 

participate in CARD-CARD interactions with other adaptor proteins such as RAIDD or 

possibly Apaf-1, resulting in the formation of a tertiary complex that may be able to 

induce oligomerization and hence promote auto-catalytic activation of caspase-2. 

Alternatively, another caspase may be responsible for processing caspase-2 presented by 

BNIP3, although likely not caspase-3 since its activity is not detected in BNP3-  

expressing cells (97). 

Recently, caspase activation has been observed without proteolytic processing. 

Stennicke et. al. (86) demonstrated that procaspase-9 mutants in which one or both of the 

interdomain processing sites are disabled, still activated downstream caspases in a cell- 



fiee system, but only in the presence of cytosolic factors Apaf-1, cytochrome c, and 

dATP. Processing of procaspase-9 resulted in only a 10-fold increase in activity, hence a 

zymogenicity ratio of 10, but was fiirther activated 2000-fold in the presence of cytosolic 

factors, presumably Apaf-1, cytochrome c, and dATP (86)- This supports the mode1 in 

which Apaf-1 and active caspase-9 remain in a complex and fiuiction as a holoenzyme 

where caspase-9 is the catalytic subunit and Apaf-1 is the allosteric reguIator (78). 

Moreover, it raises the question of how to distinguish between processing, which may be 

advantageous, and activation, which is not simply due to proteolytic processing as 

previously suggested (86). A similar mechanism may apply to the activation of caspase-2 

in BNIP3-expressing cells. Overexpression of caspase-2 results in processing, hence it 

was not possible to rneasure the effect of CO-expression with BNIP3 on caspase-2 

processing. In addition, we were not able to detect processing of endogenous caspase-2 in 

293T cells expressing BNIP3 (data not shown). However, the in vitro fluorometric assay 

clearly demonstrated specific activation of endogenous caspase-2 in BNIP3-expressing 

cells. Thus, the BNIP3kaspase-2 heterodimer may fùnction as a holoenzyme similar to 

Apaf-1 and caspase-9, in which BNiP3 enhances the activity of the caspase-2 zymogen. 

Regardless of the mechanism, activation of caspase-2 by BNIP3 may contribute to 

an increase in ce11 death in cells CO-expressing both proteins. Since the ceBNIP3/CED-3 

interaction results in enhanced CED-3 activation and ce11 death (1 I l ) ,  the interaction of 

BNIP3 and NU( with caspase-2 may have a similar fimction. Using the P-galactosidase 

ce11 death assay, an increase in BNTP3-induced ce11 death upon CO-expression with 

caspase-2 was observed. However, no increase in NU(-induced ce11 death was observed 

when CO-expressed with caspase-2. The enhanced ce11 death observed in BNiP3/caspase- 



2 CO-expressing cells appears to be an additive effect, which implies two different 

potential mechanimis. One possible interpretation is that BNIP3 and caspase-2 are acting 

independently in distinct ce11 death pathways. In this scenario, CO-expression would 

promote both BNIP3- and caspase-2-induced ce11 death pathways independently, 

resulting in an increase ce11 death. Alternatively, B W 3  and caspase-2 rnay be 

hnctioning within the same ce11 death pathway, a possibility that is m e r  supported by 

the observed physical interaction. Overexpression of both BNIP3 and caspase-2 would 

allow such a pathway to function at a greater flux, limited only by other endogenous 

proteins that may be involved, resulting in the observed enhancement in ce11 death. In 

tum, inhibition at one step in this pathway would coincide Hith a reduction in ce11 death. 

Lack of enhanced ce11 death in Wcaspase-2  CO-expressing cells may be due to 

structural differences between BNIP3 and NIX that impair caspase-2 activation. The 

Iarger NH2-terminus in NU( may impair activation of caspase-2, perhaps by blocking the 

prodomain of caspase-2 and impairing recruitrnent of a necessary CO-activator, or by 

adopting a conformation that does not promote caspase-2 zymogen activity. However, the 

possibility that NUC and caspase-2 are functioning within the same ce11 death pathway is 

not entirely climinated. A pathway involving both proteins may be operating at optimal 

Ievels with NIX overexpression alone, thus no increase is observed upon CO-expression of 

caspase-2. NIX may be able to fùnctionally substitute for BNIP3 in a caspase-2- 

dependent ce11 death pathway, however investigation of those questions is beyond the 

scope of this thesis. 

To determine the requirement for caspase activity in BNIP3-induced ce11 death, 

transfected cells were incubated with Ac-zVAD.fink prior to performing the B- 



galactosidase ce11 death assay. The broad-spectnim caspase inhibitor had no effect on 

either BNIP3 or caspase-2 killïng activity, and thus no effect on the cooperate action of 

BNIP3 and caspase-2 in CO-transfected 293T cells. in contrast, cells CO-expressing 

caspase-9 and Apaf- 1 were rescued by the inhibitor, confkning previous observations of 

its effectiveness at blocking ce11 death initiated fkorn these proteins. The primary 

mechanism of BNIP3-induced ce11 death involves early plasma membrane permeability 

and mitochondrial damage, events that are caspase-independent and hence insensitive to 

Ac-zVAD.fmk (97). DNA fragmentation and chromatin condensation, typically caspase- 

dependent events, are only during the later stages of BNIP3-induced ce11 death, likely 

occurring afier the ce11 is committed to die (1 1,12,97). In addition, caspase-2 is relatively 

insensitive to Ac-zVAD.Gnk (26). Thus, the B-galactosidase ce11 death assay, which does 

not distinguish between caspase-dependent and independent ce11 death, is inadequate for 

rneasuring the effect of Ac-zVAD.M on BMP3-induced caspase-dependent events, and 

subsequently inadequate for measuring the effect of CO-expression with caspase-2. Hence, 

an assay to specifically examine the role of caspase-2 in a BNIP3-induced DNA 

fragmentation pathway was performed. 

DNA fragmentation and chromatin condensation are hallmarks of caspase- 

dependent apoptosis. We have previously shown that BNTP3 induces DNA fiagmentation 

and chromatin condensation that is sensitive to Ac-zVAD.fmk in a variety of ce11 lines 

( 1 1 1 2,W). However, the mechanism of BNIP3-iduced DNA fragmentation remains 

unknown. Dunng apoptosis, DNA fragmentation is almost exclusively attributed to the 

activation of the DNA fiagmentation factor (DFF), a heterodimer consisting of a 40kDa 

caspase-3 activated nuclease (DFF40/CAD; gaspase-gctivated deoxyribonuclease), and a 



45kDa inhibitor (DFF45ACAD; m b i t o r  of CAD) (25,57,58,80). Caspase-3 specifically 

cleaves DFF45/ICAD, releasing the active nuclease DFF40ICAD ( X , 5  7,58,8O). 

Expression of a caspase-3-resistant DFF45/ICAD mutant inhibits DNA fiagmentation 

induced by a wide variety of stimuli, confirrning that DFF40/CAD is the primary 

nuclease responsible for DNA fiagmentation in apoptotic cells (63,80). In addition, 

DFF45ACAD appears to be cleaved exclusively by caspase-3 (80,118). However, 

caspase-3 is not active in BNIP3-expressing cells (97), suggesting tbat BNIP3 initiates an 

alternative pathway for DNA fiagmentation. BNIP3-induced DNA fiagmentation may be 

due to the activation of a nuclease other than DFF40/CAD. Susin et. al. (87) have 

described a unique DNase sequestered in the mitochondrial intermembrane space that is 

released into the cytosol upon PT pore opening, which is distinct fiom DFF40/CAD 

based on its insensitivity to ATA (aurine@icarboxylic -id), indicating the existence of 

caspase-3-independent DNases capable of inducing DNA damage during apoptosis. 

Alternatively, BNiP3 may activate another unidentified caspase capable of cleaving 

DFF35ACAD and activating DFF40/CAD. This Iead to the hypothesis that caspase-2 may 

play a role in BNIP3-induced DNA fragmentation. 

Using the TUNEL assay, an increase in DNA fiagmentation was observed upon 

CO-expression of BNIP3 and caspase-2. In contrast, CO-expression of B W 3  with a 

catalytically inactive caspase-2 did not effect the percentage of DNA fragmentation, 

indicating a requirement for caspase-2 activity. Furthemore, Ac-zVAD.fmk and Ac- 

V D V A D . M  each reduced the percentage of DNA fiagmentation by half in BNTP3- 

transfected cells. Thus, endogenous caspase-2 is partially responsible for BNIP3-induced 

DNA fiagmentation, although other unidentified caspases rnay also be involved that are 



inhibited by Ac-zVAD.fmk. A similar effect was observed in caspase-2-expressing cells, 

supporting a role for caspase-2 in apoptotic DNA fhgmentation, both directly and 

indirectly by activating other Ac-zVAI3.M-sensitive caspases. tBid, the COOH- 

terminal product of the caspase-8-mediated cleavage of Bid, translocates to the 

mitochondria where it triggers cytochrome c release and apoptosis through the classicai 

Apaf-l/caspase-9/caspase-3 pathway (5339). Thus, it serves as both a positive control for 

Ac-zVAD.mik inhibition, and a negative control for Ac-VDVAD-fink inhibition. tBid- 

induced DNA fragmentation was almost completely abolished by Ac-zVAD.mik, but 

relatively unaffected by Ac-VDVAD-frnk, indicating the specificity of Ac-VDVAD-fmk 

for caspase-2-dependent pathways. Caspase-2 has reduced affinity for DXXD-substrates 

in vitro (89,94), but potentially could cleove DFF45ACAD in vivo at caspase-3 target 

sequences, or at other unique sites under certain conditions. Alternatively, caspase-2 may 

activate an entirely different nuclease, given that the DNA fragmentation observed in 

BNTP3-expressing cells is morphologically different than the classical caspase-3-induced 

DNA fragmentation, displaying fewer and more dispersed foci (97). 

Although PT pore opening is the primary mechanism of BNIP3-induced ce11 

death, under conditions in which PT pore opening is blocked, BNP3 may still induce ce11 

death solely through nuclear damage. However, detemining the effect of BNIP3 

expression on cells in which PT pore opening is biocked is hindered by the toxicity of PT 

pore inhibitors (97). In addition, the release of procaspase-2 fiom the rnitochondrial 

intermembrane space is dependent on PT pore opening (87), thus BW3-induced PT 

pore opening may be linked to the subsequent DNA fragmentation observed at later 

stages. Once released fiom the mitochondrial intemembrane space, the activation of 



caspase-2 occun independently of cytochrome c, although the mechanimi of activation 

remains unresolved (67). It is not known if caspase-2 is activated during or after release 

from the intermembrane space, or if it may involve mitochondrial surface proteins or 

extramitochondrial factors. The presence of BNIP3 in the mitochondrial outer membrane 

provides an opportunity for physical interaction with procaspase-2 either directly or 

indirectly, and makes it an ideal candidate for promoting caspase-2 activation 

independently of cytochrome c. 

In conclusion, the evidence presented here demonstrates that BMP3 physically 

interacts with caspase-2, that overexpression specifically activates endogenous caspase-2. 

and that CO-expression with caspase-2 results in the cooperative enhancement of ce11 

death and DNA fiagmentation. In addition, BNIP3-induced DNA fiagmentation is 

eficiently blocked by a caspase-2-specifk inhibitor, indicating a specific requirement for 

endogenous caspase-2. Taken together these findings suggest that BNIP3 initiates ce11 

death and DNA fragmentation by the specific binding and activation of caspase-2. A 

mode1 for BNI.3-induced cell death couId be as follows; an apoptotic stimulus induces 

integration of BNP3 into the mitochondrial outer membrane through its TM domain, 

BNIP3 then initiates PT pore opening, which results in mitochondrial dysfunction as well 

as the release of intemembrane space proteins inctuding caspase-2. Free caspase-2 may 

bind to BNIP3, allowing for autocatalytic activation of caspase-2, which couId 

subsequent 1 y activate a DNase either directly or indirectly through an e ffector caspase, 

ultimately contributing to the demise of the cell. 



FUTURE STUDIES 

In order to substantiate a role for caspase-2 in a BNIP3-induced DNA 

fragmentation pathway and to identiq other potential caspases involved, the effect of Ac- 

zVAD.mik can be fiirther examined. As discussed earlier, caspase-2 activity is minimally 

effected by Ac-zVAD.fmk (26). Thus, the 50% reduction in DNA fragmentation 

observed in BNP3-transfected cells treated with Ac-zVAD.fmk may be due to inhibition 

of endogenous caspase-2, or may be due to the inhibition of other caspases or proteases 

more sensitive to Ac-zVAD.hk. Furthemore, since Ac-VJ3VAD.W also onfy reduced 

BNIP3-induced DNA fiagmentation by about 5096, it suggests that other caspases may be 

involved. Treating BM93-transfected cells with both Ac-zVAD.fink and Ac- 

VDVAD-fink simultaneously can give some indication as to whether these inhibitors 

have shared or distinct targets. If a similar 50% reduction in DNA fiagmentation were 

observed with both inhibitors, it would suggest that Ac-zVAD.fmk and Ac-VDVAD.hk 

are targeting the same caspases, primarily caspase-2 or caspase-2-like proteases. On the 

other hand, if there were an additive effect resulting in a complete reduction in DNA 

fragmentation, it would suggest that Ac-zVAD.fmk and Ac-VDVAD.fink have distinct 

ceilular targets and that more than one caspase is activated by BNLP3 overexpression. 

Similady, the presence or absence of DNA fragmentation in casPase-2" mouse 

embryonic fibroblasts (MEFs) transfected with BNIP3 will m e r  distinguish between 

caspase-&dependent and independent pathways. If there is any residual DNA 

fragmentation observed in caspase2" MEFs transfected with BNIP3, it may be blocked 

by Ac-zVAD.mik or other specific caspase inhibitors, M e r  supporting a role for other 

caspases and possibly allowing for fiuther identification of specific caspases. In addition, 



the requirement for caspase-2 in BNP3-induced cell death could also be examined in the 

hockouts. Also of  interest would be to assay for cleavage o f  golgin 160, the Golgi 

complex autoantigen that is specifically cleaved by caspase-2 in vivo (60), in BNIP3- 

trans fected cells. 



Adams, J. M. and S. Cory. 1998. The Bcl-2 protein family: arbiters of ce11 
survival. Science 281 : 1322- 1326. 

Ahmad, M., S. M. Srinivasula, R Hegde, R Mukattash, T. Femandes- 
Alnemri, and E. S. Alnemri. 1998. Identification and characterization of murine 
caspase-14, a new member of the caspase farnily. Cancer Res. 58:5SOl-S2OS. 

Ahmad, M., S. M. Srinivasula, L. J. Wang, R V. Talanian, G. Litwack, T. 
Fernandes-Alnemri, and E. S. Alnemri. 1997. CRADD, a novel human 
apoptotic adaptor molecule for caspase-2, and FasW tumor necrosis factor 
receptor-interacting protein RIP. Cancer Res. 57:6 15-6 19. 

Alnernri, E. S., D. J. Livingstoa, D. W. Nicholson, G. Salvesen, N. A. 
Thornberry, W. W. Wong, and J. Y. Yuan. 1996. Human ICEKED-3 protease 
nomenclature. Ce11 87: 17 1 - 17 1. 

Ashkenazi, A. and V. M. Dixit. 1998. Death receptors: signaling and 
modulation. Science 281 : 1305- 1308. 

Bergeron, L., G. 1. Perez, G. Macdonald, L. Shi, Y. Sun, A. Jurisicova, S. 
Varmuza, K. E. Latham, J. A. Flaws, J. C. Salter, H. Hara, M. A. Moskowitz, 
E. Li, A. Creenberg, J. L. Tilly, and J. Yuan. 1998. Defects in regulation of 
apoptosis in caspase-2-deficient mice. Genes Dev. 12: 1304- 1 3 14. 

Bertin, J., W. J. Nir, C. M. Fischer, O. V. Tayber, P. R Errada, J. R Grant, 
J. J. Keilty, M. L. Gosselin, K. E. Robisoa, G. H. Wong, M. A. Glucksmann, 
and P. S. DiStefano. 1999. Human CARD4 protein is a novel CED-4/Apaf-1 ce11 
death farnily member that activates NF-kappaB. J.Biol.Chem. 274: 12955- 12958. 

Boyd, J. M., S. Malstrom, T. Subramanian, L. K. Venkatesh, U. Schaeper, B. 
Elangovan, C. D'Sa-Eipper, and G. Chinnadurai. 1994. Adenovirus E 1 B 19 
kDa and Bcl-2 proteins interact with a common set of cellular proteins. Cell 
79:34l-35 1. 

Butt, A. J., N. L. Harvey, G. Parasivam, and S. Kumar. 1998. Dimenzation 
and autoprocessing of the Neddî (caspase-2) precursor requires both the 
prodomain and the carboxyl-terminal regions. J.Biol.Chem. 273:6763-6768. 

Cecconi, F., G. Alvarez-Bolado, B. 1. Meyer, K. A. Roth, and P. Gruss. 1998. 
Apafl (CED-4 homolog) regulates programmed ce11 death in rnarnmalian 
development. CeIl 94 :727-737. 

Chen, G., J. Cizeau, V. C. Vande, J. H. Park, G. Bozek, J. Bolton, L. Shi, D. 
Dubik, and A. Greenberg. 1999. Nix and Nip3 forrn a subfamily of pro- 
apoptotic mitochondrial proteins. J.Biol.Chem. 274:7-10. 



Chen, G., R Rriy, D. Dubik, L. F. Shi, J. Cizeau, R C. Bleackley, S. Saxena, 
R D. Gietz, and A. H. Greenberg . 1997. The E 1 B 19K Bcl-2-binding protein 
Nip3 is a dimeric mitochondrial protein that activates apoptosis. J.Exp.Med. 
186: 1975-1983. 

Chinnaiyan, A. M., K. O'Rourke, B. R Lane, and V. M. Dixit. 1997. 
Interaction of CED-4 with CED-3 and CED-9: A molecular fiamework for ceIl 
death. Science 275: 1 122-1 126. 

Chinnaiyan, A. M., IC O'Rourke, M. Tewari, and V. M. Dixit. 1995. FADD, a 
novel death domain-containing protein, interacts with the death domain of Fas and 
initiates apoptosis. Ce11 81 505-5 12. 

Chinnaiyan, A. M., C. G. Tepper, M. F. Seldin, K. O'Rourke, F, C. Kischkel, 
S. Heilbardt, P. H. Kramrner, M. E. Peter, and V. M. Dixit. 1996. 
FADDMORTl is a cornmon mediator of CD95 (FdAPO-1) and tumor necrosis 
factor receptor-induced apoptosis. Journal.of.Biological.Chemistry. 271 :496 1 - 
4965. 

Cizeau, J., R Ray, G. Chen, R D. Gietz, and A. H. Greenberg. 2000. The C. 
elegans homologue ceBNIP3 Interacts with CED-9 and CED-3 but Kills Through 
a BH3- and Caspase-Independent Mechanism. submitted for publication- 

Colussi, P. A., N. L. Harvey, and S. Kumar. 1998. Prodomain-dependent 
nuclear Iocalization of the caspase-2 (Neda)  precursor - A novel fiinction for a 
caspase prodomain. J.Biol.Chem. 273:24535-24542. 

Colussi, P. A,, N. L. Hawey, L. M. Shearwin-Whyatt, and S. Kumar. 1998. 
Conversion of procaspase-3 to an autoactivating caspase by fision to the caspase- 
2 prodomain. J.Biol.Chem. 273:26566-26570. 

Conradt, B. and H. R Horvib. 1998. The C. elegans protein EGL-1 is required 
for prograrnmed ce11 death and interacts with the Bcl-2-like protein CED-9. Ce11 
93:5 19-529. 

Crompton, M. 1999. The mitochondrial permeabiiity transition pore and its role 
in ce11 death. BiochemJ. 341 ( Pt 2):233-249. 

Del Peso, L., V. M. Gonzalez, and G. Nunez. 1998. Caenorhabditis elegans 
EGL-1 disrupts the interaction of CED-9 with CED- 4 and promotes CED-3 
activation. J-Biol-Chem. 273:33495-33500. 

Duan, H. and V. M. Dixit. 1997. RAIDD is a new 'death' adaptor molecule. 
Nature 38586-89. 

Earashaw, W. C., L. M. Martins, and S. H. Kaufmann. 1999. Mammalian 
caspases: structure, activation, substrates, and h c t i o n s  during apoptosis [In 
Process Citation]. Annu.Rev.Biochem. 68:383-424. 



Ellis, H. M. and H. R Horvitz . 1986. Genetic control of prograrmned ce11 death 
in the nematode C. elegans. Ce11 44:8 17-829. 

Enari, M., H. Sakahira, H. Yokoyama, K. Okawa, A. Iwamatsu, and S. 
Nagata. 1998. A caspase-activated DNase that degrades DNA during apoptosis, 
and its inhibitor ICAD [see comments] [pubiished erratum appears in Nature 1998 
May 28;393(6683):396]. Nature 391:43-50. 

Garcia-Calvo, M., E. P. Peterson, B. Leiting, R Ruel, D. W. Nicholson, and 
N. A. Thornberry. 1998. Inhibition of human caspases by peptide-based and 
macromolecular inhibitors. LBiol-Chem. 273:32608-326 1 3. 

Gross, A., J. Jockel, M. C. Wei, and S. J. Korsmeyer. 1998. Enforced 
dimex-ization of BAX results in its translocation, mitochondrial dysfunction and 
apoptosis. EMBO J. l7:3878-3885. 

Gross, A., J. M. McDonneU, and S. J. Korsmeyer. 1999. BCL-2 farnily 
mernbers and the mitochondria in apoptosis. Genes Dev. 13: 1899- 19 1 1. 

Gross, A., X. M. Yin, K. Wang, M. C. Wei, J. Jockel, C. Milliman, H. 
Erdjument-Bromage, P. Tempst, and S. J I  Korsmeyer. 1999. Caspase cleaved 
BR3 targets mitochondria and is required for cytochrome c release, white BCL- 
XL prevents this release but not tumor necrosis factor-Rl/Fas death. J.Biol.Chem. 
274:1156-1163. 

Hakem, R, A. Hakem, G. S. Duncan, J. T. Henderson, M. Woo, M. S. 
Soengas, A. Elia, J. L. De la Pompa, D. Kagi W. Khoo, J. Potter, R Yosbida, 
S. A. Kaufman, S. W. Lowe, J. M. Penninger, and T. W. Mak. 1998. 
Differential requirement for caspase 9 in apoptotic pathways in vivo. Cell94:339- 
352. 

Harvey, N. L., A. J. Butt, and S. Kumar. 1997. Functional activation of 
Nedd2ACH-1 (Caspase-2) is an early process in apoptosis. J.Biol.Chem. 
272:13134-13139. 

Hengartner, M. O., R E. Ellis, and H. R Horvitz. 1992. Caenorhabditis 
elegans gene ced-9 protects cells fiom prograrnrned ceIl death. Nature 356:494- 
499. 

Hengartner, M. O. and H. R Horvitz. 1994. C. elegans ceil suBival gene ced-9 
encodes a functional homolog of the mamrnalian proto-oncogene bcl-2. Ce11 
76:665-676. 

Horvitz, H. R 1999. Genetic control of programrned ce11 death in the nematode 
Caenorhabditis eleaans. Cancer Res. 59: 1701 s- 1706s. 



Horvitz, H. R, S. Sbaham, and M. O. Hengartner. 1994. The genetics of 
programmai ce11 death in the nematode Caenorhabditis elegans. Cold Spnng 
Harbor Symposia.on.Quantitative.BioIogy. 59:377-386. 

Hsu, H., H. B. Sbu, M. G. Pan, and D. V. Goeddel. 1996. TRADD-TRAF2 and 
TRADD-FADD interactions define two distinct TNF receptor I signal 
transduction pathways. Ceil 84:299-308. 

Hu, Y., M. A. Benedict, L. Ding, and G. Nunez. 1999. Role of cytochrome c 
and dATP/ATP hydrolysis in Apaf-1 mediated caspase- 9 activation and 
apoptosis. EMBO J. 18 :3586-3595. 

Hu, Y., M. A. Benedict, D. Wu, N. Inohara, and G. Nunez. 1998. Bcl-XL 
interacts with Apaf- 1 and inhibits Apaf- 1 -dependent caspase-9 activation. 
Proc.Natl.Acad.Sci.U.S.A 9543864391. 

Hu, Y., L. Ding, D. M. Spencer, and G. Nunez. 1998. WD-40 repeat region 
regulates Apaf-1 self-association and procaspase-9 activation. J-Biol-Chem. 
273:33489-33494. 

Huang, D. C., J. M. Adams, and S. Cory. 1998. The conserved N-terminal BH4 
domain of Bcl-2 homologues is essential for inhibition of apoptosis and 
interaction with CED-4. EMBO J. 17:1029-1039. 

Imam, T., S. Shimizu, S. Tagami, M. Matsushima, Y. Nakamura, T. Miki, A. 
Okuyama, and Y. Tsujimoto. 1999. Bcl-2/E1 B 19 kDa-interacting protein 3-like 
protein (Bnip3L) interacts with bcl-2/Bcl-xL and induces apoptosis by altering 
mitochondrial membrane permeability. Oncogene 18:4523-4529. 

Jacobson, M. D., M. Weil, and M. C. Raff. 1997. Prograrnrned ce11 death in 
animal development. Cell88:347-354. 

Jurgensmeier, J. M., Z. Xie, Q. Deveraux, L. Ellerby, D. Bredesen, and J. C. 
Reed. 1998. Bax directly induces release of cytochrome c fiom isolated 
mitochondria. Proc.Nat1.Acad.Sci.U.S.A 954997-5002. 

Kerr, J. F. R, Wyllie A.H., and A. R Currie. 1972. Apoptosis: A basic 
biological phenornenon with wide-ranging implications in tissue kinetics. 
Br.J.Cancer 26:239-257. 

Kitanaka, C. and Y. Kuchino. 1 999. Caspase-independent programned ceIl 
death with necrotic morphology. Cell DeathDiffer. 6508-5 1 5. 

Kluck, R M., E. Bossy-Wetzel, D. R Green, and D. D. Newmeyer. 1997. The 
release of cytochrome c fiom mitochondria: A primary site for Bcl-2 regulation of 
apoptosis. Science 275: 1 132- 1 136. 



Koseki, T., N. Inohara, S. Chen, and G. Nunez. 1998. ARC, an inhibitor of 
apoptosis expressed in skeletal muscle and heart that interacts selectively with 
caspases. Proc.Nat1.Acad.Sci.U.S.A 9 5 5  156-5 160. 

Kuida, Id, T. F. Haydar, C. Y. Kuan, Y. Gu, C. Taya, H. Karasuyama, M. S. 
Su, P. Rakic, and R A. Flavell. 1998. Reduced apoptosis and cytochrome c- 
mediated caspase activation in mice Iacking caspase 9. Cell94:325-337. 

Kuida, K, T. S. Zheng, S. Na, C. Kusn, D. Yang, H. Karasuyama, P. Rakic, 
and R A. Flavell. 1996. Decreased apoptosis in the brain and premature Iethality 
in CPP32- deficient mice. Nature 384:368-372. 

Kumar, S. and P. A. Colussi. 1999. Prodomains--adaptors--01igomerization: the 
pursuit of caspase activation in apoptosis. Trends Biochem.Sci. 24: 1-4. 

Kumar, S., M. Kinoshita, M. Noda, N. G. Copeland, and N. A. Jenkins. 1994. 
Induction of apoptosis by the mouse Nedd2 gene, which encodes a protein similar 
to the product of the Caenorhabditis elegans ce11 death gene ced-3 and the 
mamrnalian IL- 1 Beta-converting enzyme. Genes and-Development 8: 16 13- 1626. 

Kurnar, S., Y. Tomooka, and M. Noda. 1992. Identification of a set of genes 
with developmentally down-regulated expression in the mouse brain. 
Biochem.Biophys.Res.Comrnun. 185: 1 1 55- 1 16 1. 

Li, H., H. Zhu, C. J. Xu, and J. Yuan. 1998. Cleavage of BID by caspase 8 
mediates the mitochondrial damage in the Fas pathway of apoptosis. Ce11 94:49l- 
501. 

Li, H. L., L. Bergeron, V. Cryns, M. S. Pasternack, H. Zhu, L, F. Shi, A. 
Greenbetg, and J. Y. Yuan. 1997. Activation of caspase-2 in apoptosis. 
J-BioI-Chem. 272:2lOlO-2lOl7. 

Li, P., D. Nijhawan, 1. Budihardjo, S. M. Srinivasula, M. Ahmad, E. S. 
Alnemri, and X. D. Wang. 1997. Cytochrome c and dATP-dependent formation 
of Apaf-llcaspase-9 complex initiates an apoptotic protease cascade. Ce11 91 :479- 
489. 

Liu, X., C. Kim, J. Yang, R Jemrnerson, and X. Wang. 1996. Induction of 
apoptotic program in ceIl-fiee extracts: requirement for dATP and cytochrome c. 
Ce11 86: 147-1 57. 

Liu, X., H. Zou, C. Slaughter, and X. Wang. 1997. DFF, a heterodimeric 
protein that fùnctions downstrearn of caspase-3 to trigger DNA fragmentation 
during apoptosis. Ce11 89: 175-1 84. 

Liu, X. S., P. Li, P. Widlak, H. Zou, X. Luo, W. T. Garrard, and X. D. Wang. 
1998. The 40-kDa subunit of DNA fragmentation factor induces DNA 



fragmentation and chromatin condensation during apoptosis. 
Proc.Nat1.Acad.Sci.USA 95: 846 1-8466. 

Luo, X, 1. Budihardjo, H. Zou, C ,  Slaughter, and X. Wang. 1998. Bid, a Bc12 
interacting protein, mediates cytochrome c release fiom mitochondria in response 
to activation of ce11 suface death receptors. Ce11 94:48 1-490. 

Mancini, M., C. E. Machamer, S. Roy, D. W. Nicholson, N. A. Thornberry, L. 
A. Casciola-Rosen, and A. Rosen. 2000. Caspase-2 is localized at the Golgi 
complex and cleaves golgin-160 during apoptosis. J-Cell BioI. 149:603-612. 

Mancini, M., D. W. Nicholson, S. Roy, N. A. Thomberry, E. P. Peterson, L, 
A. Casciola-Rosen, and A. Rosen. 1998. The caspase-3 precwsor has a cytosolic 
and mitochondrial distribution: implications for apoptotic signaling. J-Ce11 BioI. 
140: l48S-I495. 

Matsushima, M., T. Fujiwara, E. Takahashi, T. Minaguchi, Y. Eguchi, Y. 
Tsujimoto, K. Suzumori, and Y. Nakamura . 1998. Isolation, mapping, and 
functional analysis of a novel hurnan cDNA (BNIP3L) encoding a protein 
homologous to human NIP3. Genes Chromosomes.Cancer 21:230-235. 

McIlroy, D., H. Sakahira, R V. Talanian, and S. Nagata. 1999. Involvement 
of caspase 3-activated DNase in intemucleosomal DNA cleavage induced by 
diverse apoptotic stimuli. Oncogene l 8 : U O  1 -4408. 

Miura, M., H. Zhu, R Rotello, E. A. Hartwieg, and J. Yuan. 1993. Induction 
of apoptosis in fibroblasts by IL-1 beta-converthg enzyme, a mammalian 
homolog of the C. elegans ce11 death gene ced-3. Cell 75653-660. 

Moriishi, K, D. C. Huang, S. Cory, and J. M. Adams. 1999. Bcl-2 family 
members do not inhibit apoptosis by binding the caspase activator Apaf-1 . 
Proc.NatI.Acad.Sci.W.S.A 969683-9688. 

Muchmore, S. W., M. Sattler, H. Liang, R P. Meadows, J. E. Harlan, H. S. 
Yoon, D. Nettesheim, B. S. Chang, C. B. Thompson, S. L. Wong, S. C. Ng, 
and S. W. Fesik. 1996. X-ray and NMR structure of human Bcl-xL, an inhibitor 
of programmed ce11 death. Nature 381 :335-34 1. 

Muzio, M., A. M. Chinnaiyan, F. C. Kischkel, K. O'Rourke, A. Shevchenko, 
J. Ni, C. Scaffidi, J. D. Bretz, M. Zhang, R Centz, M. Mann, P. H. Krammer, 
M. E. Peter, and V. M. Dixit. 1996. FLICE, a novel FADD-homologous 
ICEKED-3-like protease, is recruited to the CD95 (FadAPO- 1) death-inducing 
signahg complex. Ce11 8523 17-827. 

Newmeyer, D. D., E. Bossy-Wetzel, R M. Kluck, B. B. Wolf, H. M. Beere, 
and D. R Green. 2000. Bd-xL does not inhibit the fùnction of Apaf-1. Cell 
Death-Di ffer. 7:402-407. 



Nicholson, D. W. 1999. Caspase structure, proteolytic substrates, and fhction 
during apoptotic cell death. Cell Death-Differ. 6: 1028- 1 O U .  

Nicholson, D. W. and N. A. Thornberry. 1997. Caspases: killer proteases. 
Trends.Biochem.Sci. 22:299-306. 

Ohi, N., A. Tokunaga, H. Tsunoda, K. Nakano, K. Haraguchi, K Oda, N. 
Motoyama, and T. Nakajima. 1999. A novel adenovirus E 1 B 19K-binding 
protein B5 inhibits apoptosis induced by Nip3 by forming a heterodimer through 
the C-terminal hydrophobie region. Cell Death-Differ. 6:3 14-325. 

Oltvai, Z. N., C. L. Milliman, and S. J. Korsmeyer. 1993. Bcl-2 
heterodimerizes in vivo with a conserved homolog, Bax, that accelerates 
prograrned ce11 death. Ce11 74609-6 19. 

Pear, W. S., G. P. Nolan, M. L. Scott, and D. Baltimore. 1995. Production of 
high-titer helper-fiee retrovinises by transient transfection. 
Proc.Natl.Acad.Sci.U,S.A- 9053392-8396. 

Ray, R, G. Cben, C. Vande Velde, J. Cizeau, J. H. Park, J. C. Reed, R D. 
Gietz, and A. H. Greenberg. 2000. BNP3 heterodimenzes with Bcl-2/BcI-XL 
and induces ce11 death independent of a Bcl-2 homology 3 @H3) domain at both 
mitochondrial and nonmitochondrial sites. J-Biol-Chem. 275: 1439-1448. 

Reed, J. C. 1994. Bcl-2 and the regulation of programmed ceIl death. J.Cell Biol. 
124: 1-6. 

Reed, J. C. 1997. Double identity for proteins of the Bcl-2 family. Nature 
387~773-776. 

Reed, J. C. 1998. Bcl-2 family proteins. Oncogene 17:3225-3236. 

Rodriguez, J. and Y. Lazebnik. 1999. Caspase-9 and APAF-1 fonn an active 
holoenzyme. Genes Dev. 13:3 1 79-3 184. 

Rotonda, J., D. W. Nicholson, K. M. Fazil, M. Gallant, Y. Gareau, M. 
Labelle, E. P. Peterson, D. M. Rasper, R Ruel, J. P. Vaillancourt, N. A. 
Thornberry, and J. W. Becker. 1996. The three-dimensional structure of 
apopainCPP32, a key mediator of apoptosis. Nat.Struct.Biol. 3:6 19-625. 

Sakahira, H., M. Enari, and S. Nagata. 1998. Cleavage of CAD inhibitor in 
CAD activation and DNA degradation during apoptosis [see comments]. Nature 
391 :96-99. 

Salvesen, G. S. and V. M. Dixit. 1999. Caspase activation: the induced- 
proximity model. Proc.Nat1.Acad.Sci.U.S.A 96: 10964-1 0967. 



Schendel, S. L., R Azimov, K Pawlowski, A. Godzik, B. L. Kagan, and J. C. 
Reed. 1999. Ion channel activity of the BH3 only Bcl-2 family member, B D .  
J.Biol.Chem. t74:2 1932-2 1936. 

Schendel, S. L., 2. H. Xie, M. O. Montal, S. Matsuyama, M. Montal, and J. 
C. Reed. 1997. Channel formation by antiapoptotic protein Bcl-2. 
Proc.Natl.Acad.Sci.USA 94 :5 1 13-5 1 18. 

Slee, E. A., C. Adrain, and S. J. Martin. 1999. Serial killers: ordering caspase 
activation events in apoptosis. Ce11 Death-Differ. 6: 1067- 1074. 

Srinivasula, S. M., M. Ahmad, T. Fernandes-Alnemri, and E. S. Alnemri. 
1 998. Autoactivation of procaspase-9 by Apaf- 1 -mediated oligomenzation. 
Mol.Cell1:949-957. 

Stennicke, H. R, Q. L. Deveraux, E. W. Humke, J. C. Reed, V. M. Dixit, aad 
G. S. Salvesen. 1999. Caspase-9 can be activated without proteolytic processing. 
J-Biol-Chem. 274:8359-8362. 

Susin, S. A., H. K. Lorenzo, N. Zamzami, 1. Mano, C. Brenner, N. 
Larochette, M. C. Prevost, P. M. Alzari, and G. Kroemer. 1999. 
Mitochondrial release of caspase-2 and -9 during the apoptotic process. 
J.Exp.Med. l89:38 1-394. 

Susin, S. A., N. Zamzami, M. Castedo, T. Hirsch, P. Marchetti, A. Macho, E. 
Daugas, M. Geuskens, and G. Kroerner. 1996. Bcl-2 inhibits the rnitochondrial 
release of an apoptogenic protease. J.Exp.Med. 184: 1 33 1 - 1 34 1. 

Talanian, R V., C. Quinlan, S. Trautz, M. C. Hackett, J. A. Mankovich, D. 
Banach, T. Ghayur, K. D. Brady, and W. W. Wong. 1997. Substrate 
specificities of caspase family proteases. J.Biol.Chem. 272:9677-9682. 

Thome, M., K. Hofmann, K. Burns, F. Martinon, J. L. Bodmer, C. 
Mattmann, and J. Tschopp. 1998. Identification of CARDIAK, a RIP-like 
kinase that associates with caspase-1. Curr.Biol.8:885-888. 

Thompson, C. B. 1995. Apoptosis in the pathogenesis and treatment of disease. 
Science 267: 1456-1 462. 

Thornberry, N. A., H. G. Bull, J. R Calaycay, K. T. Chapman, A. D. 
Howard, M. J. Kostura, D. KI Miiler, S. M. Molineaux, J. R Weidner, J. 
Aunins, and et al. 1992. A novel heterodimeric cysteine protease is required for 
interleukin-1 beta processing in monocytes. Nature 356:768-774. 

Thornberry, N. A. and Y. Lazebnik. 1998. Caspases: enemies within. Science 
281 :l312-1316. 



Thornberry, N. A., T. A. Ranon, E. P. Pieterson, D. M. Rasper, T. Timkey, 
M. Garcia-Calvo, V. M. Houtzager, P. A. Nordstrom, S. Roy, J. P. 
Vaillancourt, K T. Chapman, and D. W. Nicholson. 1997. A combinatoriai 
approach defines specificities of members of the caspase family and granzyme B - 
Functional, relationships established for key mediators of apoptosis. J.Biol.Chem. 
272:17907-17911. 

Tsujimoto, Y., L. R Finger, J. Yunis, P. C. Nowell, and C. M. Croce. 1984. 
Cloning of the chromosome breakpoint of neoplastic B ceHs with the t(Z4; 18) 
chromosome translocation. Science 226: 1097- 1099. 

Van de, C. M., W. Declercq, d. b. Van, 1, W. Fiers, and P. Vandenabeele. 
1999. The proteolytic procaspase activation network: an in vitro analysis. CeII 
DeathDiffer. 6: 1 1 1 7- 1 124. 

Vande, V. C., J. Cizeau, D. Dubik, J. Alimonti, T. Brown, S. Israels, R 
Hakem, and A. H. Greenberg. 2000. BNIP3 and Genetic Control of Necrosis- 
Like Cell Death through the Mitochondnal Permeability Transition Pore. 
Mol.Cell Biol. 205454-5468. 

Varfolorneev, E. E., M. Schuchmann, V. Luria, N. Chiannikulchai, J. S. 
Beckmann, 1. L. Mett, D. Rebrikov, V. M. Brodianski, O. C. Kemper, O. 
Koilet, T. Lapidot, D. Soffer, T. Sobe, K. B. Avraham, T. Goncharov, H. 
Holtmann, P. Lonai, and D. Wallach. 1998. Targeted dismption of the mouse 
Caspase 8 gene ablates cell death induction by the TNF receptors, FadApol. and 
DR3 and is lethal prenatally. Immunity. 9:267-276. 

Vaux, D. L. and S. J. Korsmeyer. 1999. Cell death in development. CeIl 96:245- 
254. 

Vaux, D. L., 1. L. Weissman, and S. K. Kim. 1992. Prevention of prograrnmed 
cell death in Caenorhabditis elegans by human bcl-2. Science 258: 1955-1 957. 

Walker, N. P., R V. Talanian, K. D. Brady, L. C. Dang, N. J. Bump, C. R 
Ferenz, S. Franklin, T. Ghayur, M. C. Hackett, L. D. Hammill, and et al. 
1994. Crystal structure of the cysteine protease interleukin-1 beta- converting 
enzyme: a @20/p 10)2 homodimer. CeII 78:343-3 52. 

Wang, K., A. Cross, G. Waksman, and S. J. Korsmeyer. 1998. Mutagenesis of 
the BH3 domain of BAX identifies residues critical for dimerization and killing. 
MolCe11 Biol. 18:6083-6089. 

Wang, IC, X. M. Yin, D. T. Chao, C. L. Milliman, and S. J. Korsmeyer. 1996. 
BID: A novel BH3 domain-only death agonist. Genes Dev. 10:2859-2869. 

Wang, L., M. Miura, L. Bergeron, H. Zhu, and J. Y. Yuan. 1994. Ich-1, an 
Iceked-3-related gene, encodes both positive and negative regulators of 
prograrnmed ce11 death. Ce11 78:739-750. 



105. Wu, D., H. D. Wallen, and G. Nunez. 1997. Interaction and regulation of 
subcellular localization of CED4 by CED9. Science 275: 1 126- 1 129. 

Wyllie, A. H., J. F. Kerr, and A. R Currie. 1980. Ceil death: the significance of 
apoptosis. Int.Rev.Cyto1. 68:251-306:25 1-306. 

Xiang, J. L., D. T. Chao, and S. J. Korsmeyer. 1996. BAX-induced ce11 death 
may not require interleukin 1 Beta- converting enzyme-like proteases. 
Proc.Natl.Acad-Sci.USA 93: 145 59- 14563. 

Xue, D., S. Shaham, and H. R Horvitz. 1996. The Caenorhabditis elegans cell- 
death protein CED-3 is a cysteine protease with substrate specificities similar to 
those of the human CPP32 protease. Genes and-Development 10: 1073- 1083. 

Yang, J., X. S. Liu, K. Bballa, C. N. Kim, A. M. Ibrado, J. Y. Cai, T. 1. Peng, 
D. P. Jones, and X D. Wang. 1997. Prevention of apoptosis by Bcl-2: Release of 
cytochrome c fiom mitochondna blocked. Science 275: 1 129-1 132. 

Yang, X., H. Y. Chang, and D. Baltimore. 1998. Essential roie of CED-4 
oligornerization in CED-3 activation and apoptosis [see comments]. Science 
281: 1355-1 357. 

Yasuda, M., C. D'Sa-Eipper, X. L. Gong, and G. Chinnadurai. 1998. 
Regulation of apoptosis by a Caenorhabditis elegans BNIP3 homolog. Oncogene 
l7:2525-2530. 

Yasuda, M., J. W. Han, C. A. Dionne, J. M. Boyd, and G. Chinnadurai. 1999. 
BNIP3alpha: a human homolog of mitochondrial proapoptotic protein BNIP3. 
Cancer Res. 59533-537. 

Yasuda, M., P. Theodorakis, T. Subramanian, and G. Chinnadurai. 1998. 
Adenovirus E 1 B- 19K/BCL-2 interacting protein BNIP3 contains a BH3 domain 
and a mitochondrial targeting sequence. J.Biol.Chem. 273: 124 15-1 242 1. 

Yin, X. M., 2. N. Oltval, and S. J. Korsrneyer. 1994. BHl and BH2 domains of 
Bcl-2 are required for inhibition of apoptosis and heterodimerization with Bax 
[see comrnents]. Nature 369:321-323. 

Yosbida, H., Y. Y. Kong, R Yoshida, A. J. Elia, A. Hakern, R Hakem, J. M. 
Penninger, and T. W. Mak. 1998. Apafl is required for mitochondrial pathways 
of apoptosis and brain development. Ce11 94:739-750. 

Yuan, J. Y., S. Shaham, S. Ledoux, H. M. Ellis, and H. R Horvitz. 1993- The 
C. elegans ce11 death gene ced-3 encodes a protein similar to mamrnalian 
interleukin- 1 Beta-converting enzyme. Ce11 7S:64 1 -652. 

Zba, H. B., C. Aime-Sempe, T. Sato, and J. C. Reed. 1996. Proapoptotic 
protein Bax heterodimenzes with Bcl-2 and homodimerizes with Bar via a novel 



domain (BN3) distinct fiom BH 1 and BH2. Jouma1.of.B iological.Chemistry . 
271 :7440-7444. 

11 8. Zhang, J., X Liu, D. C. Scherer, L. Van Kaer, X. Wang, and M. Xu. 1998. 
Resistance to DNA fragmentation and chromatin condensation in mice lacking the 
DNA fragmentation factor 45. Proc.Nat1.Acad.Sci.U.S.A 95: 12480- 12485. 

1 19. Zou, H., W. J. Henzel, X S. Liu, A. Lutschg, and XI D. Wang. 1997. Apaf-1, a 
human protein homologous to C-elegans CED-4, participates in cytochrome c- 
dependent activation of caspase-3. Cell90:405-4 13. 

120. Zou, H., Y. Li, X. Liu, and X. Wang. 1999. An APAF-1 .cytochrome c 
multimeric complex is a functional apoptosome that activates procaspase-9. 
J-Biol-Chem. 274: 1 1549-1 1555. 




