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Chapter 1 

General Introduction 
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1.1 Apoptosis 

To develop properly, maintain homeostasis, and combat environmental stresses, 

metazoans require a means to remove unwanted or damaged cells that are hazardous to 

the organism as a whole. This is achieved by an intrinsic cell suicide program called 

apoptosis, or programmed cell death, which rapidly destroys unwanted cells in an 

organized manner and leaves the potentially toxic cellular contents to be engulfed and 

degraded by neighboring cells. During development, apoptosis is used as a tool to sculpt 

tissues and organs (Meier et aI., 2000). Animals overproduce cells during organ 

development and tissue architecture is established by selectively removing certain cells; 

for example, in the interdigit web regions of hands and toes. Soluble proapoptotic 

cytokines such as Tumor Necrosis Factor-a (TNFa) and death ligands, such as Fas, 

present on the surface of cytotoxic T-cells, survey the peripheral immune system and 

trigger apoptosis in unstimulated lymphocytes and virus infected cells (Krammer, 2000). 

Excessive stress to individual cells also triggers the innate cell suicide program. For 

example, extensive DNA damage or uncontrolled cell proliferation are sensed by the 

tumor suppressor p53, which then engages the core apoptotic machinery (Vogelstein et 

aI., 2000). Cell detachment from the extracellular matrix, low growth factor conditions, 

and compromisation ofprotein folding processes are other examples ofstresses that 

induce apoptosis. 

Given that apoptosis plays a critical role in development, homeostasis, and 

defense processes, it is not surprising that mutations in genes that initiate and execute 

apoptosis are implicated in many diseases (Kam and Ferch, 2000). Mutations that inhibit 

apoptosis can offset the delicate balance between cell growth and cell death, causing 
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• conditions such as cancer. In contrast, inappropriate activation of apoptosis results in the 

destruction ofvital cells and can cause neurodegenerative disorders (Yuan and Yankner, 

2000). Apoptosis is also implicated in the pathology of many diseases including stroke, 

AIDS, and Alzheimer's disease (Kam and Ferch, 2000; Wellington and Hayden, 2000). 

The ability to tip the balance in favor or against the initiation of apoptosis could, 

therefore, provide a therapeutic entree to cure many ofthese diseases (Nicholson, 2000). 

A prerequisite for such therapeutic strategies, however, is a strong understanding of the 

basic cellular pathways that control apoptosis. 

1.2 Morphological Characteristics of Apoptosis 

Apoptosis is typically characterized by a number ofmorphological changes that 

represent the various cell disassembly processes and culminate in the coordinated 

packaging of cellular contents into apoptotic bodies - fragmented, but membrane 

enclosed cell particles. Apoptotic bodies are rapidly eliminated by neighboring epithelial 

cells or macrophages, which ensures that an inflammatory response is avoided (Savill and 

Fadok, 2000). Early morphological features of apoptosis include cell detachment and 

rounding, plasma membrane blebbing, and loss ofphosphatidyl serine asymmetry at the 

plasma membrane (reviewed in Mills et ai., 1999). Cell rounding and detachment are 

caused by rearrangement of focal adhesion complexes and myosin-dependent 

reorganization of the actin fibers into a peripheral ring around the plasma membrane. 

Plasma membrane blebbing then occurs at sites where membrane adhesion to the 

contracted actin network is lost. Phosphatidyl serine flippage to the outer leaflet of the 

plasma membrane, on the other hand, is a specific "eat me" signal that activates the cell 
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corpse engulfment process (Savill and Fadok, 2000). Other early features of apoptosis 

include the collapse of the nuclear membrane and chromosome condensation. Several 

endonucleases then induce intranucleosomal DNA fragmentation, which ensures the 

destruction ofviral or mutated genomic DNA (Hengartner, 2000). Eventually, actin 

fibers and microtubules are degraded, cytosolic volume is lost, and the cell shrinks and 

fragments into apoptotic bodies. 

1.3 Programmed Cell Death in Caenorhabditis elegans: an Introduction 

to Caspases and BcI-2 Proteins. 

Elegant genetic studies in the nematode, C. elegans, created a simple molecular 

framework for understanding the regulation ofprogrammed cell death. Cell death is 

regulated by four genes: egl-l, ced-3, ced-9, and ced-4 (Metzstein et aI., 1998). Loss of 

function mutations in egl-l, ced-3, and ced-4, or gain of function mutations ofced-9, 

abrogate cell death. Therefore, egl-l, ced-3, and ced-4 promote cell death, whereas ced-9 

is an inhibitor ofcell death. Genetic and molecular characterization of these genes and 

their respective proteins has unveiled a linear pathway leading to cell death; EGL-1 

antagonizes CED-9, CED-9 antagonizes CED-4, and CED-4 activates CED-3 (Fig. 1.1). 

EGL-1 is transcriptionally unregulated in response to developmental cues (Conradt and 

Horvitz, 1999) and binds CED-9, which is precomplexed with CED-4 at the surface of 

mitochondria (Chen et aI., 2000). CED-4 is released from CED-9, and now oligomerizes 

and activates CED-3. CED-3, in turn, induces all of the downstream the morphological 

features of apoptosis (Yuan and Horvitz, 1990). Identification ofmammalian homologs 

ofthese proteins revealed that CED-9 is a member of the multidomain antiapoptotic Bcl-2 
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family and EGL-l is a member of the BH3-only subset ofproapoptotic Bc1-2 proteins 

(Metzstein et aI., 1998) (see section 1.7.2). CED-3, on the other hand, is a caspase; 

aspartate-specific cysteine proteases that induce the morphological features of apoptosis 

by cleaving select substrate molecules (see section 1.4). CED-4 is homologous to Apaf-l, 

a mammalian caspase activating protein (section 1.6.2). Therefore, the apoptosis program 

in C. elegans provides a simple paradigm for understanding how Bc1-2 proteins govern 

the activation ofcaspases during apoptosis. 

A 

EGL-1---1 CED-9 ----II CED-4 ---.- CED-3 C.elegill1s 

(BH3) (Bcl-2) (Apaf-1) (Caspase) (Mammals) 

B 

..A BC'-2 

/ . 1 Effector 
BH3 • BAXlBAK--"Cyt.C --..Apaf-1--+'Caspase-9--+_Caspase

1 
Mitochondria 

Other
 
Pathways
 

Figure 1.1. Apoptosis pathways in C.elegans and mammals. In C. elegans, EGL-I induces apoptosis by 
binding and inhibiting CED-9, causing the release ofCED-4 from CED-9, and allowing activation ofCED
3. Mammalian homologs have been identified for each of these proteins (in parathesis). The central death 
pathway is conserved in mammals but involves an additional regulator step involving the release of 
cytochrome c (cyt.c) from mitochondria (described in section 1.6.2 and 1.7). 

1.4 The Caspase Family 

Caspases hydrolyze proteins on the C-terminal side ofAsp residues lying within a 

tetrapeptide recognition sequence - specificity is normally conferred by the three amino 

acids on the N-terminal side ofthe Asp residue (Nicholson, 1999). All caspases are 
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synthesized as inactive zymogens (procaspases) containing an N-tenninal regulatory 

prodomain and a large (approximately 20 kDa) and a small (approximately 10 kDa) 

enzymatic subunit (Fig. 1.2). Caspase recognition sequences exist between each of these 

domains, pennitting proteolytic activation to occur either by self-processing or through 

cleavage by another caspase. This separates the three domains, the large and small 

subunits heterodimerize and assemble into heterotetrameric haloenzyme (Hengartner, 

2000). In most cases, the activation of caspases is thought to represent the point ofno 

return during apoptosis. Consistent with this, inhibition of caspases with small peptide 

inhibitors, such as the pancaspase inhibitor, zVAD-fink, or targeted disruption of certain 

caspase genes can prevent apoptosis (Green and Kroemer, 1998; Zheng et aI., 1999). 

The 14 identified caspases in mammals can be divided into three classes based on 

their sequence similarity, function, and substrate specificity (Earnshaw et aI., 1999). 

Initiator caspases couple diverse death signals into a cascade of caspase activation, and 

include procaspase-2, procaspase-8, procaspase-9, and procaspase-12. These procaspases 

have long prodomains containing homotypic interaction motifs, such as the Death 

Effector Domain (DED) or the Caspase Activation and Recruitment Domain (CARD), 

which mediate recruitment into activation complexes and autolytic processing. Following 

activation, initiator caspases cleave and activate downstream effector caspases (Fig. 1.2). 

Caspase-8 and 9 have a preference for (W/L)EXD sequences (Thornberry et aI., 2000), 

although exceptions exist (Ng et aI., 1997; Stegh et aI., 2000). 

Effector caspases have short prodomains lacking regulatory sequences and are 

activated upon cleavage by upstream initiator caspases. Effector caspases include 

• caspase-3, -6, and -7. These caspases invoke the execution stage of apoptosis by cleaving 

a diverse array of cellular proteins at the consensus sequence DEXD (Thornberry et aI., 

6� 



2000). Cleavage of each substrate somehow partakes in a cell disassembly process, the 

net effect of these processes gives rise to the coordinated destruction of the cell 

(Earnshaw et aI., 1999). 

Inflammatory caspases, as their name suggests, are not involved apoptosis, but 

rather mediate inflammatory responses. Inflammatory caspases include caspase-1, -4, -5 

Large small
Initiator procaspase Prodomain subunit subunit

(procaspase-2, -8, -9, -10, -12) 

~ I C 

• 
Mature inltator 

caspase 

'*'/~ 
Large '*' small

Executioner procaspase ~ subunit ~ subunit 
(procaspase-3, -6, -7) 

~ 
1 

Mature effector 
caspase 

Figure 1.2. The caspase family. Initiator procaspases have long prodomains containing sequences, such as 
the Death Effector Domain (DED) or Caspase Activation and Recruitment Domain (CARD), which mediate 
procaspase recruitment to activation complexes. Initiator procaspases normally undergo autocatalytic 
activation and subsequently cleave and activate downstream effector caspases. The active form of all 
caspases is a heterotetramer of the p20 and pI 0 subunits. 

(murine caspase-11), and -13, although a functional role for caspase-4 and -13 in 

inflammation has not been established (Earnshaw et aI., 1999; Martinon et aI., 2002). 
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Finally, caspase-14 appears to mediate epidermal keratinocyte differentiation (Kuechle et 

aI., 2001; Lippens et aI., 2000). 

1.5 Caspase Substrates 

Caspase substrates can be generally broken into two categories depending on 

which type of caspases they are cleaved by. The vast majority are executioner caspase 

substrates (executioner substrates) that trigger the different cell disassembly processes. 

Since over 100 executioner substrates have been identified (Hengartner, 2000), I will 

restrict the following section to the description of a few well characterized examples. 

Caspase cleavage of a protein can result in four outcomes: 1) direct inactivation of 

a protein; 2) inactivation of a protein by generating a dominant negative cleavage product 

that antagonizes the full-length protein; 3) direct activation of a protein by removal of a 

regulatory domain; or 4) indirect activation of a protein by inactivating a regulatory 

subunit (Hengartner, 2000). Caspase-6 cleavage of nuclear lamins is an example of direct 

inactivation of protein by caspases (Ruchaud et aI., 2002). Cleavage of lamins during 

apoptosis structurally dismantles the lamin network and causes chromatin condensation. 

In contrast, caspase-3 cleavage of BCL-2 and BCL-xL generates dominant interfering 

cleavage products that prevent the antiapoptotic activity of full-length Bcl-2 and Bcl-xL 

(Cheng et aI., 1997; Clem et aI., 1998). On the other hand, caspase-3 cleavage of ROCK

1, a serine/threonine kinase, removes its C-terminal inhibitory domain and generates a 

constitutively active kinase (Sebbagh et aI., 2001). Caspase-cleaved ROCK-1 stimulates 

Myosin-II phosphorylation and activity, causing actin contraction and apoptotic 

membrane blebbing. Finally, caspase-3-mediated cleavage of ICAD provides an example 
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of indirect activation of an enzyme by inactivation of a regulatory subunit (Nagata, 2000). 

Caspase-Activated DNase (CAD) is normally kept inactive by its inhibitor, ICAD. 

Cleavage of ICAD releases CAD, which can now partake in apoptotic DNA degradation. 

Initiator substrates are cleaved by initiator caspases. Aside from executioner 

procaspases, very few initiator substrates have been identified to date. The substrate 

specificity of caspase-8 has been studied the most extensively. Following its activation 

by the TNF family of death receptors at the plasma membrane, caspase-8 directly cleaves 

procaspase-3 (Blanchard et aI., 2000). However, in many cell types, caspase-8 signals 

must be amplified through a mitochondrial loop (Scaffidi et aI., 1998). This is achieved 

by caspase-8 cleavage of BID, a BH3-only protein of the Bcl-2 family. The resulting 

truncated BID (tBID) fragment translocates to mitochondria and induces the release of 

intermembrane space (IMS) proapoptotic factors, which further stimulate caspase 

activation in the cytosol (see section 1.5) (Li et aI., 1998; Luo et aI., 1998). BAP31 is 

another key caspase-8 target (Ng et aI., 1997) that activates Ca2+-dependent crosstalk 

between the ER and mitochondria. These ER Ca2+signals seem to cooperate with tBID 

to induce the release of proapoptotic factors from mitochondria (Breckenridge et aI., 

2003). Caspase-8 cleavage ofBAP31 is the focus of much of this thesis (see Chapters 3

5). Finally, caspase-8 cleaves plectin, a cytolinker that crosslinks all three cytoskeletal 

filament systems (Stegh et aI., 2000). This is thought to initiate the hierarchal disruption 

of the cytoskeleton. Thus, initiator caspases cleave an exclusive group of proteins, which 

in tum facilitate executioner caspase activation and the progression of apoptosis. 

Other intracellular proteases can also regulate apoptosis. For example, granzyme 

B, a serine protease exocytosed by cytotoxic T lymphocytes and taken up by target cells, 

can activate apoptosis by directly cleaving procaspase-3 and BID (Darmon et aI., 1995; 
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Heibein et aI., 2000). Calpains have been implicated in activating certain caspases and 

may cooperate with caspases during the execution phase ofapoptosis (Wang, 2000; 

Waterhouse et aI., 1998; Wood and Newcomb, 1999). Cathepsins have also been 

implicated in apoptosis (Turk et aI., 2000), although the precise role of these lysosomal 

proteases during cell death is unclear. 

1.6 Initiator procaspase activation 

1.6.1 The Death Inducing Signaling Complex 

The best studied, and prototypical, caspase activation complex is the Death 

Inducing Signaling Complex (DISC) formed by the TNF family of death receptors at the 

plasma membrane. This family includes TNF receptor 1 (TNF-Rl), Fas/CD95, and the 

TNF Related Apoptosis Inducing Ligand (TRAIL) receptors-l and -2 (TRAIL-Rl and 

TRAIL-R2) (Baud and Karin, 2001). Following binding to their cognate cytokine ligands 

(or to agonistic antibody in experimental systems) these receptors trimerize and recruit 

and activate procaspase-8 (Fig. 1.3). In each case, this is mediated by a homotypic Death 

Domain (DD) interaction between the intracellular portion of the receptor and the adapter 

molecule FADD. In the case ofTNF-Rl, FADD is recruited indirectly via a second DD

containing adapter called TRADD. FADD also contains a DED that recruits procaspase

8 to the receptor DISC (Medema et aI., 1997; Muzio et aI., 1996). The induced proximity 

of many procaspase-8 molecules at the DISC triggers autocatalytic activation and the 

mature caspases are released to the cytosol (Muzio et aI., 1998). Procaspase-l0 is also 

recruited to the DISCs, however, it is unclear whether it plays an essential role in death 

receptor pathway (Kischkel et aI., 2001; Sprick et aI., 2002; Xiao et aI., 2002). 
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Death Inducing Signaling Complex (DISC)� 

Death Receptor 
c;;;;;::jHH======~::::::::::;;tt;t================:JPM 

DDIDD cytosol 
FADD 

DEDIDED 

BID ....-- --... Procaspase-3 

Caspase-8 

BAP31 / "Plectln 

Figure 1.3. The Death Inducing Signaling Complex. Death receptors are activated upon ligand binding, 
which induces receptor trimerization and recruitment of procaspase-8 via FADD. The induced proximity of 
many procaspase-8 molecules induces autolytic processing and release of the mature caspase. Caspase-8 
then cleaves select substrates, including procaspase-3, BID, BAP3I and plectin. 

1.6.2 The Apoptosome 

A common event in most apoptosis pathways is the limited permeabilization of 

the outer mitochondrial membrane (OMM) and subsequent release of cytochrome c 

(cyt.c) to the cytosol. cyt.c is normally located in the intermembrane space (lMS) of the 

mitochondrion, where it shuttles electrons between complex ill and IV of the electron 

transport chain (De Santis and Melandri, 1984; Kadenbach, 1986). However, in the 

• cytosol, cyt.c binds to the CED-4 homolog, Apaf-1, and triggers the assembly of a 
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cyt.c/Apaf-l/procaspase-9 complex called the apoptosome (Budihardjo et aI., 1999) (Fig 

1.4). A number of biochemical studies suggest that binding of cyt.c to the WD40 repeats 

of Apaf-1 induces dATP-dependent oligomerization of Apaf-1 and exposure of its 

CARD, which recruits procaspase-9 to the complex via a homotypic CARD interaction. 

The three dimensional structure of the apoptosome resembles a seven-spoked wheel; 

seven Apaf-1 molecules make up the spokes, and seven cyt.c and procaspase-9 molecules 

form the hub region (Acehan et aI., 2002). Procaspase-9 does not appear to undergo 

proteolytic activation; rather, the proenzyme remains associated with the apoptosome and 

undergoes a conformational change that allows it to cleave and activate procaspase-3 and

6. 

1.6.3 Procaspase-2 Activation Complex 

Recently it was reported that procaspase-2 is recruited into an approximately 700 

kDa cytosolic complex that mediates its activation (Read et aI., 2002). Although similar 

in size, the caspase-2 activation complex does not contain components of the apoptosome. 

However, like procaspase-9, procaspase-2 may not require proteolytic cleavage to 

stimulate enzyme activity (Read et aI., 2002). The molecular constituents of caspase-2 

complex are unknown at present. 

1.6.4 The Inflammasome 

Although not involved in apoptosis, the recently identified inflammasome 

complex provides another example of a caspase activation complex (Martinon et aI., 

2002). The inflammasome is thought to receive foreign alarm signals and respond by 

generating mature caspase-l, which is responsible for the maturation of interleukin
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l~ and interleukin-18 in phagocytes. Procaspase-1, procaspase-5, ASC and NALP1 make 

up the inflammasome (Martinon et al., 2002). NALP-1 receives signals from the Toll

like receptors and, in tum, recruits ASC through a homotypic PYRIN domain interaction. 

The CARD of ASC, in tum recruits procaspase-5 (caspase-11 in mouse) and procasapse-1 

to the complex via homotypic CARD interactions. Although the details are not known at 

present, procaspase-5 presumably undergoes self-activation at the complex and then 

cleaves procaspase-1. Mature caspase-1 then clips prointerleukin-1 ~ and -18, generating 

the mature cytokines, which are secreted from the cell (Tschopp et al., 2003). 

1.6.5 The BAP31 Complex 

BAP31 is not only a caspase-8 substrate but also a putative procaspase-8 

activation complex at the ER. BAP31 and its cellular homolog and heterodimerizing 

partner, BAP29, are integral proteins of the endoplasmic reticulum (ER) membrane 

(Adachi et al., 1996; Mosser et al., 1994; Ng et al., 1997). Both proteins have a short N

terminal region in the lumen of the ER, three transmembrane (TM) domains, with a 37 

amino acid lumenal loop existing between TM2 and TM3, followed by a cytosolic tail 

containing a coiled coil domain and terminating in a canonical KKXX ER retrieval 

sequence (Adachi et al., 1996; Mosser et al., 1994; Ng et al., 1997). BAP31 and BAP29 

were originally discovered as immunoglobulin D associated proteins [and were thus 

called B cell receptor-~ssociated 12roteins (Adachi et al., 1996; Kim et al., 1994)]. BAP31 

was later shown to affect the transport of cellubrevin from the ER (Annaert et al., 1997) 

and the stability of the cystic fibrosis transmembrane conductance regulator (Lambert et 

al.,2001). More recently, BAP31 was reported to bind Class I MHC molecules at the ER 
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(Spiliotis et aI., 2000) and enhance the rate ofMHC I transport to the Golgi (Ladasky, 

2002). These studies have implicated BAP31 as an ER cargo receptor or chaperone 

(Annaert et aI., 1997). A role for BAP31 in apoptosis came from its discovery as a BCL

2/BCL-xL-associated protein (Ng et aI., 1997). The coiled coil domain in BAP31 and 

BAP29 share low sequence identity with the DEDs of FADD and procaspase-8, and this 

region has been coined the Death Effector Coiled Coil (DECC) domain (Nguyen et aI., 

2000). In cotransfected 293T cells, BAP31 interacts with procaspase-8, BCL-2 and BCL

xL, raising the possibility that BAP proteins can bridge Bcl-2 proteins to the regulation of 

procaspase-8 activation in certain cell death pathways (Ng et aI., 1997; Ng and Shore, 

1998). Regulation of procaspase-8 by BAP31 and BAP29 is discussed in more detail in 

section 1.8.4 and is the focus of Chapter 2. 

1.7 Mitochondria and Apoptosis 

Mitochondria integrate diverse cell death stimuli into a core apoptosis pathway 

(Green and Reed, 1998). This is achieved through mitochondrial release of several IMS 

proapoptotic factors, which either stimulate caspase activation or apoptotic DNA 

degradation (Fig. 1.4). Cyt.c was the first of these proteins to be discovered and, as 

described above, is an essential cofactor for the activation ofprocaspase-9. SMAC and 

HtrA2 are released from the mitochondrial IMS with cyt.c, and increase the activity of 

downstream effector caspases by binding and sequestering the Inhibitor of Apoptosis 

proteins (lAP) (Du et aI., 2000; Hegde et aI., 2002; Verhagen et aI., 2000). IAPs 

normally bind the catalytic site of caspase 3, 7 and 9, ensuring that these caspases remain 

inactive in healthy cells (Budihardjo et aI., 1999). Thus, mitochondrial release of SMAC 
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and HtrA2 guarantees that caspases become fully activated following the formation of the 

cyt.c/Apaf-l/caspase-9 apoptosome complex. Finally, mitochondria release AIF and 

endonuclease G, two proteins that cooperate to induce DNA degradation during apoptosis 

(Li et aI., 2001; Parrish et aI., 2001; Susin et aI., 1999; Wang et aI., 2002). Interestingly, 

endonuclease G is also involved in the replication of mitochondrial DNA (Cote and Ruiz

Carrillo, 1993), and AIF is a flavoprotein that may have a function in mitochondrial 

metabolism (Susin et aI., 1999). Since most, if not all, IMS proteins are released from 

mitochondria during apoptosis (Van Loo et aI., 2002), it remains possible that 

mitochondria harbor other, unidentified, activators of the different cell death disassembly 

processes. 

The mechanism by which the OMM undergoes selective permeabilization (herein 

referred to as mitochondrial membrane Q.ermeabilization, MMP) is highly controversial 

and poorly understood (Zamzami and Kroemer, 2001). During apoptosis mitochondria 

appear to undergo a number of ultrastructural changes that are critical for MMP. For 

example, prior to MMP, the highly interconnected mitochondrial network fragments into 

small punctiform organelles. Youle and colleagues demonstrated that this is the result of 

a large-scale activation of the mitochondrial fission process (Frank et aI., 2001). 

Inhibition of Drp I, a dynamin related protein that mediates mitochondrial fission, 

completely blocks apoptotic fragmentation of mitochondria and MMP (Frank et aI., 

2001). MMP also involves remodeling of cristae. Approximately 85% of cyt.c stores are 

normally trapped in the tight cristae folds of the inner mitochondrial membrane (IMM), 

where oxidative phosphorylation reactions occur. Prior to MMP, individual cristae fuse 

together, expanding the junction borders between cristae and the IMS (Scorrano et aI., 

2002). Apoptotic cristae remodeling might permit the mobilization of cyt.c out of these 
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junctions for transport across the OMM. Opening of the mitochondrial permeability 

transition pore (PTP) is also implicated in MMP, although the length of PTP opening and 

its role in MMP are controversial (Zamzami and Kroemer, 2001). The PTP is a high 

conductance non-selective ion channel that spans the IMM and OMM at points where the 

two membranes are in contact (Crompton, 1999). The voltage dependent anion channel 
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Figure 1.4. Regulation of MI'v1P by BcI-2 proteins. Following activation, BH3-only proteins translocate to 
mitochondria and induce the oligomerization of BAX and BAK in the OMM as well as other ultrastructural 
changes in the organelle. Bcl-2 sequester BH3-only proteins and inhibits the activation of BAX and BAK. 
BAXIBAK oligomers are thought to create pores in the OMM for the passage of IMS proteins. In the 
cytosol, cyt.c induces the formation of the apoptosome, and SMAC and HtrA2 sequester lAPs allowing full 
scale caspase activation. AlF and endonuclease G, on the other hand, translocate to the nucleus and induce 
DNA degradation. 
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(VDAC) located in the OMM, and the adenine nucleotide translocator (ANT), located in 

the IMM, are the core constituents of the PTP. Other components include matrix 

localized cyclosporine D (the target of the PTP suppressor, cyclosporine A [CsA]), 

hexokinase II, creatine kinase, and the benozodiazepine receptor. In some models, 

transient openings in the PTP are involved in cristae remodeling (Scorrano et aI., 2002), 

whereas other models posit that components ofPTP interact with Bcl-2 proteins to form 

cyt.c exit pores in the OMM (Zamzami and Kroemer, 2001). In either case, PTP opening 

is important for MMP because CsA has been shown to inhibit cyt.c release (reviewed in 

Zamzami and Kroemer, 2001). 

In late stages of apoptosis the permeability of the inner mitochondrial membrane 

(IMM) is also lost, leading to dissipation of the mitochondrial electrochemical gradient 

(I::.'lrm), matrix swelling, and rupture of the OMM (Green and Reed, 1998). These late 

steps, however, are thought to occur in a caspase-dependent fashion after the release of 

IMS proteins, and are thus not involved in MMP (Goldstein et ai., 2000). 

1.7.1 Regulation of MMP by Bcl-2 proteins. 

MMP is directly regulated by the Bcl-2 family of proteins. Over 20 Bcl-2 proteins 

have been identified in mammals (reviewed in Adams and Cory, 2001; Antonsson and 

Martinou, 2000; Gross et ai., 1999a; Martinou and Green, 2001). Overall, these proteins 

share low sequence homology, except within so-called Bcl-2 homology (BH) domains, 

which facilitate homodimerization and heterodimerization between the different 

subclasses ofBcl-2 proteins. Antiapoptotic multidomain Bcl-2 proteins contain four BH 

regions (BHl to BH4) and include BCL-2 itself, BCL-xL, MCL-l, AI, BOO, BCL-W, 

and NR-13. Multidomain proapoptotic Bcl-2 proteins contain BHl, BH2, and BH3 
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domains and include BAX, BAK, and BOK. Finally, BH3-only members retain only the 

BH3 domain, are proapoptotic, and include BID, BAD, BIK, BIM, HRK, NOXA, 

PUMA, and NIP3. Multidomain Bcl-2 proteins, in addition to several BH3-only 

proteins, contain membrane insertion sequences that mediate targeting to the OMM, the 

endoplasmic reticulum, and nuclear membrane. Localization ofBcl-2 proteins to the 

different organelles is critical for their effect on apoptosis (Gross et aI., 1999a; Nguyen et 

aI., 1994). 

An emerging theme in the literature is that BH3-only proteins couple diverse 

apoptotic signals to the activation of multidomain BAX and BAK (Korsmeyer et aI., 

2000). Bcl-2 antiapoptotic proteins prevent this activation by either sequestering BH3

only proteins in an inactive state, or by directly binding BAX and BAK and preventing 

conformational changes that lead to their activation. The three dimensional structures of 

BAX and BCL-xL (bound to a BH3 peptide) revealed that the BHI, BH2 and BH3 

domains form a hydrophobic "acceptor" pocket that binds a free "donor" BH3 domain 

(Muchmore et aI., 1996; Suzuki et aI., 2000). It is, therefore, believed that BH3-only 

proteins are ligands for BAK and BAX receptors at intracellular organelles, and that Bcl

2 antiapoptotic proteins act as decoy receptors (Letai et aI., 2002b). Consistent with this, 

mutation of the BH3 domain abrogates the ability ofBH3-only proteins to bind BCL-2, 

BAX, and BAK, and induce apoptosis (Gross et aI., 1999a). Recently, BH3-only proteins 

were further divided into two functional groups: BH3s that bind BCL-2 but not BAK or 

BAX, and BH3s that bind both BCL-2 and BAX and BAK (Letai et aI., 2002b). One 

prediction is that the former group may counter BCL-2 repression by blocking the BH3 

cleft ofBCL-2, allowing the latter group ofBH3s to bind and activate BAX and BAK. 
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BH3-only proteins are activated either by transcriptionally upregulation or by 

post-translational modification (reviewed in Puthalakath and Strasser, 2002). For 

example, BIK, PUMA and NOXA are transcriptional upregulated by p53 in response to 

oncogenic or genotoxic stress. As mentioned earlier, BID undergoes cleavage by 

caspase-8 during death receptor-mediated apoptosis. In contrast, BAD is phosphorylated 

in a growth factor dependent manner, which keeps it sequestered in the cytosol by 14-3-3 

(Zha et aI., 1996). Similarly, BIM is normally sequestered by the microtubule-associated 

dynamin motor complex, but is released to the mitochondria in response to certain death 

signals (Puthalakath et aI., 1999). Overexpression oftBID, BAD, BIM, and NOXA does 

not induce apoptosis in Bax,Bak-double null cells (Cheng et aI., 2001; Wei et aI., 2001), 

which confirms that BH3-only proteins exert their effect through the multidomain 

proapoptotic Bcl-2 members. BAX forms pores in synthetic liposomes, suggesting that 

BAX and BAK homooligomers may form exit conduits in the OMM for the passage of 

IMS proteins during apoptosis (Korsmeyer et aI., 2000; Zarnzami and Kroemer, 2001) 

(Fig.l.4). Consistent with this idea, binding oftBID to BAX or BAK induces BAXIBAK 

homooligomerization in the OMM (Ruffolo et aI., 2000; Wei et aI., 2000) and causes 

cyt.c release (Wei et aI., 2000). A recent report (Kuwana et aI., 2002), demonstrated that 

tBID could stimulate BAX or BAK pores, in vesicles reconstituted from the OMM or 

purified lipids, capable of releasing 2000 kDa dextrans. As mentioned above, however, 

other ultrastructural changes in mitochondria, such as fission, cristae remodeling, and 

PTP opening, are required for MMP and at present it is unclear how Bcl-2 proteins 

regulate these processes. 

Comparison of how Bcl-2 proteins function in C. elegans and in mammals 

suggests the functioning mechanisms of this family has changed significantly through 
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evolution. In the worm, CED-9 directly antagonizes a caspase activation molecule, CED

4, whereas in mammals Bcl-2 antiapoptotic proteins seem to inhibit MMP and, therefore, 

indirectly prevent caspase activation. One explanation for this conundrum is that in 

mammals Bcl-2 proteins also regulate caspase activation at other cellular loci, such as the 

ER. 

1.8 Regulation of Apoptosis by Endoplasmic Reticulum Pathways 

Emerging evidence suggests that the ER regulates apoptosis both by sensitizing 

mitochondria to a variety of extrinsic and intrinsic death stimuli and by initiating cell 

death signals of its own. Members of all three classes of the BCL-2 family localize to the 

ER membrane and have been shown to influence ER homeostasis, perhaps by influencing 

membrane permeability. Calcium release from the ER, for example, has been implicated 

as a key signaling event in many apoptotic models and, depending on the mode of Ca2 
+ 

release, may either directly activate death effectors or influence the sensitivity of 

mitochondria to apoptotic transitions. Furthermore, a growing number ofER proteins 

have been shown to influence apoptosis by either interacting with BCL-2 family members 

or altering ER Ca2 
+ responses, whereas several ER proteins are caspase substrates that 

may regulate the execution phase of apoptosis. Moreover, recent studies on how stress in 

the ER is coupled to apoptosis have demonstrated that the ER, like mitochondria, can 

directly initiate pathways to caspase activation and apoptosis. 

1.8.1 ER stress-induced pathways 
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The endoplasmic reticulum is the first stop on the secretory pathway wherein 

chaperone-assisted polypeptide folding and modification ensures that proteins obtain their 

mature conformation. When the capacity of the ER to properly fold proteins is 

compromised or overwhelmed, a highly conserved unfolded protein response (UPR) 

signal transduction pathway is activated. The UPR halts general protein synthesis while 

upregulating ER resident chaperones and other regulatory components of the secretory 

pathway (Travers et aI., 2000), giving the cell a chance to correct the environment within 

the ER (Patil and Walter, 2001). However, if the damage is too strong and homeostasis 

cannot be restored, the mammalian llPR ultimately initiates apoptosis. This switch, from 

metabolic arrest, which provides an opportunity for repair of the ER folding capacity, to 

cell death, which eliminates an overly damaged cell, is analogous to the p53 response to 

genotoxic stress. In contrast to the p53 switching mechanisms, however, the analogous 

processes relating to the ER remain poorly understood. 

1.8.1.1 ER Stress: the Survival Response 

In mammals, three ER transmembrane proteins, Ire1, ATF6, and PERK, respond 

to the accumulation of unfolded proteins in the lumen (see Kaufinan, 1999; Patil & 

Walter, 2001; Sidrauski et aI., 1998 for excellent reviews). Irel and PERK are normally 

kept in an inactive state though an association between their N-terminal lumenal domains 

and the chaperone BiP. Under conditions ofER stress, BiP dissociates (to bind unfolded 

proteins) and Irel and PERK undergo homo-oligomerization, stimulating trans

autophosphorylation within their serine/threonine kinase domains. Irel also contains a C

terminal endonuclease domain that excises a short sequence from the mRNA of the X

Box binding protein (XBP-l), generating an active bZIP transcription factor that 
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stimulates transcription ofER chaperone genes (Calfon et aI., 2002; Ma and Hendershot, 

2001; Shen et aI., 2001; Yoshida et aI., 2001). PERK, on the other hand, phosphorylates 

the translation initiation factor eIF2a, which halts translation and prevents the continuing 

accumulation of newly synthesized proteins into the ER when protein folding conditions 

are compromised (Harding, et aI., 1999). Upregulation of ER chaperone genes is also 

mediated by a second, perhaps redundant, pathway involving ATF6. In this case, ATF6 

undergoes proteolytic cleavage at the ER, which releases its active bZIP transcription 

factor domain to the nucleus (Ye, et al., 2000; Yoshida, et al., 1998). 

1.8.1.2 ER Stress: the Death Response 

Experimentally, ER stress is induced by pharmacological agents that inhibit N

linked glycosylation (tunicamycin, TN), block ER to Golgi transport (brefeldin A, BFA), 

impair disulfide bond formation (dithiothreitol, DTT), or disrupt ER Ca2 
+ stores 

(thapsigargin, TG, an inhibitor of the sacroplasmic/endoplasmic reticulum Ca2 
+ ATPase 

[SERCA] pumps, or A-23187, a Ca2 
+ ionophore). All of these agents eventually induce 

apoptosis within 20-48 hrs depending on the cell type, suggesting that if the damage to 

the ER is too great, or ifbalance is not restored within a certain window of time, an 

apoptotic response is elicited (Patil and Walter, 2001). The mechanism by which ER 

stress is coupled to activation of caspases was for the most part a mystery until caspase

12 was characterized by Nakagawa and Yuan. Caspase-12 is ubiquitously expressed and, 

like all caspases, synthesized as an inactive proenzyme consisting of a regulatory 

prodomain and two catalytic p20 and pl0 subunits (Nakagawa and Yuan, 2000; Van de 

Craen et aI., 1997). However, unlike other caspases, caspase-12 is remarkably specific to 
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insults that elicit ER stress and is not proteolytically activated by other death stimuli 

(Nakagawa et aI., 2000). Accordingly, caspase-12-null mice and cells are partially 

resistant to apoptosis induced by ER stress but not by other apoptotic stimuli. (Nakagawa 

et aI., 2000). 

Caspase-12 is localized at the cytosolic face of the ER, placing it in a position to 

respond to ER stress as a proximal signaling molecule (Nakagawa and Yuan, 2000). 

However, the mechanism ofcaspase-12 activation is unclear. Nakagawa and Yuan 

showed that in mouse glial cells undergoing ER stress caused by oxygen and glucose 

deprivation, caspase-12 was cleaved by calpain (Nakagawa and Yuan, 2000). In vitro, m

calpain cleaved caspase-12 at T132 and K158, which releases the prodomain from the 

catalytic subunits and increases enzymatic activity (Nakagawa and Yuan, 2000). It has 

also been suggested that caspase-12 activation is linked to Irel signaling. The cytosolic 

tail of Ire1 can recruit TRAF2 (Urano et aI., 2000) and when overexpressed, TRAF2 can 

interact with caspase-12 and weakly induce its oligomerization and cleavage (Yoneda et 

aI., 2001). Moreover, Irel induces apoptosis when overexpressed (Wang et aI., 1998), 

which could be due to caspase-12 activation. The CARD in caspase-12's prodomain 

might mediate homotypic interaction with other CARD containing proteins, allowing its 

recruitment into such an activation complex (analogous to caspase-9 recruitment to Apaf

1), or mediate caspase-12 oligomerization and autoactivation at the ER. Overexpression 

of full-length caspase-12 induces its oligomerization and self cleavage between the p20 

and plO subunits at D318 (Fujita et aI., 2002; Nakagawa et aI., 2000; Rao et aI., 2001), 

but only caspase-12 lacking its prodomain induces apoptosis. Therefore, caspase-12 

activation likely involves both calpain-dependent removal of the prodomain and self

cleavage at D318. 
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Following its activation at the ER, caspase-12 may directly process downstream 

caspases in the cytosol or target other as yet unidentified substrates that influence the 

progression of apoptosis. Two groups recently reported that caspase-12 can directly 

cleave procaspase-9 in vitro, leading to caspase-9 dependent activation of caspase-3 

(Morishima et al., 2002; Rao et al., 2002). Inhibition of caspase-12 by expression of 

MAGE-3, a protein that binds the pI 0 subunit and blocks catalytic activity, prevents TG

and TN-induced processing of caspase-9 and -3 (Morishima et al., 2002). In addition, ER 

stress-induced processing of procaspase-9 can occur in the absence of cyt.c release and in 

APAF-l-null fibroblast (Rao et al., 2002). These results argue that caspase-12 can 

directly trigger caspase-9 activation and apoptosis independent of the mitochondrial 

cyt.c/Apaf-l pathway, at least in certain cell types. Many studies, however, implicate the 

involvement of mitochondria in ER stress induced apoptosis (below), which might 

represent a redundant pathway to caspase activation or, alternatively, might provide a 

pathway for accumulating SmaclDiablo and HtrA2 in the cytosol, where their inhibition 

ofIAPs supports optimal activation of caspases. 

The relevance of caspase-12 signaling has been somewhat clouded by the fact that 

a human ortholog remains elusive. Fischer et al. reported that the human caspase-12 gene 

has acquired deleterious mutations that prevent the expression of a functional protein 

(Fischer et al., 2002). In spite of this discovery, two reports showed that antibodies 

against murine caspase-12 detect an appropriately sized protein in human cells that is 

processed following ER stress (Nakagawa et al., 2000; Rao et al., 2001). Proof that a 

functional human caspase-12 protein does indeed exist, therefore, must await purification 

of the endogenous enzyme. 

24� 



1.8.1.3 ER Stress-Induced Death: Contribution ofMitochondria 

Several lines of evidence suggest that mitochondria are an important component of the 

ER stress-induced apoptotic pathway. First, ER stress agents cause mitochondrial release 

of cyt.c and loss of mitochondrial transmembrane potential (Boya et aI., 2002; Hacki et 

aI., 2000); second, Bel-2IBel-XL inhibit ER stress-induced apoptosis (McCormick, et al., 

1997, McCullough, et at., 2001; Hacki et al)); and third, Bax-/-, Bak-/- MEFs are resistant 

to TG-, TN-, and BFA-induced apoptosis (Wei et aI., 2001). While the latter two 

findings could be due to potential roles of Bel-2 family members at the ER (see below), 

Kroemer and colleagues confirmed the involvement of mitochondria by showing that the 

cytomegalovirus encoded mitochondrial inhibitor of apoptosis (vMIA) potently inhibited 

ER stress apoptosis (Boya et aI., 2002). Signaling between the ER and mitochondria 

presumably involves the activation of one or more BH3-only proteins. BAD is a 

candidate, since TG or A23187 have been shown to induce its Ca2 
+/calcineurin-dependent 

dephosphorylation and activation (Wang et aI., 1999). Increased cytosolic ([Ca2+]c) has 

also been observed following other conditions ofER stress (Carlberg et aI., 1996) and, 

therefore, BAD activation may be a conserved component of the pathway. Additionally, 

the UPR might transcriptionally upregulate other BH3-only proteins, analogous to the 

response ofBH3-only genes to p53-mediated stress responses. 

ER stress-induced cyt.c release is apparently dependent on the c-Abl tyrosine 

kinase, because c-Abl-/- mouse embryonic fibroblasts are resistant to A23187-, BFA-, 

and TN-induced cyt.c release and apoptosis (Ito et aI., 2001). c-Abl redistributes from the 

ER to the mitochondria within several hours ofTG application, which parallels an 

increase in its kinase activity. The mechanism by which c-Abl exerts its action at this site 

is unelear, but it may function in concert with JNK kinases, which are recruited and 
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activated by Ire I during ER stress (Vrano, et al., 2000), and are essential for mediating 

cyt.c release in other cell death pathways (Toumier et aI., 2000). UPR upregulation of 

CHOP/GADDI53, a nuclear transcription factor that represses the Bcl-2 promoter 

(McCullough et aI., 2001), may sensitize mitochondria to the proapoptotic effects of 

BH3-only proteins by decreasing the cellular levels ofBcl-2 protein. Consistent with 

this, tunicamycin-induced apoptosis is impaired in CHOP -/- MEFs, and CHOP -/- mice 

injected with tunicamycin show decreased apoptosis in the renal tubular epithelium 

(Zinszner et aI., 1998). 
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Figure 1.5. ER stress signaling pathways. See text for details. 
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Figure 2.1. Procaspase-8L is recruited to the BAP3l complex during ElA-induced apoptosis. (A) 
Schematic of crBAP3l-Flag in the ER. Asp164 and Asp238 were mutated to Ala and a Flag epiptope was 
inserted directly in front of the KKEE ER retrieval sequence. (*) caspase recognition Asp residues. (B) 
crBAP3l-Flag is not cleaved during ElA-induced apoptosis. Parental KB cells or KB cells stably 
expressing wtBAP3l-F1ag or crBAP3l-Flag were treated with adenovirus type 5 (AdS) d1520ElB- for the 
indicated times and endogenous BAP3l, BAP3l-Flag or crBAP3l-Flag cleavage was analyzed by SDS
PAGE and irnmuno-blotting with anti-BAP3l or anti-Flag antibodies. (C) A novel approx. 62 kDa form of 
procaspase-8, designated procaspase-8L, is recruited to the BAP3l complex in response to ElA signaling. 
KB cells stably expressing GFP-Flag, crBAP3l-Flag, or crBAP3l-Flag and BCL-2 were mock infected or 
infected (ElA) with AdS d1520ElB- for 40 hr and irnmunoprecipitation (IP) was conducted with anti-Flag 
M2 gel followed by SDS-PAGE and Western blotting with anti-BAP31 (middle panel) or anti-caspase-8 
antibody specific for the p18 subunit (bottom panel). Where indicated, cells were cultured in the presence 
ofzVAD-fmk (50 Ilm). Immuno blots of the corresponding total cell lysate (5% of the input used for 
immunoprecipitation) are also shown (top panel). The positions of the conventional procaspase-8 isofonns, 
designated fa and Ib, their processing intermediates (asterisks), the caspase-8 catalytic subunit (p18), 
procaspase-8L, crBAP31-Flag, endogenous BAP3l and its p20 cleavage product, are shown. 
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Figure 2.2. Characterization and cloning ofprocaspase-8L. (A) Deduced amino acid sequence of the 
predicted N-terminal extension (Nex) domain ofprocaspase-8L. The predicted procaspase-8L upstream 
start codon and Kozak translation initiation consensus sequence are shown in bold. The positions of exon 3 
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canonical caspase-8 plO subunit demonstrate that the Nex domain ofprocaspase-8L is connected to the 
entire procaspase-8/a open reading frame (ORF). The RT-PCR product is indicated (arrow). (C) Affinity 
purified rabbit polyclonal antibodies raised to the Nex domain of procaspase-8L detect an endogenous 
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anti-caspase-8 pl8 subunit specific antibody or anti-Nex domain antibody. (E) Tissue distribution of 
procaspase-8L. The indicated murine tissue lysates were analyzed by immuno blotting as in (D). The blot 
was reprobed with anti-tubulin monoclonal antibody for loading control (*, cross reacting product). 

59� 



Antibody raised against a peptide sequence within the Nex domain (solid black 

underline in Fig. 2.2A) detected an endogenous 62 kDa protein in H1299 cells (arrow in 

Fig. 2.2E, middle panel), and demonstrated enhanced reactivity toward procaspase-8L 

protein obtained by over-expression in these cells of hemagglutinin (HA) -tagged 

procaspase-8L eDNA by transient transfection (Fig. 2.2C). The specificity of the anti

Nex domain antibody in Western blot was demonstrated by competitive inhibition with 

the Nex domain antigen peptide (Fig. 2.2C, right panel). Moreover, recovery of 

procaspase-8 isoforms from cell lysate with a precipitating procaspase-8 antibody 

(Scaffidi et aI., 1997) and blotting of the precipitate with anti-Nex detected the 62 kDa 

product (Fig. 2.2D). As predicted, probing the precipitate with antibody against the 

common p18 subunit revealed that procaspase-8L is expressed at a considerably lower 

level than the two main isoforms (Fig. 2.2D). Analysis of murine tissues by immunoblot 

suggested that procaspase-8L is widely expressed (Fig. 2.2E). Taken together, these 

results suggest that procaspase-8L is a novel procaspase-8 isoform that is expressed at the 

protein level and contains a unique N-terminal Nex domain. 

2.5.3 Subcellular Distribution of Procaspase-8L 

KB cells were fractionated into PI nuclear, heavy membrane (HM), light 

membrane (LM), and cytosolic S-1 00 fractions and the presence of procaspase-8L in each 

fraction was examined with the anti-Nex domain antibody. As shown in Figure 2.3A, 

procaspase-8L distributed between the S100 cytosolic fraction and the LM fraction 

enriched in microsomes, as indicated by the ER marker, calnexin. In contrast, 

procaspase-8/a and -81b were located exclusively in the S100 fraction. Further 

investigation using analytical fractionation of rodent liver membranes revealed that 
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Figure 2.3. Subcellular distribution ofprocaspase-8L. (A) KB cells were homogenized in isotonic buffer 
and the PI nuclear (500xg pellet), heavy membrane (HM) (9000xg pellet), light membrane (LM) (100 
OOOxg pellet) and cytosolic S-lOO fractions were separated by differential centrifugation. The fractions 
were analyzed for the presence of procaspase-8L, procaspase-8, the ER marker, calnexin, and the 
mitochondrial marker, cytochrome c oxidase subunit IV (CoxIV) by immuno blotting with the respective 
antibodies. (B) Sucrose density gradient fractions of rodent liver membranes were analyzed for the 
presence ofprocaspase-8L, BAP31 and calnexin as in (A). (C) Procaspase-8L is peripherally associated 
with the cytosolic face of the light membranes. (Left) The LM fraction from KB cells was subjected to 
extraction with 0.5M NaCI or alkali (0.1 M NaC03, pH 11.5) and, after centrifugation, the membrane pellets 
(P) (lanes 1,3) and supernatants (lanes 2, 4) were analyzed as in (A). (Right) The LM fraction was 
incubated with (+) or without (-) trypsin and the integrity ofprocaspase-8L, calnexin (ER transmembrane 
protein), and BiP (ER lumenal protein) assessed by immuno blotting. TritonX-lOO was added to 1% in one 
reaction to demonstrate that BiP was trypsin sensitive following solubilization of the LM microsomal 
fraction. 
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procaspase-8L and Bap31 co-sedimented with near identical median densities that were 

slightly lower than the median density of calnexin (Fig. 2.3B). In contrast to an integral 

membrane protein like calnexin, procaspase-8L was extracted from the LM fraction with 

high salt concentrations or alkali (pH 11.5) (Fig. 2.3C , left panel), suggesting that it is 

peripherally associated with microsomal membrane. Furthermore, treatment of the LM 

fraction with trypsin showed that procaspase-8L was sensitive to digestion, whereas an 

ER lumenal protein, BiP, was completely resistant (Fig. 2.3C, right panel). Therefore, the 

initial location of procaspase-8L at the cytosolic face ER may provide a nearby pool for 

recruitment to the BAP31 complex following EIA stimulation. 

2.5.4 Procaspase-8L Recruitment to the BAP3t Complex and Cleavage in Response 

to EtA Signaling 

Immunoblot analysis ofKB cells with anti-Nex domain antibody detected 

endogenous procaspase-8L, which was cleaved to an approx. 35 kDa protein in response 

to EIA expression (Fig. 2.4A). Similar results were observed in cells expressing 

crBAP31-Flag (not shown) and, in both cases, this apparent procaspase-8L processing 

was blocked by BCL-2 or by the wide spectrum caspase inhibitor, zVAD-fink (Fig. 2.4A 

and 2.4B; data not shown). Given that the size of the cleavage product detected with the 

anti-Nex domain antibody is similar to the predicted size of the procaspase-8L prodomain 

(33 kDa), the observed proteolysis likely separates the prodomain from the p20 and pi 0 

catalytic subunits. 

Procaspase-8L was maximally recovered in crBAP31-Flag immuno-precipitates 

40 h after introducing EIA into cells, as determined by immunoblot analysis with anti

Nex (Fig. 2.4C, top left panel), and this corresponded to the time when both procaspase
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Figure 2.4. Endogenous procaspase-8L is recruited to the BAP31 complex and cleaved during E IA
induced apoptosis. (A) Cleavage ofprocaspase-8L is blocked by BCL-2. Parental K.B cells (- BCL-2) or 
K.B cells stably expressing BCL-2 (+ BCL-2) were infected with Ad5 d1520EIB' for the indicated times and 
Western blots were developed with anti-Nex antibody, in the absence (top panels) or presence (bottom 
panel) of the Nex immunizing peptide (lO/lM). (B) Cleavage ofprocaspase-8L is inhibited by z-VAD-fmk. 
Cells were treated as in (A) in the absence or presence of 50 /lM zVAD-frnk. (C) Recruitment of 
procaspase-8L to the BAP31 complex. K.B cells stably expressing crBAP31-Fiag were treated as in (A) and 
the BAP31 complex was immunoprecipitated (a Flag IP) at the indicated times post-infection. Immuno 
blots of the precipitates were developed with anti-Nex antibody (upper left panel), then stripped and 
reprobed with anti-caspase-8 (p 18) antibody (upper right panel) or anti-BAP31 antibody (lower panel). The 
anti-Nex domain and anti-caspase-8 (P18) antibodies detected an identical 62 kDa protein. The p20 and 
p27 cleavage products of endogenous BAP31 (that heterodimerize with crBAP3l-Flag) are indicated. A 

representative experiment is shown. 
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8L processing (Fig. 2.4A) and caspase cleavage of endogenous BAP31 (Fig.2.4C, bottom 

panel) had been initiated. The anti-Nex blot of the crBAP31-Flag precipitates was then 

stripped and re-probed with antibody against the p18 subunit of caspase-8. Again, a 

product was detected that exactly co-migrated with the anti-Nex reactive product, 

showing maximal accumulation with crBAP31-Flag at 40h post-infection with Ad EIA 

(Fig. 2.4C, top right panel). By 60 h, procaspase-8L cleavage was completed (Fig. 2.4A) 

and anti-Nex and anti-p18 reactive product was no longer detected in association with 

crBAP31-Flag (Fig. 2.4C). Therefore, the association observed between procaspase-8L 

and crBAP31-Flag coincides with the proteolytic maturation ofprocaspase-8L. 

2.5.6 Selective Recruitment of Procaspase-8L to the HAP31 Complex 

Consistent with the observation that endogenous procaspase-8/a and -81b were not 

detectably recruited to crBAP31-Flag following EIA expression (Fig. 2.1E), over

expression ofprocaspase-8/a-HA and procaspase-8L-HA by transient co-transfection of 

the respective cDNAs with eDNA encoding BAP31-Flag in H1299 cells showed a 

marked preference for interactions between the BAP31 complex and procaspase-8L (Fig. 

2.5A, lanes 4 and 5). Neither procaspase exhibited a detectable association with the 

control protein, PABP Interacting Protein-I-Flag (PAIP-I-Flag). Transfections were 

conducted in the presence of zVAD-fink. In the absence of the caspase inhibitor, 

ectopically expressed procaspase-8/a and procaspase-8L underwent processing (data not 

shown) and potently induced cell death, as assessed by co-transfection with a luciferase 

reporter and measurement of luciferase activity (Fig. 2.5B) or by co-transfection with a 

GFP reporter and measurement of the apoptotic morphology of GFP-transfected cells (not 

shown). 
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Figure 2.5. Procaspase-8L selectively associates with the BAP31 complex. (A) Anti-Flag immunoprecipitates from 
H 1299 cells cotransfected with the indicated expression constructs in the presence of 50 flM zVAD-fink were 
analyzed by SDS-PAGE and Western blotting with anti-HA or anti-Nex domain antibodies. Note that only 
procaspase-8L-HA immunoprecipitated with BAP31-Flag. (*) represents a non-specific protein detected by anti-HA 
antibody in lysates. (B) Procaspase-8L induces loss of cell viability when ectopically expressed. H1299 cells were 
transfected with a luciferase expression construct and pcDNA3 vector expressing either procaspase-8/a-HA or 
procaspase-8L-HA, in the absence or presence of 50 flM zVAD-fmk and luciferase activity was measured 24 h later. 
(C) Procaspase-8L is not detected in the Fas DISC. The DISC was immunoprecipitated following stimulation ofH9 
lymphocytes with anti-Apo-l/Fas and the presence ofprocaspase-8L and procaspase-8 in the precipitates was 
assessed by immuno blotting as in Fig. 2AC. IgG, immunoglobulin heavy chain. (D) Wt or Fadd-deficient mouse 
embryo fibroblasts (Yeh et al., 1998) were infected with Ad5 dl520E 1B- for 50 hand procaspase-8L cleavage was 
analyzed as in Figure 2.4A. 

Procaspase-8/a and -81b are recruited to DISCs of the TNF receptor family upon 

receptor stimulation (Scaffidi et al., 1997). To determine whether procaspase-8L is also a 

component of this signaling complex, we stimulated H9 lymphocytes with the agonistic 

Fas antibody, anti-Apo-1 (Kischkel et al., 2001), and immunoprecipitated the DISC. As 
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expected, procaspase-8/a and -81b were both recruited to the Fas DISC in a stimulation 

dependent manner. In the same DISC precipitation, however, no procaspase-8L was 

detected with the anti-Nex antibody (Fig. 2.5C), suggesting that ifprocaspase-8L 

associates with this complex it is a minor component of it. Moreover, procaspase-8L 

cleavage was not impaired in Fadd-null primary mouse embryo fibroblasts (Yeh et aI., 

1998) in response to E1A (Fig. 2.5D) nor do these same cells exhibit detectable resistance 

to Ad E1A-induced cell death (Nguyen et aI., 1998; Yeh et aI., 1998), suggesting that 

E1A-induced processing ofprocaspase-8L is FADD-independent. 

2.5.7 Nex Domain Dominate-Negative Mutant Inhibits ElA-induced Apoptosis 

Since the procaspase-8L Nex domain is required for recruitment of the proenzyme 

to the BAP31 complex in response to E1A, expression of the Nex domain on its own 

might be expected to exert a dominant-negative influence on E1A death signaling. In 

Figure 2.6, KB cells were transiently co-transfected with a plasmid encoding 12S E1A 

and plasmid encoding either Nex-EGFP or EGFP. Compared to EGFP, Nex-EGFP 

significantly inhibited both ElA-induced cleavage of the caspase-8 preferred substrate, 

IETD-amc (Fig. 2.6A), and ElA-induced appearance of Annexin V positive cells (Fig. 2

6C). Of note, expression of a catalytically inactive full length procaspase-8L DN, in 

which the catalytic cys was mutated to ala, also inhibited ElA induced apoptosis to a 

similar extent as Nex-EGFP (data not shown). Nex-EGFP was expressed at a similar 

level as EGFP and did not affect the expression ofE1A (Fig. 2.6B). 
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Figure 2.6. EIA-induced caspase-8 activity and apoptosis is inhibited by a procaspase-8L DN mutant. (A) 
KB cells were transiently co-transfected with plasmids encoding 12S EIA and Nex-Flag-EGFP or 12S 
EIA and Flag-EGFP and 36h post transfection equivalent amounts of cell lysate were tested for their ability 
to hydrolyze the caspase-8 preferred substrate IETD-amc. Shown is the mean of four independent 
experiments. (B) Cell lysates from (A) were analyzed by SDS-PAGE and immunoblotting with antibodies 
against EIA or Flag. (C) As in (A) except cells were collected, stained with Annexin V and analyzed by 
flow cytometry. Transfection efficiency was estimated to be 20-30% by analyzing EGFP positive cells by 
immunofluorescence (not shown). 

2.5.8 ElA-induced Cleavage of Procaspase-8L is Inhibited in Double Bap29- and 

Bap31-null Cells 

BAP31 is part of large complex that includes both BAP31 homo-oligomers and 

hetero-oligomers comprising the closely related BAP29 (Adachi et al., 1996). To 
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examine the contribution of these proteins to procaspase-8L processing in response to 

E IA, mouse embryonic stem (ES) cells deficient in Bap31 and Bap29 were generated by 

gene targeting (S. Kuppig and M. Reth, unpublished; see Materials and Methods) (Fig. 

2.7A), and both wild type and gene-deleted cells were subjected to growth conditions that 

favor differentiation into epithelial- and fibroblast-like cells. The levels of procaspase-8L 

were similar in wild type and Bap29,31-null cells and EIA protein was expressed at equal 

levels in all cell types following infection with Ad EIA (Fig. 2.7B and data not shown). 

Following expression ofEIA in wild type cells, procaspase-8L was cleaved, generating 

the N-terminal fragment detected by anti-Nex domain antibody (Fig. 2.7B). In Bap29,31

null cells, on the other hand, this processing was strongly impaired (Fig. 2.7B) and the 

double-null cells exhibited a significant decrease in their ability to hydrolyze the caspase

8 preferred substrate, IETD-amc, and the caspase-3 preferred substrate, DEVD-amc, in 

response to EIA (Fig. 2.7D and 2.7E). Procaspase-8L processing was not significantly 

altered in either Bap31 or Bap29 single knockout cells (data not shown), suggesting that 

Bap31 and Bap29 can functionally complement one another. Interestingly, procaspase

8fa and -81b cleavage was also reduced in the Bap29,31-null cells (Fig. 2.7C), consistent 

with idea that activated procaspase-8L might directly cleave conventional procaspase-8fa 

and -81b. Importantly, EIA-induced cell death in Bap29,31-null cells was reproducibly 

less than in either wt or Bap31-null cells (Fig. 2.7F). 
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Figure 2.7. Procaspase-8L processing is inhibited in Bap29, 31-null cells. (A) Loss of Bap29 and Bap31 
expression was confmned by irnmunoblotting with anti-BAP3l and anti-Bap29 antibodies. (B) EIA
induced procaspase-8L cleavage is inhibited in Bap29, 31-null ES cells. ES cells were differentiated into 
epithelial- and fibroblast-like cells as described in Materials and Methods, and infected with Ad5 
d1520ElB- for the indicated times. Procaspase-8L cleavage was analyzed as in Figure 3A. (C) As in (B), 
procaspase-8L and procaspase-8/a and -81b cleavage was analyzed with anti-Nex and anti-caspase-8 (p 18) 
antibodies. (D) Decreased caspase-8 activity in Bap29, 3I-null cells. Aliquots of lysate from wt and 
Bap29,31-null cells (containing equivalent protein concentrations) stimulated with ElA for 24h (time of 
maximum caspase activity) were tested for their ability to hydrolyze the preferred caspase-8 substrate 
IETD-amc. Shown is the average of three independent experiments. RFU, relative fluorescence units. (E) 
Decreased DEVD-ase activity in Bap29, 3 I-null cells. As in (C) except Iysates were tested for their ability 
to hydrolyze the caspase-3 preferred substrate DEVD-amc. (F) Cell death was measured by trypan blue 
exclusion 72 hrs post infection. Shown is a representative of 4 independent experiments. 

Collectively, these results identify the novel isoforrn procaspase-8L whose Nex 

domain allows preferential recruitment of procaspase-8L to the BAP complex in the ER 

in response to apoptotic signaling by oncogenic ElA. Although ElA likely triggers 
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3.1B). In both cases, the proteins were expressed at approximately 3-times the level of 

endogenous BAP31, as assessed using a BAP31 polyclonal antibody (not shown). 
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Figure 3.1. Human KB epithelial cells expressing crBAP31. (A) Control (parental) KB cells were 
stimulated with 0.5 Ilg/ml anti-Fas antibody in the presence of 10 Ilg/ml cycloheximide (CHX) for the 
indicated times, and whole celllysates were subjected to SDS PAGE, immunoblotted with chicken anti
BAP31, and visualized by enhanced chemolurninescence (30). The positions of full length BAP31 and the 
BAP31 caspase-cleavage products, p2? and p20, are indicated. (B) As in A except that KB cells stably 
expressing wt BAP31-Flag or crBAP31-Flag were analyzed with mouse anti-Flag antibody. (C) Schematic 
of crBAP31-Flag in the endoplasmic reticulum (ER), in which the caspase-recognition aspartate (asterisk) 
residues at positions 164 and 238 have been mutated to alanine. The Flag epitope tag was inserted 
immediately upstream of the COOH-terrninal tetra-peptide ER retrieval signal, KKEE. 
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not due to the fact that these cells carried an approximately 3-fold excess of the BAP3l 

protein. 
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Figure 3.2. crBAP31 permits Fas-mediated activation of caspase-8 but inhibits the loss of plasma 
membrane integrity, (A) Control (parental) KB cells or KB cells stably expressing crBAP31-Flag or CrmA 
were stimulated with anti-Fas/CHX or CHX alone for 16 h, and the percentage of the cells that were stained 
with trypan blue was determined. (B) As in A except that total celllysates were subjected to SDS PAGE 
and immunoblotted with rabbit antibody raised against the pl8 catalytic subunit of human procaspase-8. 
The positions of procaspase-8/a/b are indicated. 

The early stages of apoptotic membrane remodeling has been associated with 

actin redistribution to the cell periphery during cell rounding (Mills et aI., 1999). A 
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Figure 3.3. crBAP31 inhibits Fas-mediated apoptotic membrane blebbing and fragmentation. (A) 
Transmission electron microscopy of Fas-stimulated control (parental) KB epithelial cells and KB cells 
stably expressing crBAP31-Flag. (B) The number of apoptotic membrane blebbing cells was scored in 
thick sections and expressed as a percent of total cells. Averages of 3 independent detenninations and 
standard deviations are presented. 
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Figure 3.4. crBAP31 inhibits Fas-mediated redistribution of y-actin. Control (parental) KB epithelial 
cells and KB cells stably expressing crBAP31-Fiag were stimulated with anti-Fas/CHX for the indicated 
times and examined by immunofluorescence confocal microscopy using rabbit anti-y-actin and goat anti
rabbit IgG coupled to Alexa 488. Representative images are shown. 

similar redistribution ofy-actin was observed 4 h after Fas stimulation of control KB 

epithelial cells, whereas crBAP31 cells maintained a nonnal distribution of y-actin and 

the cells remained flat and adherent even up to 15 h post-stimulation (Fig. 3.4). 

Collectively, these findings reveal that crBAP31 has a strong inhibitory influence on both 

the cell shape / cytoskeletal changes and remodeling of membranes into the blebbs and 

vesicular bodies that are characteristic of apoptosis. 

3.5.3 Activation of caspases in cells expressing crBAP31. 

To assess the presence of caspase activity in extracts from control cells and from 

cells expressing crBAP31 or CnnA, equivalent amounts of extract protein were incubated 
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with the fluorogenic peptide, DEVD-amc, which is a general substrate for effector 

caspases -3 and -7 (Garcia-Calvo et aI., 1998). The presence of crBAP31 appeared to 

delay the induction of DEVDase activity in response to Fas stimulation, but by 15 h levels 

were similar to that recorded for control cells (Fig. 3.5A). In contrast, cells expressing 

CrmA significantly inhibited the appearance ofDEVDase, but did not reduce activity to 

baseline, which was established in control cell extracts using the non-cleavable peptide 

inhibitor, DEVD-fmk (Fig. 3.5A). This may indicate that the expression level ofCrmA in 

these cells was insufficient to completely abolish all activation of caspase-8 in response to 

Fas stimulation or that a small amount ofDEVDase activity arises in these cells 

independently of casapase-8 initiation. The retardation of appearance ofDEVDase 

activity in the presence of crBAP31 was reflected in a slower time course for Fas

stimulated processing ofprocaspase-3 in crBAP31 cells compared to controls (Fig. 3.5C), 

but this was insufficient to significantly influence cleavage of the caspase -3 and-7 

substrate, poly(ADP-ribosyl) polymerase (PARP) (Fig. 3.5D). Of note, caspase cleavage 

of endogenous BAP31 in the crBAP31 cells also was observed (Fig. 3.5B). 

Other hallmark features of apoptosis that are a consequence of caspase activity 

include the acquisition of annexin V staining due to caspase-induced redistribution of 

phosphatidyl serine to the outer aspect of the plasma membrane and DNA fragmentation 

resulting from caspase-dependent inactivation of the inhibitor ofDFF40/CAD, 

DFF45/ICAD (Green, 2000; Liu et aI., 1997). Annexin V staining and fragmentation of 

DNA were both observed in crBAP31 cells and by 16 h post-stimulation of Fas they 

occurred to an extent similar to that in control cells (Fig. 3.5E,F). The sustained 

inhibition of apoptotic cell morphology that is conferred over this time period by the 
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Figure 3.5. Fas-mediated activation of caspases in crBAP31-expressing cells. (A) Total celllysates were 
prepared from control (parental) KB epithelial cells or from KB cells stably expressing crBAP31-flag or 
CrmA, and equivalent, rate-limiting amounts of protein were assayed for cleavage ofDEVD-amc, during 
which the resulting fluorescence was detected and quantified in the linear time-course range using an 
automated fluorescence plate reader detecting 460 nm wavelength. Control cell lysate was also assayed in 
the presence of 1 flM of the inhibitor, DEVD-fmk. An average of two independent determinations is 
presented. (B) As in Fig. 1, control (parental) and crBAP31-Flag-expressing KB cells were subjected to 
SDS and immunoblotting with chicken anti-Bap31 under the conditions indicated. The positions of full 
length proteins and the p27 and p20 cleavage products of BAP31 are indicated. (C) As in B except that 
immunoblots were developed using rabbit anti-caspase-3. (D) Immunoblots were developed using mouse 
monoclonal antibody against poly(ADP-ribosyl) polymerase (PARP), and the 89 kDa caspase cleavage 
product denoted. (E) Cells were treated with or without anti-Fas/CHX for 16 h, stained in situ with 
Annexin V, and fluorescence intensity determined by FACS analysis. (F) As in E except that low 
molecular weight DNA was isolated, resolved by agarose gel electrophoresis, and stained with ethidium 
bromide. The intense staining fragment migrating toward the top of the gel has an approximate size of25 
kbp. 
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presence ofcrBAP31 following Fas stimulation (Fig. 3.3 and 3.4), therefore, occurs in the 

face of activated caspases, cleavage of the caspase targets, PARP and endogenous 

BAP31, redistribution of phosphatidyl serine in the plasma membrane, and fragmentation 

of nuclear DNA. 

3.5.4 Influence of crBAP31 on Fas-induced transformations of mitochondria. 

Release of cyt.c from the mitochondrial inter-membrane space is a common 

response to many death signals, and typically occurs at an early step in the apoptotic 

death pathway (Goldstein et aI., 2000). Fig. 3.6A presents confocal microscopic images 

of control and crBAP31-expressing KB epithelial cells before and after stimulation with 

activating anti-Fas antibody for 7 h. Fas stimulation caused cyt.c to redistribute from a 

mitochondrial location to a diffuse pattern throughout the cytoplasm. Of note, this 

redistribution of cyt.c was observed in intact, flat, adherent cells prior to acquisition of the 

condensed, membrane-fragmented apoptotic morphology (arrow in Fig. 3.6A), consistent 

with release occurring early in the Fas-mediated death pathway. Strikingly, cells 

expressing crBAP31 resisted cyt. c redistribution in response to Fas stimulation (Fig. 

3.6A), and this finding was extended to an analysis of total cell populations by 

fractionation of cell homogenates and immunoblotting (Fig. 3.6B). In control cells prior 

to Fas stimulation, cyt. c was recovered in the membrane fraction containing 

mitochondria, and not in the high-speed supernatant fraction. Fas stimulation resulted in 

a progressive increase in recovery of cyt. c in the high-speed supernatant, reaching an 

apparent maximum by about 8 h. Again, crBAP31 cells largely retained cyt.c in the 

mitochondrial fraction, with a constant and low level amount recovered in the high-speed 

supernatant throughout the time course ofFas stimulation up to 16 h (Fig. 3.6B). 
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Figure 3.6. crBAP31 inhibits Fas-mediated release of cyt.c from mitochondria. (A) Control (parental) KB 
epithelial cells and KB cells stably expressing crBAP31-Flag were stimulated with anti-Fas for the 
indicated times and examined by immunofluorescence confocal microscopy using anti.cyt. c antibody. 
Release from mitochondria can be observed in cells prior to membrane blebbing (arrow denotes an 
obviously apoptotic cell). (B) At the indicated times of treatment, cells were homogenized and the post
nuclear supernatant separated into membranes (100,000 x g pellet) (P) and supernatant (S), as indicated, and 
equal aliquots subjected to SDS PAGE and irnmunoblotting with 7H8.2C12 anti-cyt.c (cyt c). (C) Cells 

• 
were treated with or without anti-Fas for 16 h, stained with the mitochondrial potential-sensitive dye, 
DiOC6, and subjected to FACS analysis. The arrow denotes the peak of fluorescence intensity obtained for 
cells in which the mitochondrial electrochemical potential was collapsed following treatment with 1 !lM 
carbonyJcyanide m-chlorophenyl hydrazone (CCCP). 
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Figure 3.9. SDS-PAGE analysis of the immunoprecipitated pre-apoptotic BAP31-Flag complex in 
transfected HepG2 cells. Pre-apoptotic HepG2 cells, stably expressing the BAP31-Flag construct, were 
lysed and RAP3] was immunoprecipitated with the anti-Flag M2 antibody, The immunocomplex was 
subjected to SDS-PAGE analysis and visualized by Coomassie blue staining. The two bands of interest, at 
apparent molecular masses of 42 and 175 kDa, are labeled with a star. 

been identified during the LC-MS/MS analysis. Finally, four MS/MS spectra could not be 

unambiguously assigned to a given peptide sequence. All spectra were of medium quality 

and the absence of characteristical immonium ions specific for a terminal lysine or 

arginine might indicate that those peptides were not generated by a tryptic cleavage. As a 

result, they were not further analyzed. 

Similarly, 39 spectra of the initial 42 tandem mass spectrometric experiments 

obtained from the 42 kDa band LC-MS/MS analysis were selected for a second pass 

identification using a protein database filtered for the words "human" and "actin" (280 

107� 



T
able 3.1. O

verview
 o

fthe tandem
 m

ass spectrom
etric analysis o

fm
yosin and actin by L

C
-M

S
IM

S
. 

A
nalysis ofth

e # o
f M

S
/M

S
 spectradatabase (# o

f entries) 

28 kD
a band� 

15 M
S

IM
S

 

42 kD
a band� 

42 M
S

IM
S

 

39 M
S

IM
S

 

180 kD
a band� 

51 M
S

IM
S

 

45 M
S

IM
S

 

hum
an (67051 entries) 

hum
an (67051 entries) 

"hum
an" &

 "actin" (280 entries) 

"hum
an" (67051 entries) 

"hum
an" &

 "m
yosin" (144 entries) 

identification 

5 M
S

IM
S

: B
A

P
31 hum

an 

10 M
S

IM
S

: no identification 

30 M
S

IM
S

 p-
or y-actin 

36 M
S

IM
S

 y-actin 
0

0
 

o..
2 M

S
IM

S
: y-actin variants 

1 M
S

IM
S

: no identification 

35 M
S

IM
S

: m
yosin heavy chain non-m

uscle B
 

16 M
S

IM
S

: no identification 

39 M
S

IM
S

: m
yosin heavy chain non-m

uscle B
 

2 M
S

IM
S

: m
yosin variants 

4 M
S

IM
S

: no identification 

e� 
-

e� 



A. Myosin heavy chain non-muscle type B (GeneBank accession P35580) 

1. MAQRTGLEDPERYLFVDRAVIYNPATQADWTAKKLVWIPSERHGFEAASIKEERGDEVMV 
61. ELAENGKKAMVNKDDIQKMNPPKFSKVEDMAELTCLNEASVLHNLKDRYYSGLIYTYSGL 
121.� FCVVINPYKNLPIYSENIIEMYRGKKRHEMPPHIYAISESAYRCMLQDREDQSILCTGES 

WLPVYNPEVVAAYRGKKR 
181.� GAGKTENTKKVIQYLAHVASSHKGRKDHNIPGELERQLLQANPILESFGNAKTVKNDNSS 

QLLQANPILEAFGNAK 
241. RFGKFIRINFDVTGYIVGANIETYLLEKSRAVRQAKDERTFHIFYQLLSGAGEHLKSDLL 
301. LEGFNNYRFLSNGYIPIPGQQDKDNFQETMEAMHIMGFSHEEILSMLKVVSSVLQFGNIS 
361. FKKERNTDQASMPENTVAQKLCHLLGMNVMEFTRAILTPRIKVGRDYVQKAQTKEQADFA 
421. VEALAKATYERLFRWLVHRINKALDRTKRQGASFIGILDIAGFEIFELNSFEQLCINYTN 
481. EKLQQLFNHTMFILEQEEYQREGIEWNFIDFGLDLQPCIDLIERPANPPGVLALLDEECW 
541. FPKATDKTFVEKLVQEQGSHSKFQKPRQLKDKADFCIIHYAGKVDYKADEWLMKNMDPLN 
601. DNVATLLHQSSDRFVAELWKDVDRIVGLDQVTGMTETAFGSAYKTKKGMFRTVGQLYKES 

661. LTKLMATLRNTNPNFVRCIIPNHEKRAGKLDPHLVLDQLRC*NGVLEGIRIC*RQGFPNR 
719. IVFQEFRQRYEILTPNAIPKGFMDGKQACERMlRALELDPNLYRIGQSKIFFRAGVLAHL 
779. EEERDLKITDII IFFQAVCRGCLARKAFAKKQQQLSALKVLQRNCAAYLKLRHWQWWRVF 
839. TKVKPLLQVTRQEEELQAKDEELLKVKEKQTKVEGELEEMERKHQQLLEEKNlLAEQLQA 
899. ETELFAEAEEMRARLAAKKQELEEILHDLESRVEEEEERNQILQNEKKKMQAHIQDLEEQ 
959. LDEEEGARQKLQLEKVTAEAKIKKMEEEILLLEDQNSKFIKEKKLMEDRIAECSSQLAEE 
1019. EEKAKNLAKI RNKQEVMI SDLEERLKKEEKTRQELEKAKRKLDGETTDLQDQIAELQAQI 
1079. DELKLQLAKKEEELQGALARGDDETLHKNNALKVVRELQAQIAELQEDFESEKASRNKAE 
1139. KQKRDLSEELEALKTELEDTLDTTAAQQELRTKREQEVAELKKALEEETKNHEAQIQDMR 
1199. QRHATALEELSEQLEQAKRFKANLEKNKQGLETDNKELACEVKVLQQVKAESEHKRKKLD 
1259. AQVQELHAKVSEGDRLRVELAEKASKLQNELDNVSTLLEEAEKKGIKFAKDAASLESQLQ 
1319. DTQELLQEETRQKLNLSSRIRQLEEEKNSLQEQQEEEEEARKNLEKQVLALQSQLADTKK 
1379. KVDDDLGTIESLEEAKKKLLKDAEALSQRLEEKALAYDKLEKTKNRLQQELDDLTVDLDH 
1439. QRQVASNLEKKQKKFDQLLAEEKSISARYAEERDRAEAEAREKETKALSLARALEEALEA 
1499. KEEFERQNKQLRADMEDLMSSKDDVGKNVHELEKSKRALEQQVEEMRTQLEELEDELQAT 
1559. EDAKLRLEVNMQAMKAQFERDLQTRDEQNEEKKRLLIKQVRELEAELEDERKQRALAVAS 
1619. KKKMEIDLKDLEAQIEAANKARDEVIKQLRKLQAQMKDYQRELEEARASRDEIFAQSKES 
1679. EKKLKSLEAEILQLQEELASSERARRHAEQERDELADEI TNSASGKSALLDEKRRLEARI 
1739. AQLEEELEEEQSNMELLNDRFRKTTLQVDTLNAELAAERSAAQKSDNARQQLERQNKELK 
1799. AKLQELEGAVKSKFKATISALEAKIGQLEEQLEQEAKERAAANKLVRRTEKKLKEIFMQV 
1859. EDERRHADQYKEQMEKANARMKQLKRQLEEAEEEATRANASRRKLQRELDDATEANEGLS 
1919. REVSTLKNRLRRGGPISFSSSRSGRRQLHLEGASLELSDDDTESKTSDVNETQPPQSE 
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B. Non-muscle y-actin (GeneBank accession P02571)� 

1. Ac-EEElAALVIDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEA 
EEElAALVVDNGSGMCK 

58. QSKRGILTLKYPIEH*GIVTNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANRE 
117. KMTQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVMDSGDGVTHTVPIYEGYALPHAILR 
177. LDLAGRDLTDYLMKI LTERGYSFTTTAERE IVRDI KEKLCYVALDFEQEMATAAS SSSLE 
237. KSYELPDGQVITIGNERFRCPEALFQPSFLGMESCGIHETTFNSIMKCDVDIRKDLYANT 
297. VLSGGTTMYPGIADRMQKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQMWI 
357. SKQEYDESGPSIVHRKCF 

Figure 3.10. Detailed amino acid sequence analysis of (A) the myosin heavy chain non-muscle type B 
(GeneBank accession P35580) and of (B) non-muscle y-actin (GeneBank accession P02571) by LC-IlES1
MSIMS. All amino acids are in single-letter code. The peptides unequivocally identified by spectral 
matching of the tandem mass spectra with the sequence database by SEQUEST are underlined. Panel (A), 
the two potential alkylated cysteine residues (SHl/SH2 sites) at position 701 and 711, respectively, are 
marked with a star. Two peptides were found to deviate from the predicted sequence (at position 130-147 
and position 217-232). Panel (B), the methyl-histidine at position 72 is marked with a star. The two N-
terminal peptide variants described in this work are indicated. See text for more details. 

entries). In total, 38 MS/MS spectra could be assigned to y-actin tryptic peptides, 

covering 69% of the total amino acid sequence (Fig. 3.1 Ob). In particular, the presence of 

a methyl-histidine reported in the literature at position 72 was confirmed in our analysis. 

Of particular interest were five MS/MS spectra of good spectral quality that could not be 

initially matched to any specific actin sequence. Manual interpretation of the 

fragmentation patterns (Fig 3.11) indicated that all five analyzed species were derived 

from a heterogeneous N-terminal peptide. Panel (A) shows the tandem mass spectrum of 

the N-terminal peptide as reported in the sequence database: the N-terminal Met residue 

has been removed and the first glutamic acid residue has been acetylated. In addition, 

Cys16 was alkylated by an acrylamide monomer, a common experimental artifact when 

un-alkylated proteins are purified through a SDS-PAGE step (Chiari et a1., 1992). A very 

rich fragmentation pattern was essential to confirm the putative peptide sequence in its 

entirety. Further, two of the five analyzed peptides were found to differ from the one 
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shown in panel (A) by an addition of 16 and 32 mass units, respectively. The 

corresponding fragmentation patterns confirmed the presence of a Met-sulfoxide (+16 

Da) and a Met-sulfone (+32 Da), respectively, at position 15 (data not shown). In 

contrast, the two remaining peptides differed from the one in displayed in panel A by a 

difference of 56 and 40 mass units, respectively. The interpretation of their fragmentation 

patterns (as shown in panel B) points out to a free N-terminal glutamic acid residue (-42 

Da for the missing acetyl group) and an Ile9Vai exchange (-14 Da) while one of the 

peptide bears a Met-sulfoxide at position 15 (+ 16 Da; data not shown). Interestingly, the 
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Fig. 3.11. Tandem mass spectrum analysis of the heterogeneous N-terminal peptides ofy actin. Panel (A), 
tandem mass spectrometric analysis of the acetylated N-terminal peptide with Ile at position 9. Panel (B), 
tandem mass spectrometric analysis of the de-acetylated N-terminal peptide with Val at position 9. The 
sequence coverage of each ion series is indicated in each panel in outline for the B-ion serie and in plain 
black for the Y-ion serie. See text for a more detailed discussion. Ac, acetyl; C·, S-cysteinyl-propionamide; 
(p), parent. 
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Met-sulfone derivative of this peptide was not detected during the LC-MSIMS analysis. 

Overall, only one MSIMS spectrum, of medium quality, could not be unambiguously 

assigned to an actin peptide sequence. The absence of characteristical immonium ions 

specific for a terminal lysine or arginine might indicate that this peptide was not 

generated by a tryptic cleavage. As a result, it was not further analyzed. 

3.11.3 The pre-apoptotic BAP31 complex specifically recruits actomyosin 

As documented above, the 42 and 190 kDa proteins that constitutively associates 

with BAP31 have been identified as y-actin and non-muscle myosin IT heavy chain B. 

Due to the abundance of those proteins in the cell, it was essential to demonstrate that 

these interactions were (a) specific to the presence of BAP31 in the immunoprecipitation 

complex and (b) that the association between BAP31 and the actomyosin complex was 

lost in the presence of an apoptotic signal. H1299 lung carcinoma cells were transiently 

transfected with vector, green fluorescent protein (GFP)-Flag, BAP31-Flag, or p20-Flag 

("caspase-cleaved" BAP31; amino acids 1-164). The Flag-tagged proteins were 

precipitated from celllysates 24 h following transfection using the anti-Flag Ml antibody 

and the immunoprecipitates were analyzed by SDS-PAGE and immunoblotting using 

either anti-y-actin or anti-Flag antibodies (Fig. 3.12A). All inserts were successfully 

expressed and an apparently equal amount of y-actin was detected in all cell lysates. After 

immunoprecipitation with the anti-Flag antibody, however, y-actin could only be detected 

in the BAP-31-immunocomplex. In particular, the immunocomplex containing p20-Flag, 

which contains the membrane-spanning domain ofBAP31 but not its cytoplasmic tail, 
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Figure 3.12. The pre-apoptotic BAP31 complex specifically recruits y-actin. Panel (A), Caspase-cleaved 
BAP31 (p20; amino acids 1 -164) does not interact with y-actin. H1299 lung carcinoma cells were 
transiently transfected with vector, GFP-Flag, BAP31-Flag, or p20-Flag. The Flag-tagged proteins were 
precipitated from celllysates 24 h following transfection using anti-Flag HI antibody (Upstate, Waltham, 
MA, USA) and immunoprecipitates were analyzed by SDS-PAGE and immunoblotting with anti-y-actin or 
anti-Flag antibodies. Panel (B), Loss ofinteraction between y-actin andfull length caspase-resistant 
crBAP31 following prolonged stimulation with Fas. KB cells stably expressing crBAP31 were left 
untreated or treated with anti-FAS (250 nglmL) and cyclohexarnide (10 I-l-glmL) for 20 h to induce caspase 
activation and apoptosis. crBAP31 was immunoprecipitated from celllysates using anti-Flag M 1 antibody 
and immunoprecipitates were analyzed by SDS-PAGE and immunoblotting with anti-y-Actin or anti-Flag 
antibodies. 

was unable to recruit y-actin, strongly indicating that the cytoplasmatic domain of BAP31 

the association between BAP31 and y-actin was the result of specific interactions. 
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Figure 4.1. BAP3I, but not BAP29, is cleaved during Fas-mediated apoptosis. (A) Schematic 
representation of human BAP3I, the p20 caspase cleavage product, and BAP29 in the ER membrane. Both 
BAP3I and BAP29 contain three transmembrane domains, a cytosolic tail containing a coiled coil domain 
(boxed region), and terminate with a canonical KKXX ER retrieval sequence_ The caspase-8 recognition 
sites in BAP3I are shown. (B) KB cells were untreated or stimulated with 500 ng/ml anti-Fas activating 
antibody (CHII) and 10 jlg!mJ cyciohexamide (CHX) for 7 h and celilysates were analyzed by SDS-PAGE 
and irnmunoblotting with anti-BAP3I (left) or anti-BAP29 (right) polyclonal antibodies. The positions of 
BAP3I, its p27 and p20 cleavage products, and BAP29 are indicated. (C) Adenoviral expressed p20-HA 
(Adp20) localizes to the ER. HI299 cells were infected with Adp20 for 20 h then fixed and double stained 
with anti-HA and anti-calreticulin antibodies or anti-HA and anti-TOM20 antibodies. 
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DEVD-amc and by processing ofprocaspase-3, in many cell types including KB, H1299, 

Hela and Rat! cells (Fig 4.2B, and data not shown). The mechanism of this caspase 

activation seemed to occur via the classical mitochondrial apoptosome stress pathway. 

For example, p20 expression resulted in the insertion ofBAX into the OMM, homo-

oligomerization ofBAK, and release ofcyt.c from mitochondria in the presence of the 

pan-caspase inhibitor, zVAD-frnk (Fig. 4.2C and unpublished data). In contrast, p20

induced caspase activation was abrogated in APAF-l-null cells (supplemental Figure 4.1). 

Control adenovectors expressing either LacZ or the reverse tet transactivating protein 

(RTA) did not cause any of the aforementioned apoptotic changes (data not shown). 

Inhibition of caspases using zVAD-frnk, or overexpression ofBCL-2 or BCL-xL, blocked 

downstream morphological features of apoptosis including loss of plasma membrane 

integrity as assessed by trypan blue uptake (Fig 4.2D). In the absence of these inhibitors 

cells showed typical signs of apoptosis, including nuclear condensation and 

fragmentation, membrane blebbing and cell surface exposure of phosphatidlyserine (data 

not shown). 

p20 strongly heterodimerizes with full length BAP31 (Nguyen et aI., 2000) and, 

therefore, might cause apoptosis by exerting a dominant negative influence on 

endogenous BAP31 or BAP29. As shown in Figure 4.2E, however, cell death was 

observed in Bap31- or Bap29, 31-double deleted mouse cells (Breckenridge et aI., 2002) 

infected with Adp20, demonstrating that p20 has an intrinsic proapoptotic activity at the 

ER that is separate from the functions ofBAP31 and BAP29. Moreover, VSV-G export 

from the ER occurred at 22h post-Adp20 infection, suggesting that p20 does not exert a 

gross influence on ER-Golgi trafficking at this early time (supplemental Figure 4.2). 
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Figure 4.2. Prolonged expression ofp20 induces mitochondrial apoptosis. (A) Expression ofp20 in KB 
cells. Cells were infected with Adp20 and celllysates collected and analyzed by immunoblotting at the 
times indicated post-infection. (B) KB and Hl299 cells were infected with Adp20 and effector caspase 
(DEVDase) activity was measured at the indicated times post-infection by the ability of celllysates to 
hydrolyze the fluorogenic caspase substrate DEVD-amc. Shown is a representative experiment. (C) KB 
cells were mock infected or infected with Adp20 for 35-40 h in the absence or presence of 50 /LM zVAD
fink and equivalent amounts of post-mitochondrial supernatants were analyzed for the presence of cyt.c by 
SDS-PAGE and immunoblotting. The membrane was reprobed with anti-actin antibody to confmn equal 
loading. (D) Parental KB cells, or KB cells stably over-expressing BCL-2 or BCL-xLwere mock infected 
or infected with Adp20, in the absence or presence of 50 /LM zVAD-fink, and at 45 h post infection cell 
death was assessed by trypan blue staining. Shown is mean ± SD of 3 independent experiments. (E) Wt, 
Bap31-null and Bap29, 31-null mouse ES cells were treated and analyzed as in (D). 

Collectively, these results indicate that p20 can activate mitochondrial apoptosis. It is 

noteworthy, however, that this pathway did not culminate until at least 30-40 h post-

infection (Fig. 4.2), whereas ectopic tBID induces cyt.c release within several hours of its 

expression (Li et aI., 1998). A more relevant function for p20 in physiological cell death, 

therefore, might relate to an early sensitization of mitochondria to a co-stimulus. 

132� 



4.5.3 p20 sensitizes mitochondria to caspase-8-induced cyt.c release. 

Given that BAP31 is a caspase-8 substrate, p20 might cooperate with other 

products generated by caspase-8, such as tBID, to enhance mitochondrial dysfunction. 

According to this model, immediately after its expression p20 should activate a signal that 

is slow to induce cyt.c release on its own, but able to synergize with other apoptotic 

signals during Fas-mediated apoptosis. Therefore, we investigated whether p20 could 

enhance caspase-8-driven cyt.c release. Death receptor-dependent caspase-8 activation 

was mimicked by infecting Hl299 cells with adenovector expressing triplicate copies of 

Fpk (a mutant ofFKBP) fused to the catalytic subunits of caspase-8 (AdMFpk3FLICE) 

(Muzio et aI., 1998). Following its expression in cells, oligomerization and autoactivation 

of the caspase-8 fusion protein was induced with the Fpk-dimerizing compound, 

FKI012Z. This approach has the benefit of delivering synchronized caspase-8 signals to 

cells without stimulating caspase-8-independent pathways activated by death receptors 

(Schulze-Osthoffet aI., 1998; Wang et aI., 2001). In figure 4.3, H1299 cells were co

infected with AdRTA (control adenovector) and AdMFpk3FLICE, or with Adp20 and 

AdMFpk3FLICE. 16h post-infection, a time when Adp20 alone did not induce cyt.c 

release or caspase activation (Figs 4.2 and 4.3), the cells were exposed to a short 

treatment (45 or 90 min) with FKI012Z or vehicle (DMSO) alone, and the mitochondrial 

and post-mitochondrial fractions isolated. Compared to caspase-8 activation in the 

presence of the control protein RTA, caspase-8 activation in the presence of ectopic p20 

strongly induced release of cyt.c to the cytosol (Fig 4.3A), but it did not affect the amount 

of caspase-8 generated tBID that was recovered in the mitochondrial fraction (Fig 4.3B). 

In all cases, equivalent amounts ofMFpk3FLICE were produced (not shown). These 
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results suggest, therefore, that p20-mediated signals from the ER might cooperate with 

other caspase-8 generated signals to increase cyt.c release from mitochondria. 
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Figure 4.3. p20 sensitizes mitochondria to caspase-8-induced cyt.c release. H1299 cells were mock 
infected, or co-infected with AdRTA (control) and AdMFpk3FLICE or Adp20 and AdMFpk3FLICE. 16 h 
post-infection, FK10 12Z or vehicle alone (DMSO) were added for 45 or 90 min and the amount of cyt.c in 
the post-mitochondrial supernatant and tEID in the mitochondrial fraction were assessed by SDS-PAGE 
and western blot. The intensity of the cyt.c and tBID signals, relative to loading controls, was determined 
using lmageQuant™ software (Amersham) and is expressed in arbitrary units. Shown is a representative of 
three independent experiments. 

4.5.4 p20 mediates its effect through an early release of Ca2 
+ from the ER. 

We next sought to identify the early ER signaling events following p20 

expression. Release of Ca2 
+ from the ER occurs as an early event during many forms of 
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apoptosis, including the Fas pathway, and Ca2 
+ has been implicated as a second 

messenger between ER and mitochondria during apoptosis (Breckenridge and Shore, 

2002; Hajnoczky et aI., 2000). We tested whether p20 expression altered ER Ca2 
+ 

homeostasis by loading Adp20 infected cells with the Ca2 
+ sensitive fluorescent indicator 

Fura-2AM and measuring the increase in cytosolic Ca2 
+ that results from thapsigargin

(TG) induced depletion ofER stores. TG invokes an immediate emptying ofER Ca2 
+ 

stores to the cytosol by irreversibly inhibiting SERCA pumps that normally maintain the 

concentration ofER Ca2
+ ([Ca2

+]ER) several orders of magnitude above that of the cytosol 

([Ca2+]c). Figure 4.4A reveals that expression ofp20 in H1299 cells in the presence of 

zVAD-fmk caused an early, time-dependent decrease in ER Ca2 
+ stores. The kinetics of 

ER Ca2 
+ release was concomitant with an increase in the concentration of mitochondrial 

Ca2+([Ca2+]m), measured by Rhod2 fluorescence. These changes in ER and 

mitochondrial Ca2 
+ levels could be measured as early as 12-14 h post-infection (i.e. 2-4 h 

after p20 protein appears, Fig 4.2A) making them the earliest events we observed in the 

p20 pathway. 

To determine whether the release ofER Ca2 
+ affected early responses of 

mitochondria to p20, we examined the consequence of inhibiting Ca2 
+ signaling between 

the ER and mitochondria. We began by adopting two experimental conditions that reduce 

the amount ofCa2 
+ that could be released from the ER by p20 (Pinton et aI., 2001}. In the 

first case, H1299 cells were incubated with a low concentration ofTG (50 nM). Addition 

ofTG resulted in an immediate emptying ofER Ca2 
+ stores, which remained depleted for 

over 24 h (supplemental Figure 4.3A). In a second approach we took advantage ofthe 

ability ofBCL-2 to lower the [Ca2
+]ER by increasing the passive leak of Ca2

+ from the 

organelle (Foyouzi-Youssefi et aI., 2000; Pinton et aI., 2000). However, to minimize the 
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antiapoptotic activity of BCL-2 at the mitochondria, we created H1229 cells stably 

overexpressing BCL-2 selectively targeted to the ER with the membrane insertion sequence 

of cytochrome b5 (H1299 b5-BCL-2) (Zhu et aI., 1996). H1299 b5-BCL-2 cells had an 

approximately 40% reduction in resting ER Ca2 
+ levels, resulting in a substantial decrease 

in the total amount ofCa2 
+ released in response to Adp20 (supplemental Figure 4.3B). We 

also tested the effect two pharmacological agents: BAPTA-AM, a cytosolic Ca2 
+ chelator 

that can inhibit Ca2 
+ transmission between the ER and mitochondria (Byrne et aI., 1999; 

Sharma et aI., 2000), and Ru360, an inhibitor of mitochondrial Ca2 
+ uptake (Matlib et aI., 

1998). 

H1299 cells treated with Adp20+zVAD-fink for 24 h and stained with cyt.c 

displayed dramatically fragmented mitochondria compared to mock-infected cells (Fig 

4.4B). Remarkably, in cells pretreated with TG or expressing b5-BCL-2, the mitochondrial 

network remained intact and highly interconnected with no signs of mitochondrial 

fragmentation (Fig. 4.4B, data not shown). Quantification of the two mitochondrial 

phenotypes revealed that TG and b5-BCL-2 reduced the number of cells showing signs of 

mitochondrial fragmentation from 52% to 10% and 13%, respectively (Fig. 4.4C). 

Pretreatment ofcells with BAPTA or Ru360 also reduced the number of cells manifesting 

fragmented mitochondria in response to p20 (Fig. 4.4C). The expression of p20 was not 

affected by any of the treatments (data not shown). TG, b5-BCL-2, BAPTA and Ru360 

also inhibited p20-induced release ofcyt.c from mitochondria, which occurred subsequent 

to fragmentation (data not shown, see below). Inhibition ofCa2 
+ transport between the ER 

and mitochondria, therefore, inhibits the effect of p20 on mitochondrial morphology and 

redistribution ofcyt.c. 
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Figure 4.4. p20-induced mitochondrial fragmentation is mediated by an ER-mitochondria Ca2 
+ signal. (A) 

Top, p20 induces a time dependent release ofCa2 
+ from the ER. Hl299 cells were infected with Adp20 in 

the presence of zVAD-fmk (50 JLM) and at the indicated times post-infection cells were loaded with Fura-2
AM in Ca2

+ free buffer and ER calcium stores were measured as the sudden difference in Fura-2 
fluorescence recorded after the addition ofthapsigargin (TG) (see Materials and Methods). Shown is the 
mean and SD of 5 independent experiments. Bottom, elevated [Ca2+]m following Adp20 infection. Hela 
cells were treated as in (A) except cells were loaded with Rhod2-AM and the [Ca2+]m was estimated as 
described in the Materials and Methods. (B) p20 induces dramatic fragmentation of mitochondria, which is 
inhibited by predepletion of ER Ca2+ stores with TG. Hl299 cells were infected with Adp20 + zVAD-fmk 
(50 IlM) in the absence or presence of 50 urn TG for 24 h and mitochondria were visualized by anti-cyt.c 
staining. Representative images are shown. (C) Reducing ER Ca2 

+ stores, chelating cytosolic Ca2 
+, or 

preventing mitochondrial Ca2 
+ uptake inhibits p20-induced fragmentation of mitochondria. As in (B) but 

Hl229 cells, or Hl299 cells pretreated with 50 urn TG, 21lM BAPTA-AM, or 20 IlM Ru360, or Hl299 b5
BCL-2 cells were infected with Adp20 + zVAD-fink for 24 h and the number of cells showing signs of 
mitochondrial fragmentation was quantified. Shown is the mean ±SD of 5 independent experiments. 
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4.5.5 p20- induced fragmentation of the mitochondrial network. 

The observation that p20 caused mitochondrial fragmentation was extended in 

Figure 4.5. p20 induced an early fragmentation of the mitochondrial network into small 

punctiform organelles in all cell types tested, including H1299, Ratl, and Hela cells (Figs 

4.4 and 4.5, and data not shown). The gross morphological changes in the mitochondrial 

network could be observed by 15-16 h post Adp20 infection (i.e. 2-3 h following the 

onset ofCa2 
+ release), a time when p20 sensitized mitochondria to caspase-8-induced 

cyt.c release (Fig. 4.3). Induction of mitochondrial fragmentation by p20 occurred in the 

absence of zVAD-frnk sensitive caspase-activation and cell shrinkage or disruption of 

microtubules. For example, Figure 4.5A shows that Rat! fibroblasts expressing 

p20+zVAD-frnk for 20 h and co-stained with anti-tubulin and anti-TOM20 antibodies 

displayed a normal microtubule distribution despite having fragmented mitochondria. 

The punctiform mitochondria could be observed in living cells stained with MitoTracker 

Red (unpublished data), indicating that fragmented mitochondria maintain membrane 

potential and were not an artifact of fixation. Co-staining of Rat1 fibroblasts expressing 

p20+zVAD-fink with antibody to cyt.c and antibody selective for the active conformation 

of BAX (Desagher et aI., 1999) revealed that the transition of mitochondria into 

punctiform organelles preceded cyt.c release and activation ofBAX. As exemplified in 

Figure 4.5B, most cells expressing p20+zVAD-fink for 25 h displayed fragmented 

mitochondria but showed no signs of cyt.c release or BAX immunoreactivity. BAX 

immunoreactivity could only be observed in apoptotic cells that had released cyt.c from 

the mitochondria, and all cells that had undergone cyt.c release stained positive for BAX. 

These results suggest that p20 induces early fragmentation of mitochondria, which 

precedes BAX activation and cyt.c release. Given that disintegration of the mitochondrial 
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network has been demonstrated to contribute to apoptotic progression (Desagher and 

Martinou, 2000; Frank et ai., 2001) but that BAXIBAK activation and cyt.c release are 

normally stimulated by BH3-only molecules (Korsmeyer et ai., 2000), it is likely that p20 

mediates its sensitizing effect by inducing early fragmentation of mitochondria. 

A B 

Mock Mock 

Adp20 Adp20 

Tubulin TOM20 cyt.c SAX (Active) 

Figure 4.5. p20 induces fragmentation of the mitochondrial network as an early event. (A) Mitochondrial 
restructuring and fragmentation occur in the absence of cell shrinkage. Ratl fibroblasts were infected with 
Adp20 in the presence of 50 JlM zVAD-fmk (to prevent caspase activation and cell detachment) for 20 h, 
fixed and double stained with anti-tubulin and anti-TOM20 antibodies. (B) Mitochondrial fragmentation 
occurs prior to activation ofBAX and cyt.c release. As in (A) except cells were infected for 25 hand 
double stained with anti-cyt.c antibody and the active conformation specific anti-BAX-NT antibody (aa 1
21 ) (Upstate). 

4.5.6 p20 induces Drpl translocation to mitochondria 

Recently, fragmentation of mitochondria during staurosporin-induced apoptosis 

was demonstrated to be dependent on mitochondrial fission mediated by Drp1 (Frank et 

ai.,2001). Therefore, we investigated whether Drpl-dependent fission played a role in 

the p20 pathway. We began by examining the subcellular localization of Drp1 because 

GFP-tagged Drp1 was shown to redistribute from a predominately cytosolic location to 
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predicted sites of division along mitochondrial tubules following treatment with 

staurosporin (Frank et aI., 2001). Figure 4.6A documents that endogenous Drpl was 

recruited to mitochondria prior to the onset of mitochondrial fragmentation in Hela cells 

treated with Adp20. Hela cells were used for this experiment because their mitochondria 

form long, clearly defined tubules ideal for colocalization studies; the results, however, 

were also confirmed in Rat1 and H1299 cells. In mock infected Hela cells Drp 1 was 

distributed throughout the cytosol and showed only minor colocalization with 

mitochondria stained with TOM20 (Fig. 4.6A), likely because Drp1 normally cycles on 

and off mitochondria continuously (Frank et aI., 2001; Smimova et aI., 2001). In 

contrast, Drp1 showed a strong colocalization with mitochondria in Hela cells infected 

with Adp20+zVAD-frnk for 17h (Fig. 4.6A, bottom panels). Enlargement of the merged 

image revealed that Drp1 formed clusters along the surface of mitochondrial tubules prior 

to the onset of fragmentation. Interestingly, in C. elegans similar clusters ofGFP-Drpl 

on mitochondrial tubules were shown to coincide with future sites of membrane scission 

(Labrousse et aI., 1999). Pretreatment ofH1299 cells with TG or expression ofb5-BCL

2 reduced the amount of endogenous Drp1 recovered in the mitochondrial fraction 

following p20 expression (Fig. 4.6B, compare lane 2 to lanes 3 and 4) and inhibited 

mitochondrial fission (Fig. 4.4C). 

4.5.7 Dominant-negative DrplK38E prevents p20-induced mitochondrial changes 

To confirm that p20 mediates its sensitizing effect on mitochondria through Drp1, 

we examined the effect of a dominant negative Drp1 mutant on p20-induced 

mitochondrial changes. Mutation of a conserved lysine (K38) in the GTP binding domain 
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Figure 4.6. Orp1 mediates p20-induced mitochondrial fission. (A) Recruitment of endogenous Orp 1 to 
mitochondria. Hela cells were mock infected (top) or infected with Adp20 (bottom) in the presence of 
zVAD-fmk and 17 h post-infection cells were fixed, double stained with anti-Orpl (green) and anti-TOM20 
(red) antibodies and imaged by confocal inununofluorescence microscopy. Enlargement of the merged 
overlay revealed that clusters of Orpl relocate along mitochondrial filaments prior to the onset of fission. 
(B) H1299 cells, H1299 cells treated with TG, or H1299 b5-BCL-2 cells were infected with Adp20+zVAD 
for 18 h and the mitochondrial fraction was isolated and analyzed for the presence of Orp1 by SDS-PAGE 
and inununoblotting. The blot was reprobed with anti-TOM20 antibody to demonstrate equal protein 
loading. 

of Drp1 is predicted to reduce GTPase activity (Bleazard et al., 1999; Smirnova et al., 

1998) and expression of such a mutant inhibits OMM scission (Labrousse et aI., 1999). 

Ectopic expression of CFP-Drph38E in Ratl cells offset the normal balance between 

mitochondrial fission and fusion and increased the connectivity of mitochondria 
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compared to untransfected cells or cells transfected with wild type CFP-Drp I (Fig. 4.7A, 

top panels, transfected [CFP-positive] cells are indicated by arrows). Overexpression of 

wild type Drpl does not induce fission in mammalian cells (Frank et aI., 2001; Smimova 

et aI., 1998) and, accordingly, Ratl cells transiently transfected with CFP-Drpl exhibited 

a normal mitochondrial phenotype and underwent fragmentation in response to Adp20 

(Fig. 4.7A). Cells transfected with CFP-Drp 1IU8E, on the other hand, resisted Adp20

induced mitochondrial fission and the highly interconnected network remained intact. As 

shown in Figure 4.7B and C, CFP-Drpl IU8E also inhibited p20-induced cyt.c release and 

caspase activation. Based on morphological criteria, the recruitment of endogenous Drp

1 to mitochondria, and dominant interference by the Drp1IU8E mutant, we conclude that 

p20 activates Drp I-dependent mitochondrial fission, sensitizing this organelle for cyt.c 

release. 

4.6 Discussion 

Engagement of the TNF receptor family of death receptors, including TNF-R I, 

Fas, Trail-Rl, and Trail-R2, with their cognate ligands leads to the recruitment and 

autoactivation of initiator procaspase-8 (Krammer, 2000). Recent studies implicate that 

caspase-8 substrates located at distinct cellular loci play key roles in mediating death 

receptor induced apoptosis. For example, caspase-8 cleavage of the BH3-only molecule 

BID promotes mitochondrial release of cyt.c and SmaclDiablo (Li et aI., 2002b; Yin et 

aI., 1999); cleavage ofRIP prevents the activation ofNF-KB survival responses (Lin et 

aI., 1999); and cleavage of the cytolinker plectin is important for disassembly of 
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Figure 4.7. Expression ofa Drpl K38E dominant negative mutant inhibits p20 induced disruption of the 
mitochondrial network. (A) Rat 1 Fibroblasts were transiently transfected with CFP-Drpl or CFP-
Drp 1K38E then either mock infected or infected with Adp20 in the presence of zVAD-fmk. 24 h post 
infection cells were fixed, stained with anti-TOM20 and analyzed by fluorescence microscopy. Cells 
expressing CFP-Drpl or CFP- Drpl K38E were identified under the cyan filter and are indicated with an 
arrow. (B) CFP- Drp 1K38E inhibits cyt.c release. H1299 cells were treated as in (B) for 36 hand 
immunofluorescence microscopy was used to assess the distribution of cyt.c in cells positive for CFP 
fluorescence. Shown is the mean ± SD of 4 independent experiments. (C) H1299 cells were transiently 
co-transfected with the indicated constructs and 36 h post transfection celllysates were collected and 
processed for DEVDase activity, shown is the mean ± SD of3 independent experiments. 

microfilaments (Stegh et aI., 2000). In this study we investigated the consequence of 

caspase-8 cleavage ofBAP31 at the ER by expressing the pro-apoptotic p20 cleavage 

fragment in cells using an adenovirus vector. This approach allowed us to isolate and 

delineate a predicted branch of the death receptor signaling cascade. Specifically, we 

found that p20 could mediate Ca2 
+-dependent apoptotic crosstalk between the ER and 

mitochondria, stimulating mitochondrial fission and sensitization of this organelle to 

• caspase-8-induced cyt.c release. 
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The importance ofBAP3l cleavage during Fas-mediated apoptosis was first 

highlighted by the observation that expression of the caspase-resistant BAP3l mutant, 

crBAP3l, strongly inhibited apoptotic membrane blebbing and release of cyt.c from 

mitochondria (Nguyen et aI., 2000), suggesting that ER-mitochondrial signaling played a 

role in this pathway. When we re-examined photographs of mitochondria in crBAP3l 

cells undergoing Fas-induced apoptosis it was apparent that mitochondrial fragmentation 

was also strongly inhibited (Nguyen et aI., 2000). Thus, full length BAP3l and p20 have 

opposing functions during Fas-mediated apoptosis, the former inhibiting mitochondrial 

fission, and egress of cyt.c from mitochondria, and the latter stimulating these events. 

Importantly, however, p20 operates independently of BAP3l and BAP29 since p20 

caused apoptosis in Bap31-null and Bap29,31-null cells (Fig. 4.2E). Therefore, caspase-8 

cleavage ofBAP3l converts it from an inhibitor to activator of cell death - a paradigm 

that has been ascribed to other caspase targets such as BCL-2 (Cheng et aI., 1997), BCL

xL (Clem et aI., 1998), and RIP (Lin et aI., 1999). 

Cleavage of BAP3l may contribute to other cell death pathways that signal 

through caspase-8. For example, we recently reported that BAP3l and BAP29 playa role 

in the recruitment and activation ofprocaspase-8L at the ER during E1A-induced 

apoptosis (Breckenridge et aI., 2002). The kinetics of procaspase-8L processing strongly 

correlated with BAP31 cleavage in response to E1A, suggesting that activated 

procaspase-8L mat hydrolyze BAP3l. The ensuing p20-induced Ca2 
+ release and 

mitochondrial fission might enhance cyt.c release by other proapoptotic regulators that 

are activated by E1A, including BIK (Breckenridge and Shore, 2000; Mathai et aI., 2002). 

144� 



Based on studies employing pharmacological modulators of Ca2 
+ signaling and 

inhibitors of apoptosis and mitochondrial fission, our results suggest that p20 induces an 

apoptotic 
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Figure 4.8. A) Proposed mechanism ofp20-induced mitochondrial fission. p20 triggers a specific Ca2 
+ 

signal from the ER that is decoded by mitochondria. Mitochondria, in turn, recruit Drp I, which initiates 
organelle fission. Lowering ER Ca2 

+ stores by pretreatment with TG or expression ofb5-BCL-2, chelating 
the Ca2 

+ released to the cytosol with BAPTA, blocking mitochondrial uptake of Ca2 
+ with Ru360, or 

inhibition ofDrpl by expression ofDrplK38E all prevent p20-induced mitochondrial fission. B) A model 
depicting how in intact cells cleavage of BAP31 at the ER sensitizes mitochondria to caspase-8-driven cyt.c 
release. Stimulation of Fas leads to caspase-8 dependent processing of BAP31 and BID, generating p20 
and tBID. tBID translocates to mitochondria where it induces the oligomerization ofBAX/BAK into pores 
in the OMM. Simultaneously, p20 triggers ER Ca2 

+ release, causing Drp-l translocation to mitochondria 
and subsequent organelle fission, enhancing the release of cyt.c to the cytosol. 

pathway between the ER and mitochondria (Fig. 4.8A). This is initiated by ER Ca2+ 

release coupled to mitochondrial Ca2 
+ uptake. Importantly, it has been demonstrated that 

Drp1 recruitment to mitochondria initiates fission (Labrousse et aI, 1999; Smimova et aI, 

2001). Since either the lowering ofER Ca2 
+ stores, or chelating cytosolic Ca2+, or 
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preventing mitochondrial Ca2+uptake all prevented p20-induced fission of mitochondria, 

it is likely that ER-mitochondrial Ca2+transmission acts upstream ofDrpl translocation in 

this context. Drpl recruitment is likely mediated by an OMM receptor protein(s), and 

this complex likely cooperates with inner mitochondrial membrane reorganizing 

enzyme(s) to mediate organelle fission (Shaw and Nunnari, 2002). ER and Mitochondrial 

membranes are often in close proximity and privileged Ca2+exchange between the two 

organelles has previously been implicated during apoptosis. For example, IP3 Receptor 

and Ryanodine receptor mediated Ca2+spikes that modulate mitochondrial metabolism in 

healthy cells also sensitize mitochondria to proapoptotic stimuli during cell death (Szalai 

et aI., 1999; Hajnoczky et aI, 2000). Moreover, manipulations that increase [Ca2+]ER also 

increase agonist-induced Ca2+ spikes and enhance mitochondrial cyt.c release and 

apoptosis whereas a lowering ofER Ca2+stores has the opposite effect (Nakamura et aI., 

2000; Pinton et aI., 2001). Modulation of the frequency, amplitude and spatio-temporal 

pattern of ER Ca2+ release during apoptosis may determine how mitochondria respond to 

Ca2+ signals (Berridge et aI., 2000; Pacher, et aI, 2001). Our results suggest that caspase 

cleavage ofBAP31 may be one mechanism to generate such proapoptotic ER

mitochondrial Ca2+-dependent crosstalk in the Fas pathway. 

In isolation, p20 caused ER Ca2+release immediately after its expression and 

Drpl redistribution and mitochondrial fission were apparent within several hours of this 

event but BAX activation, cyt.c release, and caspase activation were significantly 

delayed. Therefore, in the absence of a parallel BH3-dependent hit, mitochondria 

undergo fission in response to p20 and probably remain in a fragmented state (without 

releasing cyt.c) until a second signal responds and activates BAX/BAK. In a normal 

death receptor signaling context, however, simultaneous processing ofBAP31 and BID 
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by caspase-8 would be predicted to mount a dual attack on mitochondria, with p20 

causing mitochondrial fission and tBID inducing cristae remodeling and activation of 

BAX and BAK (Scorrano et aI., 2002) (Fig. 4.8b). Apoptotic cristae remodeling and 

mitochondrial fission may be intimately linked since cristae reorganization occurs during 

normal fission and fusion events in healthy cells (Bereiter-Hahn and Voth, 1994; Shaw 

and Nunnari, 2002) and mitochondrial fission is a requisite for cyt.c release (Frank et aI., 

2001). A "two hit" model in which an ER-mitochondrial Ca2 
+ signal and a direct 

mitochondrial insult synergize to promote the mitochondrial phase of apoptosis likely 

functions in other apoptosis pathways (Pinton et aI., 2001; Szalai et aI., 1999). Of note, 

tBID was reported to induce caspase-independent mitochondrial fragmentation on its own 

(Li et aI., 1998) and, therefore, p20 signaling may not be an obligate requirement for cyt.c 

release on the death receptor pathway but rather a sensitizer of this event. Indeed, the 

combined actions of p20 and tBID could cooperate in vivo since p20 strongly enhanced 

the ability of caspase-8 to promote cyt.c release without affecting the extent of BID 

cleavage (Fig. 4.3). This duality in signaling may be particularly relevant in 

physiological situations where apoptotic stimuli are sub-optimal or are countered by 

opposing survival signals and the fate of the cell hinges upon the balance ofproapoptotic 

and antiapoptotic signals received by mitochondria. 
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4.7 Supplemental Data 

Supplemental Figure 1 
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Supplemental Figure 4.1. p20 induces cyt.c release but not caspase activation in APAF-l -/- mouse 
embryonic fibroblasts (MEFs). (A) APAF-l -/- or APAF-l +/+ MEFs (Yoshida et ai., 1998) were mock 
infected or infected with Adp20 for 40 h and the presence of cyt.c in the mitochondrial fraction was 
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assessed by immunoblotting. (B) As in (A) except cell1ysates were tested for caspase-3 processing using 
an antibody specific for the active p 17 subunit. (C) As in (B) except cell1ysates were tested for DEVDase 
activity (mean and standard deviation of3 independent experiments) 

Supplemental Figure 2� 

Mock Adp20� 

Supplemental Figure 4.2. Adp20 infection does not affect ER-G01gi trafficking. He1a cells were 
transfected with temperature-sensitive VSV-G-EGFP for 20 h, then mock infected or infected with Adp20 
for an additional 22h. Cells were cultured at 40°C to prevent the transport ofVSV-G-EGFP out of the ER, 
and where indicated cells were transferred to 37°C for 1 h to promote VSV-G-EGFP trafficking through the 
secretory pathway. 
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Supplemental Figure 3 
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Supplemental Figure 4.3. A) Lowering of resting ER Ca2 
+ stores with TG. Left, H1299 cells were left 

untreated or incubated in presence of 50 nM TG and zVAD-fink for 24 h and the ER Ca2 
+ content was 

assessed as decribed in Materials and Methods. Shown is a representative trace. B) overexpression ofb5
Bcl-2 lowers the ER Ca2 

+ content. ER Ca2 
+ stores were assessed in mock or Adp20 + zVAD-fink (24 h) 

treated H1299-neo cells or in Hl299 b5-Bcl-2 cells (mean ±SD of 4 experiments). Immunofluorescence 
microscopy conflrmed that b5-Bcl-2 was located exclusively at the ER (data not shown). 
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Chapter 5� 

Intact BAP31 Inhibits Fas-Induced Release of Calcium� 

from the Endoplasmic Reticulum and Cytochrome c� 

from Mitochondria in Intact Cells� 
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5.1 Rationale 

The experiments in chapter 4 revealed that the caspase-cleavage product of 

BAP31 can drive a Ca2 
+ signal between the ER and mitochondria, which ultimately 

sensitizes mitochondria to caspase-8-induced cyt.c release. It is plausible, therefore, that 

the protective effect of crBAP31 against cell death is primarily due to a block in this ER

mitochondrial Ca2 
+ signal. In this chapter, we investigated whether crBAP31 does indeed 

influence Fas-induced mobilization ofER Ca2 
+ stores and the effect of crBAP31 on the 

specific sequence of biochemical events that leads to cyt.c release from mitochondria on 

the Fas pathway. Another important question that was addressed in chapter 5 is whether 

crBAP31 exerts its protective effect by inhibiting the proapoptotic function of p20 

(derived from cleavage of endogenous BAP31), or whether full-length (intact) BAP31 has 

a bonafide antiapoptotic function prior to its cleavage and conversion to the proapoptotic 

p20 fragment. 

5.2 Abstract 

BAP31 is a polytopic integral protein of the endoplasmic reticulum (ER) 

membrane and, like BID, is a preferred substrate of caspase-8. Upon Fas/CD95 

stimulation, BAP31 is cleaved within its cytosolic domain, generating a pro-apoptotic p20 

fragment that triggers Ca2 
+ transfer between the ER and mitochondria and stimulates 

large-scale fission of the mitochondrial network. In human KB epithelial cells expressing 

the caspase-resistant mutant crBAP31, Fas-induced release of ER Ca2 
+ stores was 

inhibited, but a late and sustained elevation in cytosolic Ca2 
+ was unaffected. In crBAP31 

cells, Fas stimulation still resulted in cleavage ofBID and insertion ofBAX into 
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mitochondrial membrane, but subsequent oligomerization ofBAX and BAK, egress of 

cyt. c to the cytosol, and apoptosis were impaired. Bap31-null mouse cells expressing 

crBAP31 cannot generate the endogenous p20 BAP31 cleavage product, yet crBAP31 

conferred resistance to cellular condensation and cyt. c release in response to activation of 

ectopic FKBP-casp8 by FK1012Z. Full length BAP31, therefore, is an inhibitor of these 

caspase-8 initiated events. Taken together out results suggest that caspase cleavage of 

BAP31 converts it from an inhibitor to activator of Ca2 
+-dependent proapoptotic cross

talk between the ER and mitochondria. 

5.3 Introduction 

An emerging model for the regulation of apoptosis posits that Bcl-2 family 

members regulate and integrate upstream death signals that ultimately cause a breach in 

the mitochondrial outer membrane, releasing factors that contribute to the cell's demise 

(Bouillet and Strasser, 2002; Korsmeyer et al., 2000). Although multiple extrinsic and 

intrinsic pathways likely converge on mitochondria to achieve this end, the coupling of 

mitochondrial responses to upstream stimuli has been most intensively investigated for 

apoptosis initiated by cell surface death receptors. Activation of the FasfCD95 signaling 

complex, for example, causes recruitment and processing of the two major isoforms of 

procaspase-8, -8fa and -81b (Scaffidi et al., 1997). The resulting caspase-8 holoenzyme 

can then initiate a downstream cascade of events, including direct processing of effector 

procaspases such as procaspase-3, at least in certain contexts (Huang et aI., 2000; Scaffidi 

et al., 1998; Scaffidi et aI., 1999). An additional target of caspase-8, however, is the pro

apoptotic BH3-only member of the Bcl-2 family, BID (Gross et al., 1999b; Li et al., 1998; 
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Luo et aI., 1998). Caspase-8 cleavage of BID generates tBID, which inserts into the 

mitochondrial outer membrane where its exposed BH3 death ligand drives the release of 

cyt.c from the organelle (Wei et aI., 2000). In addition to recruiting BAX into the outer 

membrane bilayer (Eskes et aI., 2000; Ruffolo et aI., 2000), mitochondrial tBID induces 

intramembrane oligomerization ofBAX (Antonsson and Martinou, 2000; Eskes et aI., 

2000) and BAK (Wei et aI., 2000; Wei et aI., 2001), causing these pro-apoptotic Bcl-2 

members to form a proposed conduit for cyt. c egress from the organelle (Korsmeyer et 

aI., 2000). Once released, cyt.c becomes an integral constituent of the apoptosome, 

resulting in further amplification of a caspase cascade (Budihardjo et aI., 1999). 

Consistent with an essential but redundant role for BAX and BAK in these tBID

dependent events, Bax and Bak double knock out mouse cells, but not single knock outs, 

remain refactory to ectopic tBID. In view of the fact that several other caspase-8 

preferred substrates have been identified (Lin et aI., 1999; Nguyen et aI., 2000; Stegh et 

aI., 2000), however, an obvious question concerns the contribution they might make to 

Fas signaling pathways. 

Human BAP31 is a 28 kDa polytopic integral protein of the endoplasmic 

reticulum (ER) and part of a large BAP hetero-oligomeric complex that includes the 

related BAP29 protein and connections to actomyosin (Breckenridge et aI., 2002; Kim et 

aI., 1994; Ng et aI., 1997; Nguyen et aI., 2000). In addition to its role in the recruitment 

and regulation of the novel procaspase-8 isoform, procaspase-8L, in response to apoptotic 

signaling by oncogenic EIA (Breckenridge et aI., 2002), BAP3l itself is a preferred 

substrate for caspase-8 (Ng et aI., 1997). Cleavage occurs at two identical sites 

(AAVD.G) in the human protein that flank the DECC (death effector-like coiled coil) 

domain within the cytosolic disposed COOH-terminal tail ofBAP31 (Ng et aI., 1997; 
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Nguyen et aI., 2000). As a first step to investigate the contribution ofBAP31 cleavage 

during apoptosis, we recently established a KB epithelial cell line that expresses caspase

resistant (cr) BAP31, in which the caspase-recognition asp residues have been mutated to 

ala. Caspase-8 activation that is independent ofBAP31 in these cells is then achieved by 

stimulating the Fas death-inducing signaling complex (DISC) (Nguyen et aI., 2000). In 

this system, crBAP31 provided a remarkably pleiotropic resistance to Fas-mediated 

cytoplasmic apoptosis despite the fact that it had little influence on processing of 

procaspases-8/a and -81b and activation of downstream effector caspases. In contrast, 

apoptotic membrane blebbing/fragmentation and redistribution of actin were strongly 

inhibited, the cells retained a near normal morphology, and irreversible loss of cell 

growth potential following removal of the Fas stimulus was delayed (Nguyen et aI., 

2000). Preservation of full length BAP31 in the face of Fas stimulation also restrained 

the release of cyt.c from mitochondria (Nguyen et aI., 2000). These results suggest, 

therefore, that cleavage ofBAP31 during Fas-mediated cell death might regulate a 

proximal step that impacts mitochondrial function and cytoplasmic apoptosis. 

Mobilization ofER Ca2 
+ stores is an early hallmark response to many death 

signals, including death receptor stimulation, where it contributes to multiple aspects of 

apoptosis progression (Jayaraman and Marks, 1997; McConkey and Nutt, 2001; Pu and 

Chang, 2001; Scoltock et aI., 2000). Large and sustained global elevations in cytosolic 

Ca2 
+ have also been observed during apoptosis (McConkey and Nutt, 2001). Altered 

cellular Ca2 
+ homeostasis may regulate a number of apoptotic processes, including the 

activation of signal transducing enzymes such as calpains and calcineurin (Ferrari et aI., 

2002; Wang, 2000). In addition, privileged Ca2 
+ transport between the ER and 

mitochondria contributes to sensitization of mitochondria to BH3-dependent cyt.c release 
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(Csordas et al., 2002; Hajnoczky et al., 2000a). Since BAP31 is a caspase-8 target 

located at the ER, its cleavage may thus impact ER Ca2 
+ homeostasis, as well as other 

possible pathways of the ER that regulate apoptosis. Consistent with this hypothesis, we 

recently reported that the p20 caspase cleavage product of BAP31 can trigger ER Ca2 
+ 

release, which is coupled to increased mitochondrial Ca2+ uptake and subsequent large 

scale fission of mitochondria (Breckenridge et al., 2003). Here, we report that crBAP31 

is infact an inhibitor of Fas-induced mobilization ofER Ca2 
+ stores. Furthermore, using 

Bap31-deleted mouse cells we provide evidence that full length BAP31 operates as a 

direct inhibitor of caspase-8-initiated events rather than operating to sequester the p20 

pro-apoptotic cleavage product ofBAP31, with which it otherwise interacts. 

5.4 Materials and Methods 

General - The routine procedures used in this study for measuring apoptotic cell death by 

microscopic examination of uptake oftrypan blue, generation of cellular fractions, SDS 

PAGE, immunoblotting and development of blots by enhanced chemoluminescence, and 

assays to measure release of cytochrome c from mitochondria, have been documented in 

earlier publications (Goping et al., 1998; Ng et al., 1997; Nguyen et al., 2000; Ruffolo et 

al.,2000). 

Antibodies - The following antibodies were used in this study: chicken anti-human 

BAP31 (Ng et al., 1997) and anti-human TOM20 (Goping et aI., 1995); rabbit polyclonal 

antibody raised against recombinant A4 C-terminus (aa 132-152); rabbbit anti-human 
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BAK (Upstate); mouse anti-Flag (Sigma); rabbit polyclonal antibodies against the p18 

catalytic subunit of caspase-8 (gift from D. Nicholson) and y-actin (gift from P. Braun); 

rabbit polyclonal antibody raised against the p15 caspase cleavage product of 

recombinant BID and purified by affinity selection; mouse monoclonal antibody against 

pigeon cytochrome c (Pharmingen); rabbit antibody against human BAX aa 1-21 

(Upstate) or aa 1-20 (Santa Cruz). 

Cells and Transfections - Human KB epithelial cell lines expressing wt BAP31-Flag or 

crBAP31-Flag were created and cultured as described previously (Nguyen et aI., 2000). 

Differentiated Bap31-null mouse ES cells were created as described (Breckenridge et aI., 

2002). Stable expression of crBAP31-Flag in differentiated Bap31-null cells was 

established by transfection (Nguyen et aI., 2000) using lipofectAMINE 2000 (Gibco BRL 

, following manufactures protocol) and cells cultured in KNOCKOUT D-MEMTM (Gibco 

BRL) in the presence of 150 Ilg/ml G418. Clones were isolated that expressed crBAP31

Flag at levels similar to the level of Bap31 expressed in wt cells. 

Activation ofFKBPcasp8 by the Dimerizing Compound FK1 012z - The expression 

vectors MFpk3FLICE (Muzio et aI., 1998) and pcDNA3-GFP were transiently co

transfected into differentiated Bap31-null or wt mouse ES cells. After 24 h, solvent 

(mixture of50% ethanol and 50% DMSO) containing or lacking FKI012z (final 

concentration, 1.0 nM), a derivative ofFKI012 prepared by olefin metathesis using a 

modification of the procedure described by Diver and Schreiber (Liberles et aI., 1997), 
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was added. At the indicated times, cells were collected and 25 J.lg oftotallysates were 

subjected to SDS PAGE and immunoblotting using anti-HA antibody. 

Immunofluorescence - For stable cell lines, cells were grown on coverslips for 24 hours. 

They were treated with 0.5 Ilg/ml a-human Fas activating antibody (Upstate) in the 

presence of 10 J.lg/ml cycloheximide for the indicated times. Cells were fixed in 4% 

paraformaldehyde, and immunostained as described elsewhere (Nguyen et aI., 2000). 

Cells were visualized by confocal microscopy or by Nikon TE-FM Epi-fl microscopy. 

For analysis of the Bap31-null cells or their derivatives, the cells were grown on glass 

coverslips for 24 h. They were transfected , using lipofectAMINE 2000 , with 0.2 flg 

pCMS-EGFP (Clonetech) and 0.8 J.lg MFpk3FLICE (Muzio et aI., 1998) per coverslip. 24 

h later, they were treated with or without FKlOl2z and the cells subsequently fixed at the 

indicated times with 4% paraformaldehyde . Similarly, Cos 1 cells were transfected with 

0.5J.lg of A4-HA and 0.5J.lg ofBAP31-Flag per coverslip for 24 hours before fixing and 

immunostaining . Nuclei were stained with DAPI and fluorescence analyzed by confocal 

microscopy or by Nikon TE-FM Epi-fl microscopy. 

Ca2 
+ measurements - ER Ca2 

+ stores were evaluated exactly as in chapter 4. Indo-l AM 

was used to measure Fas-induced increase in cytosolic Ca2
+ by flow cytometry. Breifly, 

cells were collected at the indicated times following stimulation with Fas/CHX, washed 

once in PBS, then loaded with 2 J-tM Indo-l in EBSS for 30 min at 37°C. Cells were then 

washed three times in EBSS and calcium levels were measured as the ratio of Indo-l 

fluorescence emission at 400 nm and 480 nm at an excitation wavelength of 365 nm. 
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5.5 Results 

5.5.1 crBAP31 

The schematic in Fig. 5.IA depicts the topology of human BAP31 in the 

membrane of the ER and denotes the two identical caspase recognition sites (AAVD.G) 

flanking the cytosolic disposed DECC domain in the protein (Ng et aI., 1997; Nguyen et 

aI., 2000). Cleavage at these sites generates the products p27 and p20 (Fig. 5.1B). In 

contrast to the human protein, murine BAP31 lacks the distal caspase cleavage site and 

generates only the p20 product during apoptosis (data not shown). Human crBAP31-Flag 

was created by mutating the two caspase recognition aspartate residues to alanine, and 

inserting the Flag epitope immediately upstream of the canonical KKEE ER retrieval 

signal located at the extreme COOH-terminus of the protein. Human KB epithelial cell 

lines were established that stably express crBAP31-Flag at levels 2- to 3-fold higher than 

that of the endogenous BAP31 protein (Nguyen et aI., 2000). Upon stimulation of these 

crBAP31-Flag cells with 0.5 Ilglml agonistic antibody against Fas/CD95, in the presence 

of 10 Ilglml cyclohexamide (CHX) to enhance sensitivity to Fas activation (Scaffidi et aI., 

1999), caspases, including caspase-8 and caspase-3, are activated. As a result, caspase 

targets such as endogenous BAP31 and poly(ADP ribosyl-) polymerase (PARP) are 

cleaved (Nguyen et aI., 2000). 

As documented in Fig. 5.IB, the time course for this Fas-induced cleavage of 

endogenous BAP31 was very similar for wt parental KB cells and KB cells expressing 

crBAP31-Flag, indicating that activity of upstream caspase is similar in the two cell 

types. Moreover, the two cell types express equivalent levels ofFas receptor (as 

determined by immunoblot, not shown) and, following stimulation, process 
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Figure 5.1. Cleavage of BAP31 following stimulation of death receptors. (A) Topology of BAP31 in the 
ER membrane. The presence of charged residues in the predicted transmembrane segments are indicated by 
+ and -. To create crBAP31, the caspase-recognition asp (D) residues were converted to ala (A) (asterisks); 
the Flag epitope sequence was inserted immediately upstream of the KKEE ER retrieval signal located at 
the COOH-terminus. DECC, weak geath !<ffector and overlapping foiled £oil domain. Hetero-oligomer of 
ectopic p28 crBAP31-Flag and endogenous p20 BAP31 is shown on the right. (B) crBAP31 resists Fas
induced caspase cleavage. Wt parental (control) KB cells (upper panel) or KB cells expressing crBAP31
Flag (lower panel) were stimulated with 0.5 /lg/rnl anti-Fas (a Fas) antibody in the presence of 10 /lg/rnl 
cyclohexarnide (CHX) for the indicated times, and whole celllysates were subjected to SDS PAGE, 
immunoblotted with chicken anti-BAP31 (a BAP31) antibody. (C) Parental KB cells (Wt) or KB cells 
expressing crBAP31-Flag were stimulated for 7 h with the indicated concentrations of Fas in the presence 
of 10 /lg/rnl CHX and analyzed for apoptotic index (% trypan blue positive apoptotic cells ± standard 
deviation for 3 independent determinations). (D) MCF-7 cells were treated with TNFa/CHX and at the 
indicated times aliquots of whole celllysates containing equivalent amounts of protein were subjected to 
SDS PAGE and immunoblotted with antibodies (a) against p18 caspase-8 (upper two panels, showing 
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unprocessed procaspase-8/a and -81b and the processing intennediates p24 and p26), anti-BAP31, which 
detects full length BAP31 as well as the p27 and p20 cleavage products (middle two panels), and anti-BID, 
which also weakly detects pIS tBID (lower two panels). (E) KB cells expressing crBAP31-Flag were 
stimulated with or without 0.5 ~g/ml anti-Fas (0: Fas) antibody in the presence of 10 ~g/ml CHX for 7 h 
and total celllysates subjected to immunoprecipitation with anti-Flag antibody. The resulting precipitates 
were resolved by SDS PAGE and immunoblotted with chicken anti-BAP31. 

procaspase-8/a and -81b to a similar extent (Nguyen et aI., 2000). In contrast to 

endogenous BAP31, however, crBAP31-Flag was not cleaved (Fig. 5.1B) and cells 

expressing crBAP31-Flag resisted apoptotic membrane blebbing (Nguyen et aI., 2000) 

and loss of cell viability as assessed by the uptake of trypan blue (Fig. 5.1 C), despite the 

fact that caspases are active in these cells. Caspase cleavage of the endogenous BAP31 in 

crBAP31-Flag-expressing cells generated the pro-apoptotic fragment, p20 BAP31 (Fig. 

5.1 B); however, this truncated p20 BAP31 product associated with excess crBAP31-Flag 

(Fig. S.lE) and remained non-toxic (unpublished). 

In vitro, BAP31 exhibits a marked preference for cleavage by caspase-8 rather 

than by caspase-3 (Ng et aI., 1997). To extend this to a cellular context, MCF-7 

mammary epithelial cells lacking caspase-3 were stimulated with TNFa, which leads to 

high levels of caspase-8 activity but low or insignificant activation of caspases-l, -2, -3, 

5, -6, -7, -9, or -10 (Janicke et aI., 1998; Stegh et aI., 2000). As shown in Fig. 5.1D, 

TNFa stimulation ofMCF-7 cells caused procaspase-8/a and -81b to be processed, which 

correlated with the detectable cleavage of both BAP31 and BID. Thus, caspase-8 

generates BAP31 and BID cleavage products as early events following TNFa receptor 

activation in intact MCF-7 cells. 
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5.5.2 Full Length BAP31 Is an Inhibitor of Caspase-8-Induced Release of cyt.c from 

Mitochondria in Intact Cells 

To test the ability of full length BAP31 to directly inhibit the apoptotic pathway 

initiated by caspase-8, crBAP31-Flag was reconstituted in mouse cells deleted of the 

Bap31 gene (Breckenridge et aI., 2002; S. Kuppig and M. Reth, unpublished), and the cyt. 

c release pathway initiated by chemical activation of caspase-8. Since these Bap31-null 

cells do not express endogenous (i.e., cleavable) BAP31, their resistance to caspase-8 

cannot be explained by the ability of crBAP31 to sequester the pro-apoptotic p20 

cleavage product of endogenous Bap31 (Fig. 5.1A,E). The response of Bap31

null/crBAP31-Flag cells was compared to that ofBap31-null cells as control; again, the 

latter CaIUlot generate the pro-apoptotic cleavage product of endogenous Bap31, which 

could contribute to the outcome. MFpk3FLICE, a vector expressing a fusion protein in 

which triplicate copies ofFKBP and an HA tag replace the prodomain ofprocaspase-8 

(Muzio et aI., 1998), was transiently transfected into Bap31-null and Bap31

null/crBAP31-Flag cells, together with vector expressing Green Fluorescent Protein 

(GFP). 24 h later, cells were treated with the FKBP dimerizing chemical, FK1012Z, 

which initiates aggregation and autoactivation of the casp8 fusion protein (Muzio et aI., 

1998), or the cells were treated with vehicle alone. Commensurate with processing of 

FKBP-caspase-8 (Fig. 5.2C), co-transfected GFP-expressing Bap31-null cells lacking 

crBAP31-Flag rapidly condensed whereas those expressing crBAP31-Flag resisted this 

apoptotic response (Fig. 5.2A and 5.2B). Moreover, cyt.c remained punctate in cells 

expressing crBAP31 and treated with FK1012z, whereas it was found diffuse throughout 

the apoptotic cells lacking crBAP31 (Fig. 5.2D and 5.2E). In both cell types, however, 

similar levels and processing of ectopic MFpk3FLICE in response to FK1012Z were 
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Figure 5.2. crBAP31 inhibits caspase-8-induced cellular condensation and cytochrome c release from 
mitochondria. (A) Eap3l-null mouse cells or Bap3l-null/crBAP31 cells were transfected with MFpk3FLICE 
and pCMS-EGFP for 24 hours after which time FKlOl2z (or vehicle aJone, not shown) was added. At the 
indicated time points, cells were fixed and stained with DAPI. Visualization of the tluorescence for DAPl 
(blue) or GFP (green) was carried out using confocaJ microscopy. (B) After treatment with FKlOl2z or 
vehicle aJone, green tluorescent cells that had a condensed morphology were scored and expressed as % of 
totaJ GFP positive cells (± standard deviations from 3 independent determinations). (C) Immunoblotting of 
totaJ cellular lysate with anti-HA antibody to detect the HA tagged MFpk3FLICE at the indicated time points 
following addition of FKl 012z. EquivaJent gel loading was determined by probing the blot with anti-y-actin 
antibody. (D) Similar to (A) except that cells were stained with Alexa-594 conjugated anti-cyt.c, and green 
(GFP) and red (cytochrome c) fluorescence visuaJized by Nikon TE-FM Epi-tl microscopy. (E) GFP
expressing cells that showed diffuse cyt.c staining (released, see arrows in (D» after treatment of cells with 
FKlOl2z or vehicle aJone were scored and expressed as % of totaJ green cells (± standard deviations from 3 
independent determinations). 
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observed (Fig. 5.2C). Collectively, the results show that full-length (uncleaved) BAP31 

inhibits caspase-8 driven cellular condensation and release of cyt.c from mitochondria. 

As expected, Bap31-null cells expressing wt BAP31, which was cleaved and generated 

p20 following activation of caspase-8, were fully sensitive to the caspase-8 initiated 

events (not shown). 

5.5.3 crBAP31 Inhibits Fas-induced Mobilization of ER Ca2+ Stores. 

Since caspase cleaved BAP31 can promote ER Ca2 
+ release, we next tested 

whether crBAP31 can inhibit this process in response to Fas stimulation. To that end, 

parental KB cells or crBAP31 cells were stimulated with anti-Fas antibody and the ER 

Ca2 
+ content was measured. ER calcium stores were defined as the pool of Ca2 

+ that is 

rapidly released to cytosol in response to treatment of intact cells with Thapsigargin (TG), 

an inhibitor of ER SERCA pumps. The Ca2 
+-sensitive fluorescent dye Fura-2 was used to 

measure the resulting increase in cytosolic Ca2 
+. crBAP31 did not alter the resting level 

of ER Ca2 
+ content in healthy cells. As shown in Figure 5.3A, however, crBAP31 

restrained the release of ER Ca2 
+ to the cytosol, which in wt cells occurred early 

following Fas stimulation. crBAP31 did not, however, inhibit global raises in cytosolic 

Ca2
+, which occurred at a later time following Fas-stimulation (Fig. 5.3B). Therefore, 

caspase cleavage ofBAP31 selectively promotes ER Ca2 
+ release during Fas mediated 

apoptosis. 
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Figure 5.3. crBAP31 impairs Fas-mediated ER Ca2
+ release but not later elevations in cytosolic Ca2

+, A) 
parental KB (wt) cells or KB cells stably expressing crBAP31-Flag were stimulated with anti-Fas for the 
indicated times, and the ER Cah stores determined by the sudden difference in Fura-2 fluorescence 
recorded after adding TG to the cells (see Materials and Methods). The results represent relative values and 
the average and S.D. obtained from 5 independent experiments. B) As in A) except cells were loaded with 
Indo-land relative fluorescence levels were measured by flow cytometry. Shown is a representative from 
three independent experiments. 

5.5.4 crBAP31 Inhibits Fas-induced Cyt.c Egress from Mitochondria Upstream of 

Activation of BAX and BAK at the Mitochondrial Outer Membrane 

Caspase cleaved BAP31 induces Ca2 
+ transfer between the ER and mitochondria 

and encourages mitochondrial fission, which sensitizes mitochondria to caspase-8 driven 

cyt.c release (Breckenridge et ai., 2003). Following Fas stimulation, caspase-8 may 

simultaneously cleave BID and BAP31, activating a tBID-dependent core pathway 

involving mitochondrial cristae remodeling and BAX/BAK oligomerization (Korsmeyer 
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et aI., 2000), and a p20-mediated sensitization pathway involving Ca2 
+-dependent 

mitochondrial fission (Breckenridge et ai., 2003). crBAP31 impairs Fas-induced Ca2 
+ 

release and, therefore, presumably dismantles the Ca2 
+-dependent sensitization pathway 

without effecting the generation or activity oftBID. We examined the effect of crBAP31 

on a number of known tBID-driven events following Fas stimulation (Korsmeyer et ai., 

2000). Figure 5.4A reveals that BID was clipped to tBID following Fas stimulation, and 

that crBAP31 had little effect on the kinetics or extent of BID cleavage. Similarly, 

crBAP31 exerted little influence on tBID-driven BAX insertion into the mitochondrial 

outer membrane. In the absence ofFas ligation, negligible BAX was integrated into 

mitochondrial membrane as judged by its failure to acquire resistant to alkaline extraction 

(Time 0, Fig. 5.4A, middle panel). In contrast, Fas stimulation rapidly induced BAX 

membrane integration in both wt and crBAP31-expressing cells. The inhibition of cyt. c 

release that is imposed by crBAP31 on the Fas death pathway (Nguyen et ai., 2000), 

therefore, occurs downstream of stimulation-induced insertion ofBAX into mitochondrial 

membrane. 

To examine the subsequent steps in the Fas pathway (Korsmeyer et aI., 2000), we 

exploited the observation that BAX undergoes a tBID-dependent conformational change 

in intact cells, manifesting in the acquisition of reactivity with an antibody directed to the 

N-terminus of the protein (Desagher et ai., 1999). This acquisition of immunoreactivity 

in intact cells correlates with the appearance of large oligomeric structures containing 

BAX and the release of cyt.c from mitochondria (Antonsson and Martinou, 2000; Eskes 

et ai., 2000). At a time when significant BAX membrane insertion had occurred (6 h post 

stimulation ofFas, Fig. 5.4B), a strong Fas-induced fluorescent immunoreactivity was 
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Figure 5.4. KB cells expressing crBAP31 resist Fas-induced apoptotic membrane fragmentation and 
release of cytochrome c from mitochondria. (A) Wt (parental) KB epithelial cells and KB cells stably 
expressing crBAP31-Flag were stimulated with 0.5 !lg/ml anti (a)-Fas/CHX (see Fig. 1) for the indicated 
times and the heavy membrane fraction enriched in mitochondria was isolated (26). Aliquots containing 
equivalent amounts of protein were analyzed by SDS PAGE and immunoblotting either directly (- Alkali) 
with antibody against BID or after the mitochondrial fraction had been extracted with 0.1 M NaCO/ pH 
11.5 (+ Alkali) (26), in which case the blots were probed either with antibody against BAX or with antibody 
against the human mitochondrial outer membrane protein import receptor, TOM20. (C) Parental KB (Wt) 
cells or KB cells stably expressing crBAP31-F1ag were stimulated with anti-Fas as described in (A) for 0 or 
6 h, and the cells analyzed by immunofluorescence microscopy employing the conformation-sensitive 
antibody against BAX, a BAX-NT (aa 1-21) (Upstate). (D) As in (B) except that the heavy membrane 
fraction enriched in mitochondria was isolated after the indicated treatments and incubated with the 
chemical cross-linking agent BMH or with vehicle (dimethylsulfate [DMSO]) alone. The fractions were 
then subjected to SDS PAGE and immunoblotted with antibody against BAK. Solid squares indicate cross
linked BAK products and asterisks indicate BAK that harbors an intramolecular cross-link. The positions 
of protein size markers are also indicated (left). As in A) except mitochondrial morphology and 
cytochrome c distribution were examined by immunofluorescence microscopy, as described in Materials 
and Methods. The images shown are typical of multiple independent fields that were examined. Note that 
in crBAP31 cells cyt. c staining remains mitochondrial and that mitochondrial network has not collapsed, 
indicating that organelle fission has not occurred. The occurrence of mitochondrial fission in wt cells was 
confirmed by staining cells with antibody against TOM20 (not shown). 
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observed for BAX in wt but not in crBAP31-expressing KB cells (Fig. 5AC). 

Quantification revealed that greater than 85% ofwt cells acquired BAX 

immunofluorescence following Fas stimulation and that this was reduced to less than 15% 

for crBAP31 cells. The results ofFig. 5AB and 5AC, therefore, indicate that the 

predicted BAX oligomerization based on immunofluorescence occurs subsequent to BAX 

membrane insertion and that it is only the oligomerization step that is inhibited by 

crBAP31. Similarly, a direct analysis of the oligomeric status ofBAK, which is 

constitutively integrated in the mitochondrial outer membrane, in response to Fas 

stimulation revealed a failure of BAK to enter into higher order structures. Mitochondria 

isolated from Fas-stimulated wt KB cells and treated with the homobifunctional chemical 

cross-linker bis-maleimidohexane (BMH) (Wei et aI., 2000) exhibited a time-dependent 

shift ofBAK into oligomeric structures (Fig. 5AD), with a concomitant decrease in that 

fraction of monomeric BAK that can sustain intramolecular cross-linking (Wei et aI., 

2000) (designated BAKU in Fig. 5AD). In contrast, the induction ofBAK oligomers was 

strongly curtailed in Fas-stimulated cells expressing crBAP31 (Fig. 5AD). The 

inhibitory effect of crBAP31 on BAX and BAK correlated with the reduction in the 

extent of mitochondria that had undergone large scale fission and cyt.c release in these 

cells (data not shown; Fig 5.2D; Nguyen et aI., 2000). Thus, BAP31 regulated events at 

the ER that stimulate mitochondrial fission may be important for facilitating complete 

activation ofBAX and BAK and cyt. c release in intact cells during Fas-mediated 

apoptosis 
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5.6 Discussion 

Initiation of apoptosis following stimulation of the Fas/CD95 family of death 

receptors involves the recruitment and autoactivation of procaspase-8/a,b at the receptor 

DISC, resulting in formation of the caspase-8 holoenzyme (Medema et aI., 1997). 

Cleavage of a limited number of substrates by this initiator caspase is then sufficient to 

commit the cell to die unless downstream pathways are blocked by anti-apoptotic 

regulators. One set of substrates is the effector procaspases including procaspase-3, at 

least in certain cellular contexts (Huang et aI., 2000; Scaffidi et aI., 1998; Scaffidi et aI., 

1999). Other preferred substrates of caspase-8 that have been identified, however, 

include RIP (Lin et aI., 1999), BID (Gross et aI., 1999b; Li et aI., 1998; Luo et aI., 1998), 

plectin (Stegh et aI., 2000), and BAP31 (Ng et aI., 1997). In MCF-7 cells, in which only 

caspase-8 and not caspases-1 ,-2,-3,-5,-6,-7,-9, or -10 become strongly activated in 

response to TNFa stimulation (Janicke et aI., 1998; Stegh et aI., 2000), we showed that 

cleavage of both BID and BAP31 correlated with processing of procaspase-8/a,b. 

Therefore, BID and BAP31 appear to be bonafide caspase-8 targets in vivo. Cleavage of 

these and other potential caspase-8 substrates downstream of receptor activation may 

induce critical pro-apoptotic changes at specific cellular sites that collectively support the 

early events of apoptosis progression in intact cells. 

Although the p20 caspase cleavage product of BAP31 itself induces Ca2 
+

dependent cross-talk with the mitochondria (Breckenridge et aI., 2003), we have exploited 

Bap3J-null mouse cells to establish that full length BAP31 is in fact a direct inhibitor of 

apoptosis initiated by caspase-8 in the absence of p20. BAP31 cleavage, therefore, 

contributes directly to apoptosis progression initiated by this caspase in the Fas death 
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program by alleviating the antiapoptotic effect of the full length molecule and by 

generating proapoptotic p20. In Fas stimulated KB cells expressing both crBAP31 and 

endogenous BAP31, crBAP31 may exert its strong protective effect by maintaining a 

pool of intact, antiapoptotic BAP31 and by sequestering caspase generated p20. 

In KB cells, the expression of crBAP31 impaired the early depletion ofER Ca2 
+ 

without effecting late elevation of cytosolic Ca2 
+. Large increases in cytosolic Ca2 

+ are 

normally associated with capacitative entry of extracellular Ca2 
+ through the plasma 

membrane, which in some cases can be triggered by depletion of ER Ca2 
+ stores (Putney 

et aI., 2001). The apparent discrepancy between crBAP31 inhibition of ER Ca2 
+ release 

but not late cytosolic Ca2 
+ increase could be attributed to capacitative Ca2 

+ entry through 

plasma membrane channels that are activated by Fas signaling irrespective of the ER Ca2 
+ 

store level, or it may be that crBAP31 inhibition of ER Ca2 
+ release is simply not great 

enough to prevent subsequent activation of store operated channels in the plasma 

membrane. Importantly, however, the crBAP31 inhibition of ER Ca2 
+ release did 

correlate with a reduction in Fas-induced mitochondrial dysfunction, which might be 

attributed to a block in privileged Ca2 
+ transport between the ER and mitochondria. 

Indeed, caspase-cleaved BAP31 promotes the transfer of Ca2 
+ between these organelles 

and stimulates fission of mitochondria independent ofBAX or BAK activation 

(Breckenridge et a!., 2003). Interestingly, crBAP31 did not interfere with the apparent 

cleavage of BID or insertion ofBAX into mitochondrial membrane following Fas 

stimulation. However, the subsequent steps ofBAX and BAK oligomerization and 

release of cyt.c from the organelle were inhibited. This phenomenon could be explained 

by the "two hit" model for apoptotic mitochondrial transition (Szalai et aI., 1999), which 

postulates that ER Ca2 
+ signals cooperate with a direct BH3-only protein attack on 
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mitochondria. By dismantling the Ca2 
+ signal transmission from the ER, crBAP31 might 

prevent mitochondrial fission and other morphological changes, which in tum may be 

important for the full activation and oligomerization ofBAK and BAX in OMM. Thus, 

cleavage of BAP3l at the ER appears to be required to support these caspase-8- and 

tBID-initiated steps at mitochondria in intact cells. 
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6.1 BAP31: a Regulator and Effector of Caspase-8 Pathways 

Collectively, the results of this thesis implicate BAP31 as a key regulator and 

effector of caspase-8, and shed light on the involvement of the ER in diverse apoptotic 

pathways. In the case ofE1A oncogene-induced apoptosis, BAP31 seems to be an 

integral component of a procaspase-8L activation complex at the ER surface, receiving 

death signals transmitted from the nucleus and converting them into caspase activation. 

In cell death pathways in which procaspase-8 is activated by other means, such as death 

receptor programs, BAP31 functions purely as a caspase-8 substrate. Cleavage ofBAP31 

converts it from an ER Ca2 
+ release inhibitor to a Ca2 

+ release activator. This switch may 

help the ER transmit apoptotic Ca2 
+ signals to the mitochondria that activate the fission 

machinery. Being a regulator and substrate of caspase-8, BAP31 is not likely to playa 

significant role in cell death pathways that do not utilize this caspase. For example, some 

death signals induce mitochondrial dysfunction independently of detectable caspase 

activation. In these cases, BAP31 cleavage would occur downstream of cyt.c release and 

executioner caspase activation, where it might be of no consequence or, alternatively, 

function in a feed-back amplification loop to mediate further mitochondrial damage 

(Green and Reed, 1998). 

6.2 BAP31: a Regulator of Procaspase-8L 

Like any new finding, the discovery of procaspase-8L leads to more questions 

than answers. Mechanistically, how is procaspase-8L activated and what exact function 

do the BAP proteins play? What role does the Nex domain play? How are oncogenic 

signals transmitted to the ER? How does BCL-2 exert its effect on procaspase-8L 
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processing? What pathways are activated downstream of procaspase-8L and does 

procaspase-8L respond to other apoptotic signals? The answers to these questions will 

hopefully arrive with hard work and carefully experimentation. In the mean time, I 

propose a number of models that address these questions based on the experimental facts 

provided within this thesis and a healthy dose of speculation. 

6.2.1 Role of the Nex Domain 

Aside from the Nex domain, procaspase-8L is identical to procaspase-8/a. 

However, subcellular fractionation experiments revealed that procaspase-8L is located 

primarily at the ER, whereas procaspase-8/a and -81b reside in the cytosol. Therefore, it 

is likely that Nex domain helps to target procaspase-8L to the ER membrane. 

Procaspase-8L was sensitive to alkali extraction and trypsin digestion, which are 

indicative of a peripheral association on the cytosolic face of the ER. It is unlikely that 

the Nex domain has an intrinsic affinity for membranes because bacterially expressed 

Nex-GST is recovered in the soluble fraction in the absence of detergent (data not 

shown). Instead, the Nex domain may constitutively bind a resident ER protein(s), which 

helps localize procaspase-8L to this membrane. Such proteins are not likely to be BAP31 

and BAP29 because procaspase-8L was not observed in the BAP complex prior to E1A 

signaling and procaspase-8L distribution was not altered in Bap29,Bap31-null cells. The 

identity ofprocaspase-8L docking proteins at the ER surface might be uncovered through 

Nex domain protein interaction screens. 

However, the Nex domain is not sufficient to allow procaspase-8L targeting to the 

ER surface. When a Nex domain GFP fusion protein (Nex-GFP) was transfected into 

cells only a very weak ER staining was observed, with the vast majority of the fusion 
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protein localized throughout the cytosol (data not shown). Although it cannot be ruled 

out that GFP masks the ability ofNex to target the ER, these results seem to suggest that 

another domain within procaspase-8L may contribute in some manner to ER targeting. 

Procaspase-8 has been reported to have a mitochondrial or membrane distribution in some 

cells (Stegh et aI., 2002; Stegh et aI., 2000). A weak intrinsic membrane targeting 

sequence may exist within procaspase-8 proteins and the combination of the Nex domain 

and this sequence likely mediates ER targeting of procaspase-8L. 

The Nex domain does not seem to directly mediate interaction with BAP proteins. 

When Nex-EGFP or Nex-HA was transiently co-transfected into H1299 or 293T cells 

with BAP31-Flag, interactions between the two proteins was not observed (data not 

shown). Under the same conditions, however, procaspase-8L-HA and BAP31-Flag 

clearly associate (chapter 2). We favor a model in which the Nex domain helps facilitate 

constitutive targeting of procaspase-8L to the ER membrane, but that the association 

between procaspase-8L and the BAP complex is primarily mediated by the DEDs of 

procaspase-8L. Support for this model comes from transient transfection experiments 

demonstrating that canonical procaspase-8/a can interact with BAP31-Flag if the two 

proteins are expressed at very high levels (Ng et aI., 1997). Thus, while both isoforms 

have the potential to associate with the BAP complex, the colocalization ofprocaspase

8L and BAP proteins at the ER allows these proteins to interact under physiological 

conditions. The existence of multiple procaspase-8 iosforms permits differential 

regulation of this important initiator caspase during the various apoptosis programs. 

6.2.2 Mechanism of procaspase-8L activation/processing 

6.2.2.1 Scaffold model 
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e- The fact that Bap29,31-double null cells, but not Bap31-null or Bap29-null cells, 

resisted EIA-induced procaspase-8L processing and apoptosis, suggests that BAP 

proteins play redundant roles in mediating the activation of this caspase. The simplest 

model of how BAP proteins regulate this process is that BAP31/BAP29 homo and/or 

heteroligomers act as scaffolds for procaspase-8L oligomer assembly and autoactivation. 

This model stems from the induced proximity model for procaspase-8 autoactivation at 

the Fas death receptor complex (Medema et aI., 1997; Muzio et aI., 1996; Muzio et aI., 

1998). Here, the DED ofFADD recruits procaspase-8 to the receptor signaling complex 

at the plasma membrane (see section 1.6.1). This increases the local concentration of 

procaspase-8 and reduces its three dimensional movement to two dimensions (Yang et aI., 

1998), allowing procaspase-8 molecules to oligomerize through homotypic DED 

interactions. Procaspase-8 has sufficient intrinsic enzymatic activity to mediate trans

cleavage and activation of neighboring procaspase-8 molecules, which triggers a chain 

reaction of caspase activation. Support for this mechanism is derived from experiments 

in which autolytic processing of caspase-8 can be stimulated by artificial dimerization in 

vitro or in vivo (Muzio et aI., 1998; Yang et aI., 1998). 

By a similar mechanism, BAP proteins could concentrate procaspase-8L 

molecules at certain locations along the ER membrane, facilitating oligomerization and 

autoactivation of the procaspase. However, procaspase-8L processing was unaffected in 

FADD-null cells suggesting that this process is FADD-independent. The DECC domain 

ofBAP31 shares low sequence similarity with a number ofDEDs (Ng et aI., 1997) and 

might directly bind the DEDs in the prodomain of procaspase-8L. DEDs are part of the 

Death Domain (DD) superfamily, which also includes the DD, CARD and PYRIN 

families. Despite the low sequence similarity between and within these families (5-25%), 
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structurally all members form an antiparallel six helical bundle with a greek key topology 

(Eberstadt et aI., 1998; Kadenbach, 1986). However, the mode by which each family 

forms homotypic interactions varies dramatically. For example corresponding mutations 

that disrupt the FAS:FADD DD interaction do not effect the DED interaction between 

FADD and procaspase-8 (Eberstadt et aI., 1998). Unfortunately, DED interactions have 

not been studied extensively and because the DED ofFADD is the sole DED structure so 

far solved, little is known about the interaction surfaces used for DED:DED interactions. 

Although coiled coil domains normally make homotypic interactions (Burkhard et aI., 

2001), it is possible that an interface of one or more of the amphipathic a-helices within 

the coiled coil domain ofBAP31 interact directly with the amphipathic a-helices of the 

procaspase-8L DEDs. Indeed the BAP31 DECC domain contains a basic stretch that 

aligns with a critical basic stretch found in a-helix 3 of many DEDs (Fig. 6-1). Basic 

residues are found in this region ofBAP29 but the alignment is not optimal. This basic 

region in a-helix 3 ofFADD is critical for its interaction with procaspase-8 (Kaufmann et 

aI., 2002). It would, therefore, be interesting to determine whether mutating this region of 

the BAP proteins affects their ability to bind procaspase-8L. Of note, however, a 

conserved phenylalanine in a-helix 2 of FADD that is implicated in the 

FADD:procaspase-8 interaction (Eberstadt et aI., 1998) is not conserved in BAP31 or 

BAP29, and overall the sequence similarity between BAP proteins and the DED is very 

low. Therefore, ifBAP31 and procaspase-8L do form a direct association, the 

interactIOn surface used on the procaspase-8L DED may be somewhat different than that 

used for the FADD:procaspase-8 interaction. 
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There is precedence for FADD-independent mechanisms of procaspase-8 

activation. For example, procaspase-8 is recruited to the intracellular tail of unligated 

av~3 integrin (Stupack et aI., 2001). Integrins are cell adhesion receptors that bind 

components of the extracellular matrix and transduce survival, proliferation, and 

migration signals to the cell interior. When certain integrins are not ligated to solid 

BAP31h DECC KLKDELAS.QKLE --KAENQVL.a.Ivl� 

Bap31m DECC KLKDELAS .KKLE --KAENEALM,'l� 

BAP29h DECC KLKTEL--- KTSD SKAQNDVMEIvl� 

Bap29m DECC NLKTEL---.KASD LKAQNDVMTI<'l� 

FADD DED KFLCLGRV RKLE --RVQS(iL DLF� 

DEDD Cons. KFLXXXXI RKLE --KXXPPADLA� 

Figure 6.1. Comparison of a conserved basic area (boxed) and surrounding sequence of the DED and the 
DECC domain. The DEDD consensus sequence was dertemined by aligning this region in FADD, 
procaspase-8, and procaspase-l 0. P, polar residue; A, hydrophobic residue. Red, residues that are strongly 
conserved within in the consensus sequence; Blue, residues that are loosly defined in the consensus 
sequence as polar or hydrophopbic. The conserved phenyalanine that is implicated in the 
FADD/procaspase-8 association is in bold. 

support ligands, they oligomerize and transmit an apoptotic signal to the cell by recruiting 

and activating procaspase-8 in a FADD-independent manner (Stupack et aI., 2001). 

Similarly, cross-linking of the B cell receptor has been linked to proximal FADD-

independent procaspase-8 activation, which may also occur at the receptor signaling 

complex (Besnault et aI., 2001). While in each case the mechanism of procaspase-8 

activation is unclear, these studies do provide evidence that procaspase-8 is capable of 

forming pleiotropic interactions with different signaling complexes. Furthermore, it is 

interesting that in each case the activation of procaspase-8 is associated with the 

oligomerization of a transmembrane protein, which presumably induces clustering and 

autoactivation of the procaspase. In this regard, it is noteworthy that BAP31 oligomers 
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have been observed both in vivo (Ng, 1998) and in vitro (see below), which is often a 

general feature of the coiled coil containing proteins (Burkhard et aI., 2001). 

To determine whether BAP31 and procaspase-8L could directly associate, I 

developed an in vitro binding assay utilizing recombinant bacterially expressed DECC 

domain ofBAP31 (GST-DECC) and in vitro translated procaspase-8L. Using this 

system I did not observe a specific interaction between the two proteins (data not shown). 

This result could be explained by the inability of either protein to mature to its proper 

folding conformation during in vitro expression. Therefore, a positive control was 

included in which in vitro translated DECC was incubated with recombinant GST-DECC. 

Despite the fact that the DECC domain can homodimerize in vivo (Ng, 1998; Ng and 

Shore, 1998), no interaction was observed in vitro. It is likely that the coiled coil domain 

ofBAP31 aggregates into a nonproductive oligomer in vitro. In fact, GST-DECC purified 

as an isochromatic dodecamer following FPLC chromatography (M. Nguyen and G. 

Shore, unpublished data). Therefore, determining whether or not the DECC domain and 

procaspase-8L directly interact must await optimization of the GST-DECC purification 

protocol. 

BAP proteins might interact with procaspase-8L via an adapter molecule. 

Overexpression of a CED-4 DN mutant blocked the association observed between 

BAP31-Flag and procaspase-8 in cotransfected 293T cells (Ng and Shore, 1998), 

suggesting that the CED-4 DN mutant might prevent an endogenous adapter protein from 

mediation the BAP31/procaspase-8 interaction. As stated above, ifBAP proteins do 

recruit an adapter it is unlikely to be FADD. Similarly, APAF-1, which has also been 

reported to bind procaspase-8 (Hu et aI., 1998), was not present in the immunoisolated 

crBAP31 complex (data not shown). BAP31 might interact with a coiled coil containing 
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protein that in tum recruits procaspase-8L to the complex. Immunoisolation of BAP31

Flag from stable expressing cells followed by analysis of the native complex by size 

exclusion chromatography revealed that BAP31 is part of an approximately 700 -1000 

kDa complex in healthy cells (Boyer, 1999). Given the size of the native BAP31-Flag 

complex, it is possible that a BAP associated protein at the ER mediates the interaction 

with procaspase-8L. In this scenario, BAP proteins might simply act as structural 

components that stabilize the complex or help transmit the EIA signal to the associated 

protein, which intum recruits and activates procaspase-8L. Further proteomic analysis of 

the immunoisolated complex from EIA stimulated cells might provide insight into this 

Issue. 

6.2.2.2 Recruitment ofan upstream protease 

BAP proteins could also recruit or regulate another protease that clips off the 

prodomain of procaspase-8L, releasing the enzymatic subunits to the cytosol. This 

mechanism stems from studies on procaspase-12, which is also localized at cytosolic face 

of the ER (see section 1.8.1.2). Nakagawa and Yuan have found that following ER stress 

procaspase-12 undergoes m-calpain-dependent proteolysis within its prodomain, which 

releases the active enzymatic subunits of the caspase (Nakagawa and Yuan, 2000). 

Because the proteolytic activity of calpains is dependent on Ca2
+, calpains might be 

stimulated by local Ca2 
+ transients near the ER membrane under conditions ofER stress. 

By analogy, it is possible that procaspase-8L could also be cleaved by a calpain at the ER. 

This raises the question of whether the ability ofBAP31 to control ER Ca2 
+ homeostasis 

might somehow be related to its ability to regulate procaspase-8L activation. For 

example, BAP31 might recruit procaspase-8L to an area of privileged Ca2+ signaling, 
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causing procaspase-8L proteolysis by calpain. Alternatively, procaspase-8L might be 

cleaved by another protease residing at the ER membrane in a BAP-dependent manner. 

These models seem to disagree with the finding that zVAD-fink, a caspase-specific 

inhibitor, blocked procaspase-8L processing. However, it cannot be ruled out that 

procaspase-8L undergoes a very limited and undetectable initial caspase-independent 

cleavage, activating a small pool of caspase-8, which then cleaves the remaining pool of 

procaspase-8L. Insight into this type of mechanism could be gained by examining the 

effect of various protease inhibitors on EIA-induced cleavage ofprocaspase-8L in vivo 

and by determining the exact cleavage site within the prodomain. 

We also cannot rule out the possibility that an upstream caspase cleaves 

procaspase-8L at the BAP complex. ER localized caspase-12 is an unlikely candidate 

because it is activated only under conditions ofER stress (Nakagawa et aI., 2000), 

whereas procaspase-8L processing is observed in response to most apoptotic stimuli (data 

not shown). Given that E1A signals also induce the expression of several BH3-only 

proteins that stimulate cyt.c release (Mathai et aI., 2002; Vogelstein et aI., 2000), it could 

be argued that BAP-dependent procaspase-8L processing is mediated by a caspase 

activated downstream of the apoptosome. However, expression ofa procaspase-9 DN 

mutant, which prevents cyt.c-dependent caspase activation (Srinivasula et aI., 1998), did 

not effect EIA induced procaspase-8L processing (data not shown). This result suggests 

that in the E1A pathway procaspase-8L processing occurs upstream or in parallel to 

mitochondrial damage and apoptosome-dependent caspase activation. Nonetheless, 

another unidentified caspase could forseeably cleave procaspase-8L at the ER 
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Figure 6.2. Models of BAP-regulated procaspase-8L activation. A) Scaffold model; B) BAP recruitment 
of an adapter molecule; C) chaperone assisted cleavage or recruitment of an upstream protease. See text for 
details. Activation yields the prodomain fragment (containing the Nex domain) and mature caspase-8, 
which is expected to cleave BAP31 and generate p20. 

6.2.2.3 Chaperone assisted proteolysis 

A number of heat shock proteins (HSPs), have been implicated in binding and 

regulating the activation of caspase-9 and -3 (Beere, 2001). HSPs are stress-inducible 

chaperonins that normally function in protein folding, polypeptide subunit assembly, and 

translocation of proteins across membranes (Bukau and Horwich, 1998). During 

apoptosis, HSPI0 and HSP60 bind procaspase-3 and convert it into a protease-sensitive 
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Figure 6.3. A) Secondary structure prediction of the TM regions ofBAP3l. H, helix. B) Models of 
BAP31-regulated Ca2 

+ release for the ER. i) BAP31 is a Ca2 
+ channel itself that is opened upon cleavage 

by caspase-8; ii) BAP31 and p20 regulate the A4 channel; iii) BAP31 and p20 regulate the IP3R, RyR, or 
Ca2 

+ leak channels; iv) BAP31 and p20 influence ci+ influx into the ER. 

that stabilize an intennembrane interaction between BAP31 and A4. Breitwiesser et aI., 

observed a novel 28 Ps conductance channel in isolated nuclei from Xenopus laevis 

oocytes overexpressing A4, and proposed that A4 possesses ion conductance properties 

(Breitwieser et aI., 1997). If A4 is indeed a Ca2 
+ channel, full length BAP31 might 

promote the closed state of the pore and caspase cleavage of BAP31 and generation of 

p20 might induce a confonnation change in the complex that opens the pore. On the 
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