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Abstract

EIB 19kDa protein (19K), a member of Bcl-2 family of protein, is an adenovirus early

gene product. It functions to suppress apoptosis of the host ceU caused by viral infection.

The exact role of El B 19kDa in regulating apoptosis in response to many different death

stimuli has not been investigated.

We found that hygromycin B, an aminoglycoside antibiotic that is used to establish

stable mammalian celllines, kill ceUs by apoptosis. Apoptosis induced by Hygromycin B is

p53-independent and can be blocked both by EIB 19kDa and Bd-2, showing that EIB

19kDa, like Bel-2, may confer protection against apeptosis in a variety of circumstances.

The sequence similarities between EIB 19kDa and Bel-2 are largely restricted to the

BHI and BH3 domains. Our sequence alignment analysis shows that ElB 19k.Da aIso

cantains a BH4 region overlapping its BH3 domaine We find that the BHI demain afEIB

19kDa contributes to its anti-apoptotic function and its ability ta interact with Bax. A

conserved residue Gly 87 in the BH 1domain of E1B 19kDa that is critical for Bcl-2 and Bax

interaction is also important for the EIB 19kDa and Bax interaction. We do not detect an

interaction between EIB 19k.Da and Bad, suggesting that EIB 19kDa is a structural and

functional homolog of Bcl-2 but also has its unique features.

Bap31, a 28kDa polytoptic integral protein of the endoplasmic reticulum, is part of an

ER protein complex that aIso indudes Bel-2/Bel-xL, procaspase-8, and a CED-4-like

proteine EIB 19kDa does not interact with Bap31; nor does it interact with Bel-2/Bel-xL.

We have made a set of chimeric ElB 19kDa proteins carrying different BH domains from

Bd-2 to test their protein-protein interaction properties. We show that the BH3 domain of

Bel-2, when substituted for the homologous region ofEIB 19kDa, confers the properties of

interaction with Bap3I and BeI-xl ante 19K. The subceUular distribution and

antiapoptotic function of the 19KJBel-2BH3 is very similar to that of wild type 19K. These

results show that the BH3 domain of Bel-2/Bel-xL has an important role in mediating Bel­

2/Bd-xL and Bap31 interaction.
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Résumé

La protéine El B-19K, un membre de la famille des protéines apparentées à Bel-2, est

codée par un gène précoce des adénovirus. La fonction de El B-19K est de bloquer

l'apoptose induite chez la cellule hôte lors de l'infection virale. Le rôle précis de EIB-19K

dans la régulation de l'apoptose en réponse à d'autres stimuli n'avait pas encore été étudié.

Nous avons observé que l'hygromycine B, un antibiotique aminoglycosidique utilisé

pour établir des lignées cellulaires stables, tue les cellules par apoptose. Cette mort

cellulaire survient aussi bien en absence qu'en présence de la protéine p53 et elle peut être

bloquée par El B-19K et Bel-2 démontrant que El B-19K, comme Bel-2, peut protéger la

cellule contre l'apoptose dans plus d'une situation.

Les similitudes entre les séquences en acides aminés des protéines EIB-19K et Bel-2 se

limitent principalement aux domaines BHI et BH3. Notre analyse des séquences de ces

deux protéines démontre que El B-I9K contient aussi une région BH4, superposée au

domaine BH3. Les résultats obtenus démontrent que le domaine BHI de EIB-19K est

essentiel à sa fonction anti-apoptose ainsi qu'à la formation d'un hétérodimère avec la

protéine Bax. Le résidu d'acide aminé glycine 87 retrouvé dans le domaine BH l, essentiel

pour l'interaction entre Bel-2 et Bax, s'est avéré être important pour l'interaction entre

EIB-19K et Bax. Nous n'avons pas détecté d'interaction entre EIB-19K et Bad ce qui

suggère que El B-l9K est un homologue structural et fonctionnel de Bel-2 mais qu'il

possède aussi des caractéristiques qui lui sont propres.

Bap3l, une protéine transmembranaire de 28 kDa retrouvée dans le réticulum

endoplasmique, est partie intégrante d'un complexe de protéines qui comprend aussi Bel­

2/Bel-xL, procaspase-8 et une protéine similaire à CED-4. EIB-19K ne se lie pas à Bap31

pas plus qu'elle n'interagit avec Bel-2/Bd-xL. Nous avons généré des protéines EIB-19K

chimériques comportant différents domaines d'homologie à Bel-2 (BH) afin de tester leur

habileté à se lier à d'autres protéines. Nous montrons que la substitution du domaine BH3

de EIB-19K par celui de Bel-2, confère à EIB-19K l'habileté à se lier avec Bap31 et Bd-xl.

La distribution subcellulaire et la fonction anti-apoptose de cette protéine chimérique EIB-
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19K/Bel-2BH3 est très semblable à celle de la protéine E1B-19K intacte. Ces résultats

démontrent que le domaine BH3 de Bel-2/Bel-xL joue un rôle important dans l'interaction

entre Bel-2/Bcl-xL et Bap3!.

lU
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CHAPTER 1

General Introduction
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1.1 Overview ofProgrammed Cell death

1.1.1 History

Apoptosis, or programmed ceU death, is a genetically controlled and evolutionarily

conserved ceH death program that removes unwanted or potentially harmful ceUs. During

apoptosis, individual ceUs are committed to self destruet without causing an inflammatory

reaction which results in local tissue damage. Apoptosis is currently a major research focus

in biochemistry, medicine, pharmacology, and many other fields because of its important

raIe in development, tissue homeostasis, cancers, and many other diseases.

The concept of programmed ceU death was tirst introduced by Glucksmann during his

embryonic development studies in 1951 (Glucksmann, 1951). However, Flemming may be

considered as the first person who observed and described the apoptosis phenomenon.

Flemming noticed the degradation of nuclei and the condensation of chromatin in the

epitheliallining ceIls of regressive ovarian follides and named this phenomenon

'chromatolysis' (Flemming, 1885).

Apoptosis means "falling off" (such as leaves faUing from trees, or petaIs from flowers)

in Greek. It was formally introduced by Kerr, vVyUie, and Currie in 1972 to describe a

unique forro of ceU death that they observed (Kerr et al., 1972). In the 'apoptotic death'

process, ceIls do not show signs of ceU swelling, ceil membrane rupture, or release of

internaI contents into the environment, which are aU features of necrotic ceH death.

1.1.2 Apoptosis and Necrosis

Apoptosis is a highly regulated fonu of ceU death that is morphologically and

biochemically different from necrosis. The apoptotic process is associated with sorne

unique cellular morphological changes, induding plasma membrane blebbing, ceIl

shrinkage, chromatin condensation and, in most cases, the deavage of chromatin DNA

into nudeosomal sized fragments (Kerr, 1971; Kerr et al., 1972). According to Kerr and

WyUie, the tirst visible sign of apoptosis is the condensation of chromatin into large masses
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along the nuclear envelope along with membrane blebbing. Mitochondria and other

organelles remain morphologically normal during the apoptotic process (Wyllie, 1980).

Late events of apoptosis include the fragmentation of the ceH into membrane-encapsulated

" apoptotic bodies" containing intact organelles and other ceU contents destined to be

engulfed by macrophages and neighbouring ceUs (Kerr, 1971; Kerr et al., 1972).

Apoptotic ceH death usuaUy takes a longer period of time (Kroemer et al., 1998).

Necrotic ceH death, however, is a process that is often very rapid and violent, associated

with cytoplasmic swelling, rupture of the cell membrane, and loss of integrity of

subcellular and nuclear components (Kroemer et al., 1998; \Vyllie, 1987; Wyllie, 1997).

Physical or chemical damage ean cause a number of ceHs in the tissue t0 die by necrosis.

Necrosis usually results in localized inflammation because of the release of ceH debris into

the environment where the healthy neighbouring ceUs reside. Apoptosis, on the other

hand, is a geneticaUy determined process that funetions in an individual cell. It is a natural,

and essential process that happens during embryonic development, the establishment of

the immune system, metamorphosis, and homeostasis. It causes little or no ceH

inflammation reactions (Henson and Johnston, 1987).

Apoptosis can be triggered by a variety of stimuli, such as viral infection (Teodoro and

Branton, 1997; White and Gooding, 1994), growth factor withdrawal (Evan et al., 1992b;

Sakamuro et al., 1995; Wagner et al., 1994), TNFa or Fas ligand (Nagata and and Golstein,

1995; Tewari and and Dixit, 1996), DNA damage (Clarke et al., 1993; Han et al., 1995; Long

et al., 1997), and exposure to chemotherapeutic agents (Lowe et al., 1993). The time frame

between when a ceH receives a death signal and when commits itself to die varies from

hours to days. However, the actual execution phase ofcell death is rapid (about 30 min).

The initial triggering phase of apoptosis may take different routes but the execution stage of

apoptosis converges on a common pathway characterized by the activation of caspase

cascades (Cryns and Yuan, 1998; Fraser and Evan, 1996; Oltvai and Korsmeyer, 1994;

Takahashi and Earnshaw, 1996; White, 1996). Apoptosis can be divided into three different

stages: (1) the induction stage; (2) the execution stage; and (3) the degradation stage. A

variety of physiological and environmental stimuli, induding cytokines, ionizing radiation,

and chemotherapeutic drugs, among others, can induce apoptosis. During the induction
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stage, ceUs receive death signaIs and commit themselves to die by apoptosis, but the ceUs are

still morphologically and functionally normal. This stage has quite a variable length

compared to the execution and degradation stages. The hallmark of the execution stage is

the proteolytic process involving the activation of a family of cysteine proteases, the

caspases (cysteinyl asparatate proteases), whose targets include the procaspases, the anti

apoptotic protein Bcl-2/Bcl-xL, NIDN[2, Rb, Fodrin, Bap31, PKC Ôand 8, MEKK-l, PARP

(pnly( Anp-ribo~e) polymeraseLCAD(ca~rase-activateddeoxyrihonuc1ease)/DFF40/

CPAN, lamins, actins, and many other proteins (Enari et al., 1998; Halenbeck et al., 1998;

Sakahira et al., 1998). The degradation stage is characterized by biochemical and

morphological changes, induding cell shrinkage, chromatin condensation and aggregation

around the nuclear periphery, ceU membrane blebbing, and formation of apoptotic bodies.

One traditional method to distinguish apoptotic from necrotic ceU death is by agarose gel

electrophoresis of DNA from the dying ceUs. DNA from ceUs undergoing apoptosis is

cleaved by endonuclease(s) to give nucleosomal size intervals (180-200bp) (Wyllie, 1980).

These DNA fragments give a 'DNA ladder l pattern on the gel (Wyllie, 1980). At least one

endonuclease, CAD (caspase-activated deoxyribonudease) which is activated exdusively

by caspases in response to apoptotic stimuli, has been isolated from murine lymphoma

cells (Enari et al., 1998). A human homologue ofCAD named CPAN has also been

characterized in Jurkat ceUs (Halenbeck et al., 1998). A 45 kDa protein named DNA

fragmentation factor (DFF45) has been isolated together with CAD and termed inhibitor

ofCAD (lCAD) (Liu et al., 1997; Sakahira et al., 1998). rCAD interacts with CAD in the

cytosol and blocks CADIs endonuclease activity (Sakahira et al., 1998). During apoptosis,

activated caspase-3 can effectively cleave rCAD into tv-,·o fragments resulting in the release

of which can then translocate to the nucleus and degrade chromosomal DNA (Enari et al.,

1998; Sakahira et al., 1998).

Apoptotic ceUs do not always display all of the features of apoptosis, especially DNA

fragmentation, which does not appear to be essential for ceUs ta undergo apoptosis

(Schulze et al., 1994). In fact, the fragmentation ofDNA is only a consequence of apoptosis

according to the recent ICAD/DFF45 murine knockout results (Zhang et al., 1998). The

rCADIDFF45 knockout mice are healthyand normal. Different types of ceUs from the
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ICAD-I- mice can undergo the normal apoptotic process after appropriate stimuli, except

that DNA fragmentation is completely abolished. This suggests that although

ICAD/DFF45 is responsible for DNA fragmentation this event is not required for apoptosis

(Zhang et al., 1998).

1.1.3 Apoptosis and Diseases

Likely al! ceUs in multicellular organisn1s have the ability to undergo apoptosis. The

inappropriate activation or inactivation of apoptosis has been linked to a variety of genetic

and acquired diseases, including cancer, imlnune disorders, bacterial and viral infections,

as weil as neurodegenerative and neurodevelopemental disorders.

One of the breakthroughs that linked apoptosis to disease was the finding that B-cell

follicular lymphomas have a t( 14; 18) chromosomal translocation (Cleary et al., 1986)

which causes overexpression of the B-ceIllymphoma-2 (Bcl-2) gene and, which has anti­

apoptotic function. This translocation places Bcl-2 under the control of the constitutively

expressed immunoglobulin heavy chain (Igh) promoter (Cleary et al., 1986). Although the

mechanism of Bd-2 function remains largely unknown, it is now the prototype of a large

protein family with important regulatory functions in apoptosis. The identification of the

role of Bcl-2 in BceIl follicular lymphomas \Vas very important because this was the first

time that an oncogene had been functionaUy linked to the regulation of apoptosis rather

than growth promotion. [n CLL (chronic lymphocyte leukemia), lymphocytes express high

levels of Bd-2 causing the accumulation of excess non-dividing (GO state) lYmphoCYtes in

the blood. Bd-2 appears to keep these cells alive by preventing apoptosis. (Reed, 1998).

Chemotherapeutic drugs and anti-neoplastic therapies, such as gamma radiation, mainly

kill tumor ceUs by triggering the apoptotic ceIl death program rather than by kiIling the

ceIls by direct structural damage, or necrosis (Fisher, 1994). The alteration of the apoptotic

prograrn in tumor cells is responsible for chemotherapeutic resistance in many cases. For

example, Bcl-2 expression correlates with the poor response to chemotherapy in acute

myeloid leukemia (~'linn et al., 1995); and e.'q1ressîon of Bel-xl, a close family rnember of

Bcl-2, correlates with resistance ta chemotherapy in certain breast cancers (Campos et al.,
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1993). In sorne colon tumors, frameshift mutations are found in the gene encoding Bax

(Bcl-2 associated protein X), a pro-apoptotic member ofBcl-2 familywhich can antagonize

Bcl-2's function (Rampino et al., 1997). By eliminating Bax, these tumor ceUs can survive

as well as ceUs overexpressing Bcl-2 (Rampino et al., 1997). One example of an apoptosis

related disease involves the human immunodeficiency virus (HIV), which causes an

acquired immunodeficiency syndrome (ALOS) (Gougeon and Montagnier, 1993). HIV can

induce ~paptcsis in bath infected ~nd uninfected CD4+ T cells which results in a mas5ive

depletion ofT ceUs (Gougean and Nlontagnier, 1993). Inappropriate apoptotic cell death

has also been linked ta neurodegenerative disorders, such as Alzheimer's, Huntington's,

and Parkinson's disease; and to neurodevelopmental disorders, including Fragile X

syndrome and schizophrenia (Nlargolis et al., 1994; Smale et al., 1995). Mutations in Fas

and Fas ligand genes are associated with autoimmune-type disarders (Cohen and

Eisenberg, 1991), and a heterozygous loss-of-function mutation in the Fas gene is linked to

Hodgkin's lymphoma (Fisher et al., 1995).

1.2 The CeU Death Program 15 Conserved Between C.elegans
and Mammals

Studies of C.elegans development in the past decade have made a very significant

contribution to our understanding of programmed ceU death in both C.elegans and

mammals. wlany genes involved in programmed cell death were first isolated from

C.elegans because of the genetic simplicity and easy manipulation of the nematode

(Hengartner, 1996; Hengartner et al., 1992; Hengartner and Horvitz, 1994). Horvitz and

colleagues identified a number of genes involved in the ceU death program in C.elegans. A

homologous set ofgenes was also found in mammalian ceUs to be involved in the control of

programmed ceH death (Hengartner and Horvitz, 1994; Yuan et al., 1993; Zou et al., 1997).

At least three genes, ced-3, ced-4, and ced-9 (for C.elegans death gene 3, 4, and 9

respectively), are required for the control of the onset and execution of ceU death in

C.elegans (Hengartner et al., 1992; Yuan and Horvitz, 1992; Yuan et al., 1993). Ofthese
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three genes, ced-3 and ced-4 are required for the promotion of ceU death (Hengartner et al.,

1992) while Ced-9 functions to inhibit ceU death (Yuan et al., 1993).

Notably, aU three genes, ced-3, ced-4, and ced-9, controlling C.elegans apoptosis, have

mammalian homologues, suggesting that programmed cell death is a evolutionarily

conserved pathway. Ced-9 shows sequence similarity to the mammalian anti-apoptotic

protein Bcl-2 (Hengartner and Horvitz, 1994). Ced-3 is homologous to the mammalian

interleukin-l-p-converting enzyme ( [CE ), the very first member of a large family of

cysteine proteases now known as caspases (Yuan et al., 1993). Ced-4's first mammalian

homologue termed Apaf-l (apoptotic protease activating factor-l) was identified in 1997

(Zou et al., 1997). Two other mammalian Ced-4 homologues named CARD4 (Caspase

recruitment domain 4) and FLASH ('FLICE-associated huge' protein) were identified in

early 1999. (Bertin et al., 1999; Imai et al., 1999). The overall mechanism of apoptosis

between C.e/egans and mammaIs is very similar. However, the mammalian mechanism is

more complicated and involves additional regulatory factors.

The Ced-4 protein acts between ced-9 and ced-3 in the C.elegans ceH death pathway,

implying that Ced-4 may function as an adapter protein between the two (Shaham and

Horvitz, 1996). Ced-4 binds directIy to both Ced-9 and Ced-3 and forros a ternary complex

(Chinnaiyan et al., 1997). The current model is that Ced-3 is activated by the binding of

Ced-4 to Ced-3 which stimulates Ced-3's autoproteolytic activity (Yang et al., 1998b). The

Ced-4/Ced-3 interaction is essential for Ced-3 zymogen processing and mutations in Ced­

4 that 4isrupt oligomerization prevent its ability to activate Ced-3 (Yang et al., 1998b).

Ced-9 can inhibit cell death by directly binding to the Ced-3/Ced-4 complex possibly by

preventing Ced-4 from forming oligomers; thereby preventing the autoproteolytîc

activation of Ced-3 (Yang et al., 1998b). Ced-4 binds to Ced-3 via a conserved N-terminal

domain called a caspase-recruitment domain (CARD). ATP or dATP is required to

facilitate Ced-3's auto proteolytic activity. A nucleotide-binding motif caUed a P-Ioop has

been found in Ced-4. This P-Ioop is essential for the processing of Ced-3.

More recently, two C.elega1ls genes, ced-6 and ced-7, were found ta he involved in the

engulfment by surrounding ceUs during apoptosis (Liu and Hengartner, 1998; Wu and
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Horvitz, 1998). Ced-7 is localized to the plasma membrane and shares sequence similarity

to ABC (ATP binding cassette) transporters (Fath and Kolter, 1993; Wu and Horvitz, 1998).

ABC transporters can mediate the transport of many substrates, including ions,

phospholipids, and peptides across membranes (Fath and Koiter, 1993; Ruetz and Gros,

1994). The mammalian ABC transporter ABC1 is involved in the phag0CYt0sis of apoptotic

ceUs (Luciani and Chimini, 1996). Both sequence and functional similarities between Ced-

7 :lnd ABC 1 tr:lnsporter suggest the" are homologues. Ced-6 contlÏns :l phcsphotyrosine

binding domain, a praline/serine rich region is aiso involved in the recognition and

engulfment of apoptotic ceUs. Ced-6 might be an adapter molecule acting through a

tyrosine kinase pathway (Liu and Hengartner, 1998).

A n1ajor contribution leading to the characterization of mammalian apoptotic

regulatory proteins came from the isolation and characterization of three apoptosis

protease-activating factors (Apaf-1, Apaf-2, and Apaf-3) from an apoptotic cell-free extract

system (Li et al., 1997b; Liu et al., 1996; Zou et al., 1997). Apaf-1 is the first mammalian

Ced-4 homologue. It is a 130 kDa protein sharing striking sequence similarity to Ced-4

(Zou et al., 1997). It contains aN-terminal CARD domain, a CED-4-like domain induding

the conserved nucleotide binding P-Ioop, which is responsible in Apaf-l for binding of

dATP, and vVD (Tryptophan and Asparate) repeats, which are implicated in mediating

protein-protein interactions, at the C-terminus (Zou et al., 1997). Apaf-2 was found ta be

CYt0chrome c, a 12kDa respiratory chain protein located in the mitochondrial

intermembrane space and loosely associated with the inner mitochondria membrane.

Cytochrome c is now known as a key regulator of the caspase cascade as it is an apoptotic

trigger once released into the cytosol (Liu et aL, 1996). Cytochrome c functions by binding

to Apaf-1 and inducing a conformation change which promotes its interaction with

caspase-9. Apaf-1 oligomerization is essential for the activation ofcaspase-9 (Srinivasula et

al., 1998). Apaf-3 is caspase-9, an important initiator caspase whose activation can trigger

an intracellular caspase cascade (Li et al., 1997b). Work done by Wang and colleagues also

showed that the activation of caspase-3 from isolated cell-free extract requires cytochrome

c, dATP, Apaf-l, and caspase-9 since depletion of any from the extract severely impairs

caspase-3 activation (Li et al., 1997b; Liu et al., 1996). Based on their results and work from
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other groups, Wang and colleagues proposed an apoptotic regulatory complex named the

lapoptosome', which consists of eytochrome c, dATP, Apaf-1, and caspase-9 (Li et al.,

1997b). The binding of cytochrome c and dATP to the Apaf-1/caspase-9 complex can

stimulate the proteolytic auto-activation of procaspase-9 via Apaf-1 oligomerization. Bcl­

xL is thought to inhibit this autoproteolytic activation of procaspase-9 by binding to Apaf­

1 and preventing oligomerization (Hu et al., 1998; Srinivasula et al., 1998). Although, Bel­

2 or Rcl-X"I. were not original1y found in the 'apoptosome': a mammalian ternary protein

complex like the C.eleg'ltlS Ced-3, Ced-4, and Ced-9 complex has been proposed (Pan et al.,

1998b) consisting of Apaf-l, Bel-xL, and procaspase-9 (Pan et al., 1998b). Taken together,

Ced-4 and Apaf-1 both function as adapter proteins to facilitate interactions between Ced­

9/Ced-3 and Bcl-xL/procaspases respectively, to regulate the activation of the caspase

cascade.

1.3 The Bcl-2 Protein Family

1.3.1 Members of the Bcl-2 Protein Family

The anti apoptotic function of Bcl-2 was found by its ability to block the ceU death of

interleukin 3-dependent eells after the withdrawal of cytokines (Vaux et al., 1988). Upon

IL-3 withdrawal, ceUs expressing high levels of Bcl-2 can enter a quiescent (GO) state of the

ceU cycle (Vaux et al., 1988). These eells can re-enter the ceU cycle later upon addition of

cytokines.

The human bcl-2 gene is very large because of a 225-kb intron splicing the coding

sequence (Silverman et al., 1990») whieh consists ofthree exons (see Figure 1-1 on page 10).

The level of bcl-2 rnRNA is regulated at the transcriptionallevel and post-transeriptionally,

sinee bcl-2 mRNA has a half-life of about 2-3 hours (Reed et al., 1987; Seto et al., 1988).

The human bcl-2 transcript encodes a protein of 239 amino acids with a hydrophobie

carboxy terminal region eontributed by exon3. The mouse bcl-2 gene is highly

homologous to human bcl-2 with a protein size of236 amino acids (Negrini et al., 1987).



Figure 1-1 Bcl-2 structures.
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5ince the tirst eloning of the human gene bcl-2 at the breakpoint of the 14: 18

translocation from human follicular lymphornas, a number of other bcl-2 related genes

have been identified. The members of the Bel-2 family of proteins have been extended to

more than fifteen and the list is still growing (see Figure 1-2 on page 12). However, no

equivalent genes from plants, Drosophila, or yeast have yet been found.

A bel-2 related gene, bel-x, was fa und shortly after the identification ofbcl-2 (Boise et

al., 1993). The Bel-x gene encodes two protein products by alternative splicing of mRNA.

They are Bel-xL and Bel-xS (Boise et al., 1993). They bath carry the same c-terminal

hydrophobie region as BeI-2, but Bel-xS has internaI deletions of 63 amino acids. Like Bel­

2, Bel-xL is an anti-apoptotic protein (Boise et al., 1993). Many cancer ceIls express high

level of Bel-xL. An intron splits the coding region of bel-x at the same position as in bel-2,

indicating that they may have evolved by duplication (Boise et al., 1993).

Althaugh Bel-2 related proteins were first reported to function as anti-apoptotic

proteins, subsequent studies show that sorne members of this family function as pro­

apoptotic proteins. The truncated Bcl-xS protein functions in a dominant negative rnanner

on bath Bcl-2 and Bel-xL. Bax, a Bcl-2 related protein, was found by its ability ta interact

with Bel-2 in co-immunoprecipitation experiments (Oltvai et aL, 1993). Bax is a pro­

apoptotic protein (Oltvai et al., 1993) and its transient expression in ceUs is sufficient to

induce apoptosis (Xiang et al., 1996). The bax gene is smaller than that ofbel-2. It consists

of six exons. The exon 5/6 splice site within the coding region of bax corresponds precisely

to the exon 2/3 splice within bcl-2 (Oltvai et al., 1993). Alternate splicing ofbax exons

praduces three classes of transcripts whose levels vary in different tissues and cells. Gnly

the 21-kDa bax protein can heterodimerize with Bcl-2 (Oltvai et al., 1993).

The Bcl-2 family can be divided into two subfamilies according to their function in

apoptosis. Bcl-2 (Bakhshi et al., 1985; Cleary et al., 1986; Pegoraro et al., 1984; Tsujimoto et

al., 1985; Tsujimoto and Croce, 1986), Bel-xl (Boise et al., 1993), Bcl-w (Gibson et al.,

1996), Bfl-1 (Choietal., 1995),A1 (Lin et aL, 1993),andMel-1 (Reynolds et al., 1994) act

as death repressors (anti-apoptotic subfarnily). The inducers of apoptosis (pro-apoptotic

subfamily) iocludes Bad (Yang et al., 1995), Bax (Oltvai et al., 1993), Bil< (Boyd et al., 1995),



Figure 1-2 Classification of Bd-2 family of proteins.
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Bim (O'Connor et aL, 1998), Bid (Wang et aL, 1996c), Bak (Chittenden et aL, 1995; Farrow

et aL, 1995; Kiefer et aL, 1995), Blk (Hegde et aL, 1998), Hrk (Inohara et aL, 1997), and Bcl­

xS (Boise et al., 1993). There are aiso many viral homologues ofbd-2, such as EIB 19kDa

(Rao et aL, 1992), BHRFI (Henderson et al., 1993), ASFV 5HL (Neilan et al., 1993), HHV

ORF16 (Nava et al., 1997), and HHV8bel-2/KS-Bcl-2 (Russo et al., 1996), which function

as apoptosis inhibitors during the viral infection of ceUs.

1.3.2 BH Domains and Bcl-2 Family of Proteins

A common feature of Bcl-2 family members is their ability to form either homo- or

hetero-dimers with one another under certain conditions (Chao and Korsmeyer, 1998;

Oltvai et al., 1993; Yang and Korsmeyer, 1996). Two motifs named BHl and BH2 (Bel-2

homology region land 2), whieh are 18 and 16 amino acid residues in Iength respectively,

are highly eonserved and exist in most Bcl-2 anti-apoptotic family members. BH land BH2

are required for homodimerization and heterodimerization of Bd-2 family proteins (Chao

and Korsmeyer, 1998; Oitvai et al., 1993; Yang and Korsmeyer, 1996). The BHl and BH2

regions are also required for the anti-apoptotie funetions of Bcl-2 (Oltvai et aL, 1993).

N[utation of the eonserved glycine residue within the BH 1 domain, which is one of the

residues forming the hydrophobie groove in Bel-2, can bath inhibit Bcl-2's anti-apoptotic

function and black its heterodimerization with Bax (Yin et al., 1994). Sorne Bel-2 family

members have ion eondueting channel forming ability (Minn et al., 1997). This ability of

Bel-2/Bd-xL or Bax to form sueh ehannels in synthetic lipid bilayers also requires the BH 1

and BH2 regions (Schendel et aL, 1997). A third 16 amino acid residue conserved region

called the BH3 domain was first defined in Bak for its essential role in heterodimerization

bet\veen Bak and Bel-2, and its role in death promotion (Chittenden et aL, 1995). The

importance of the BH3 domain is discussed in the next section. The fourth conserved

domain, called BH4, was defined recently. It is a 21 amino acid residue regÏon located at the

N-terminus of sorne anti-apoptotic members of the Bcl-2 family, such as Bel-2, Bel-xL, and

Ced-9 (Huang et aL, 1998). This domain is implicated in protein-protein interactions.

Several proteins including Ced-4 (Huang et al., 1998), Apaf-l (Pan et al., 1998b),

calcineurin (Shibasaki et al., 1997), and Raf-l (\Vanget al., 1994a) interactwith Bd-2
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through the BH4 domaine A BH4 deletion mutant of Bel-2 loses its anti-apoptotic function

(Huang et al., 1998).

1.3.3 BH3) The Killer Domain

Bcl-2 and Bel-xl contain aIl four BH domains (BH 1, BH2, BH3, and BH4), suggesting

that the anti-apoptotic members require the presence of more than one BH domain to

exert their anti-apoptotic function. Some death agonist members of the Bd-2 family of

proteins, like Bad, Bik, Bim, Bid, Blk, and Hrk contain only a BH3 domain suggesting that

the BH3 domain is necessary and sufficient for their pro-apoptotic activity.

The BH3-only pro-apoptotic members share no sequence homology with other Bcl-2

family members except the BH3 region. The BH3-only pro-apoptotic Bcl-2 family of

proteins can form heterodimers with anti-apoptotic family members but can not form

homodimers indicating that the BH3 domain alone is sufficient for heterodimerization.

Bid is the only BH3-only pro-apoptotic member which can bind to both pro-apoptotic

members Bax and Bak as weIl as to the anti-apoptotic members (Wang et al., 1996c). The

importance of this dual binding ability is not clear. It seems that the BH3 domain from the

pro-apoptotic Bcl-2 family members has two functions. One is that it mediates the

interaction with anti-apoptotic members. The other is that it is also required for the

apoptotic induction function of these BH3-only pro-apoptotic members and in this regard

has been termed the' Killing Domain'.

Pro-apoptotic members Bax, Bak, and Nltd/Bok contain BH 1, BHZ, BH3, and possibly

BH4 domains. These pro-apoptotic members can form homodimers and heterodimers

with anti-apoptotic members suggesting that homodimerization requires additional BH

domains other than BH3. However, it is still the BH3 domain that is important for their

heterodimerization with anti-apoptotic members and their pro-apoptotic activity. A

detailed comparison of BH3 domains from both pro-and anti- apoptotic members of the

Bcl-2 family shows that the BH3 domain in anti-apoptotic members can act as a death

promoter similar to BH3 domains in pro-apoptotic members. This raises the question of

how Bcl-2 and Bd-xl can contain a death promoting BH3 domain and still be anti-
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apoptotic. One possibility is that the BH4 domain (and probably the loop region located

between BH3 and BH4) of Bel-2 and Bel-xL can inhibit the BH3 domain's pro-apoptotic

function.

1.3.4 Gene Deletion Studies

Despite the structural and functional similarities benveen Bel-2 and Bel-xL, there is

evidence that the two proteins may function differently in sorne systems. For example,

ectopie expression of Bel-xL can block apoptosis in a murine B-cel1line, WEHI-23, but Bel­

2 fails to do 50 (Gottschalk et a1., 1994). The Bel-2 and Bel-xL knoekout mice have also

indicated functional differences between the two proteins. The Bcl-2-/- miee are viable and

normal with the exception of a lack of retinal development, indicating that Bel-2 is not

essential for mouse embryonic development (Veis et al., 1993). In contrast to Bel-2, the

Bel-xL knockout results in embryonic lethality (Nlotoyama et a1., 1995). The Bel··xL-/­

mouse embryos die at around day 13 due to excessive cell death in the brain and other

systems (Nlotoyama et a1., 1995). Bel-xL appears to be essential for brain development

(Motoyama et al., 1995). Bax -/- miee represent the first knoekout of a death-promoting

family member (Knudson et al., 1995). The Bax knockout mice look normal but develop

both hyperplasia and hypoplasia depending on the cellular context (Knudson et aL, 1995).

Bax-deficient primary fibroblasts showed resistance to chemotherapy and p53-indueed

apoptosis, indicating that Bax may function as a tumor suppressor gene (Knudson et al.,

1995).

1.3.5 The Structure of Bel-xl and üther Bel-2 Family Proteins

The crystal and solution structures of Bel-xl have been solved (Muchmore et al., 1996).

Based on X-ray crystallography and nudear magnetic resonanee spectroscopy (NMR), the

Bel-xl structure appears largely a-helical, with the BHI, BH2, and BH3 domains together

forming a hydrophobie eleft (Nluehmore et al., 1996). The NNIR structure of Bal< indicates

that the BH3 domain interaets with the hydrophobie eleft formed by the BH 1, BH2, and

BH3 domains of Bel-xl. Interestingly, Bik, Bad) Bid, and Hrk, which contain only a BH3
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domain, are more potent death effectors than those proteins with aU of the BH domains

(Bax, Bak, and Bok) (~[uchmore et aL, 1996). It is not c1ear whether binding of the BH3

domain of the death agonist inactivates Bel-2/Bc1-xL by simple stoichiometric binding or if

it initiates a new activity that triggers apoptosis. A 60 amino acid loop region located in the

N-terminal region ben'/een the first and second u-helices (the BH3 and BH4 dornains) of

Bel-xl is structurally undefined (by X-ray) suggesting that this region is very flexible

f!v(uchmore et al.. 1996). Deletion studies ~how that this region is nonessential for the
, • #' ....,

anti-apoptotic effect of Bel-xL. Instead, this region may serve as a site for regulation of Bel­

2/Bel-xL. Ser/Thr phosphorylation of sorne residues within this loop region have been

found ta modulate the funetion of Bcl-2 (Haldar et al., 1998).

The structure of Bel-xL is similar to bacterial pore-forming proteins; the eolicins (Al

and El) and diphtheria toxin, which have pH-dependent membrane-pore forming ability

(Nluchmore et aL, 1996). Furthermore, Bcl-xL/Bd-2 and Ba.x form ion channels in

synthetic phospholipid bilayers in a pH-dependent manner just as bacterial toxins do

(Minn et aL, 1997; Schendd et aL, 1997). Two hydrophobie helices, aS and u6, tlanked by

the BH 1 and BH2 domains, are responsible for the channel formation ability of Bel-2/BeI­

xl and Bax (Schendel et aL, 1997). Thus Bax, Bel-xl and its dose relative Bel-2, may

directIy or indirectly affect the permeability and/or transport capacity of organelles and

regulate their homeostasis during apoptotic processes. Indeed, Bel-2 inhibits the release of

holocytoehrome c and an apoptosis inducing factor (AIF) From the intermembrane space

of mitochondria into the eytoplasm (Susin et aL, 1997; Susin et al., 1996; Yang et al., 1997).

Ion channel formation experiments in vitro using synthetic phospholipid bilayers show

that anti-apoptotic family members like Bel-2 and Bel-xl have different ion selectivity and

conduction ability than the pro-apoptotic family member Bax (Schlesinger et al., 1997).

The Bcl-2 and Bel-xl channel is pH sensitive and becomes cation selective at physiological

pH (Minn et al., 1997). The Bax channel prefers anions such as Cl-, and functions over a

broad pH range (Schlesinger et al., 199ï). Bel-2 also inhibits Bax channel-forming activity

rather than forming its own ion channel. However, aIl of these results come from in vitro

systems and no data demonstrates that Bel-2/Bd-xL or B~"{ have ion channel formation

properties in the cell under physiological conditions.
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1.4 The Functional Mechanism (s) of the Bcl-2 Family ofPro-
teins

Despite rapid progress in the apoptosis field, the exact mechanism(s) by which Bcl-2

family members regulate apoptosis remains largely unclear.

Overexpression of Bd-2 and other anti-apoptotic members in many mammalian ceUs

can block apoptosis induced by a broad range of stimuli (Gajewski and Thompson, 1996;

Reed, 1996). Bax and the other pro-apoptotic members of the Bd-2 protein family

function by accelerating apoptosis. Bax ,an heterodimerize with the anti-apoptotic

members like Bd-2 (Oltvai et al., 1993). The ratio of Bcl-2 to Bax in the cell is important

for the apoptotic outcome (Oltvai et al., 1993). 'VVhen Bel-2/Bd-xL are dominant, the ceU

survives death triggers. Conversely, when Ba.x, or other pro-apoptotic members, are

expressed at high level, the ceH undergoes apoptosis.

Many studies show that Bcl-2 can act through several mechanisms. It can act as an

antioxidant (Hockenbery et al., 1993), can prevent mitochondrial release of cytochrome c

(Kharbanda et al., 1997; Yang et al., 1997), and can delay ceH proliferation by prolonging

the G l phase of the ceH cycle (Reed, 1996). Perhaps most importantly, Bcl-2 can prevent

the activation of a subclass of cysteine proteases called caspases (formerly known as ced­

3/ICE (interleukin-1-converting enzyme)-like proteases) (Boulakia et al., 1996; Yang et aL,

1997). The anti-apoptotic activity of BcI-2 seems ta be proportional to its expression level

(Oltvai et al., 1993). SubceHular localization studies of Bcl-2 reveal that BcI-2 is anchored

via its carboxyl-terminal hydrophobie region ta the outer membranes of mitochondria,

nuc1ei, and the endoplasmic reticulum leaving the bulk of the protein facing the cytoplasm

(Chao and Korsmeyer, 1998; Hockenbery et al., 1990; Nguyen et al., 1993). A cytosolic Bel­

2 mutant only partially retains its anti-apoptotic protection function suggesting that

membrane localization is required for full aetivity (Nguyen et al., 1994). Bax is reported to

he an integral membrane protein associated with organelles, or bound to organelles in cells

undergoing apoptosis, but in other work, Bax has been found to he a soluble protein in the

eytoplasm (Goping et al., 1998; Gross et aL, 1998). The Bax monomer exists in the eytosol

and the homodimer form resides in mitochondria and other membrane locations upon
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death triggering (Goping et al., 1998; Gross et al., 1998). Bax can homodimerize only when

it is targeted to mitochondrial outer membrane (Goping et al., 1998; Gross et al., 1998;

Wang et al., 1998). A mechanism for Bax targeting to mitochondria was proposed recently.

The N-terminal region of Bax contains an ART (for apoptosis regulation of Bax targeting)

domain, which is a mitochondria targeting inhibition domaine Upon apoptotic

stimulation, an unidentified cytosolic protein named Baf (Bax associated factor) can

interact with Ba.x and suppress the mitochondria targeting inhibition effect of ART

(Goping et al., 1998). Bax then can translocate ante the mitochondria outermembrane to

interact with other mitochondria outer membrane proteins, 5uch as Bel-2/Bd-xL and

probably truncated Bid to exert its pro-apoptotic funetions (Li et al., 1998; Luo et al.,

1998). Bid, a BH3-only pro-apoptotic member, which can interact with both Bel-2 and

Bax, is aiso targeted to mitochondria after being proteolytically eleaved by caspase-8 in ceUs

that are undergoing apoptosis (Li et al., 1998; Luo et al., 1998). Forced dimerization of Bax

causes Bax to transiocate from the cytosol ta mitochondria membranes (Gross et al., 1998).

This translocation can result in mitochondrial dysfunction and induce apoptosis (Gross et

al.,1998).

To understand the mechanism(s) by which Bcl-2 functions, it i5 necessary to identify

the molecules \Vith which Bcl-2 interacts. A variety of techniques, including interaction

eloning, yeast two-hybrid and recombinant baculovirus systems, have attempted ta isolate

Bcl-2 interacting proteins. Sorne binding partners of Bel-2 and Bax have been identified.

Among them are c-Raf-l, a protein kinase that transduces growth factor-elicited signaIs via

the mitogen-activated protein kinase pathway, (Wang et al., 1996a; Wang et al., 1996b)

(34-36); BAG-l (Takayama et al., 1995), and calcineurin (Shibasaki et al., 199ï). These

proteins have been isolated based on their ability to interact with Bcl-2 or Bel-xl, but their

ability to function as apoptosis regulators under in vivo physiological conditions needs to

be established. Three proteins interacting with the adenovirus protein El B 19kDa were

isolated: Nip-l) 2, and 3 (nineteen kDa interacting protein-l) -2, and -3 (Boyd et al.) 1994).

They are aiso able to interact with Bd-2 (Boyd et al., 1994). Nip-3 contains a BH3 domain

and was renamed BNIP3 as a pro-apoptotic member of the Bcl-2 family of proteins
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(Yasuda et al., 1998). The targeting of Nip-3 to mitochondria is essential for its ability to

induce apoptosis in the ceU (Chen et al., 1997).

1.4.1 Homo- and Hetero-dimerization

Homo-and hetero-dimerization are common features of aH rnernbers of the Bcl-2

farnily of proteins. Nlany studies suggest that the dimerization process is essential for the

biological activity of these proteins. rv[utagenesis studies show that the anti-apoptotic

activity of Bd-2 correlates with its ability to forro heterodimers with Bax through BH Land

BH2 domains (Yin et al., L994). BH L, BH2, and BH3 domains of Bd-2 can also interact

with the BH3 domain of Bax and prevent Bax from inducing apoptosis (Yin et al., L994). In

this case, the survivalldeath activity and heterodimerization capacity are non-separable

functions. A Bel-xL mutant, which has lost heterodimerization ability with Bax or Bak,

retains its anti-apoptotic function, suggesting that the dimerization of Bel-xL with Bax is

not required (Cheng et aL, 1996). Studies of Bel-2 and Bax knockout mouse, also

demonstrate that Bax can promote apoptosis in the absence of Bd-2 and Bcl-2 can prevent

apoptosis independent of Bax, suggesting that Bd-2/Bax heterodimerization may nat be

the only mechanism that Bcl-2 uses to regulate apaptosis (Knudson et al., L995). Sorne

evidence shows that Bax mutants that have lost both hetero- and homodimerization ability

can still trigger apoptosis suggesting that both homo- and hetero-dimerization properties

are not required for its death promoting ability as determined by yeast two-hybrid and

detergent-based IP assays (Simonian et al., 1996). However, detailed studies of the same

Bax mutants show that they are located predominantly in the mitochondrial membrane

and can be cross-linked to form homodimers just as readily as wild type Bax (Wang et al.,

1998). This observation suggests that Bax undergoes a conformational change when

translocated from the eytosol to the mitochondrial membrane and this conformational

change is essential for its homo- and hetero-dimerization properties, and its death

promoting function ("Vang et al., 1998).

Together, these findings suggest two models for the reguIation of apoptosis by Bd-2 and

Bax. First, Bcl-2 and Bax function independently to interact with survival and death
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promoting molecules respectively, but can neutralize each other's function through

heterodimerization. Secondly, the Bax homodimer is the active form triggering apoptosis

in the cell. Bcl-2 can form heterodimers with Bax to protect cells from apoptosis. In either

case, the level of Bax and Bcl-2 heterodimers can act as a setpoint in the ceU to determine

whether the cell should survive or die. The intracellular protein levels of Bcl-2 and Bax can

adjust this setpoint.

1.4.2 Regulation of Caspase Activation

1.4.2.1 Bcl-2 and Caspase Activation

Two main mechanisms have been proposed to link Bcl-2 to caspase activation. First,

Bel-xL and caspase-9 can bind distinct regions of Apaf-1 to form a ternary complex in

mammalian cells (Pan et al., 1998b). The binding of Bcl-2 to Apaf-1 can prevent Apaf-1

from causing proteo[ytic activation of procaspase-9 and thereby inhibit the activation of

the caspase cascade (Srinivasula et al., 1998). Secondly, Bcl-2 can function by inhibiting the

release of caspase activators such as eytochrome c and AIF (apoptosis-inducing factor)

from mitochondria (Kim et al., 1997; Kluck et al., 1997). The release of cytochrome c from

mitochondria is a key event that leads to the amplification of caspase activation (Liu et al.,

1996).

1.4.2.2 Bcl-2 and Caspase-9 Autocatalytic Activation

In the first model, through the Apaf-l adapter molecule, Bel-2/Bel-xL, can recruit

procaspase-9 and other initiator procaspases to intracellular membrane locations, such as

mitochondrial outer membrane and the ER. This prevents caspases from being activated.

Apaf-l can forro oligomers (Srinivasula et al., 1998), and can induce the activation of

procaspase-9 associated with Apaf-l by cleavage at Asp-31S byan intrinsic autocatalytic

activity of procaspase-9 (Srinivasula et al., 1998). Deletion ofWD-repeats, a protein­

protein interaction motif within Apaf-1, can render Apaf-l constitutively active and cause

the autoproteolytic processing of procaspase-9, independently of eytochrome c and dATP.
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This resuit indicates that the WD repeats are involved in the regulation of Apaf-l activity

via CYt0chrome c and dATP (Srinivasula et al., 1998). This eytochrome c regulation step is

unique for mammais since Ced-4 in C.elegans does not contain the WD repeat motif and

does not require cytochrome c.

.'\paf-l knockout mice die at embryonic clay 16.5. Virtually aIl tissues and ceIls whose

development involves programmed ceU death have been disturbed t including the

formation of the palate, neural ceUs, the removal of interdigital webs, and lens and renai

development (Cecconi et al., 1998; Yoshida et al., 1998). Fibroblasts from Apaf-l-I- mice

exhibit a reduced response to various apoptotic stimuli (Cecconi et al., 1998; Yoshida et al.,

1998). This ch~arly demonstrates the essentiai raIe of Apaf-l in tissue and organ

development. The Apaf-l knock out clearly demonstrates that developmental ceH death is

dependent on cytochrome c release from mitochondria and emphasizes the importance of

the apoptosome in mammalian development.

1.4.2.3 Bcl-2 Family and Release of Apoptotic Inducers

In the second mode!, evidence suggests that Bel-l, Bel-xL, and Bax may be pore­

forming proteins similar to bacterial toxins such as diphtheria toxin (London. 1992;

Muchmore et al., 1996; Parker and Pattus, 1993). The ion conducting channels formed by

Bel-xl or Bax have opposite ion selection properties; and Bel-xl can inhibit Bax ion

channel forming ability (Antonsson et al., 1997; NHnn et al., 1997; Schendel et al., 1997).

AlI these data suggest that Bel-l, Bel-xl, and Ba..x may aiso have a membrane transport

funetion that regulates ion flux and protein transport across the mitochondrial membrane,

the endoplasmic reticulum, and nuelear envelope. In support of this model, Bel-2 and Bel­

xL can inhibit the release of CYt0chrome c and AIF (apoptosis-inducing factor) from

mitochondria, whereas, Bax promotes cytochrome c release.

1.4.2.4 Regulation of Ced-3 Activity by Ced-9

The funetion of the trimeric protein complex Ced-3/Ced-4/Ced-9 in C.elegans is aise

emerging. Ced-3 can undergo an autoproteolytic deavage by a mechanism similar to that
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of mammalian Apaf-l induced procaspases via association with the Ced-4 oligomers (Yang

et al., 1998b). The oligomerization domain within Ced-4 has been mapped to amino acids

171-549. The oligomerization of Ced-4 can bring associated Ced-3 molecules into

proximity with each other thereby inducing autoproteolytic processing of Ced-3 (Yang et

al., 1998b). Other regions ofCed-4, including the N-terminal CARO domain that interaets

with the CARD of Ced-3, and the D-loop region that is responsible for Ced-4 nucleotide

binding. are non-essential for the Ced-4 oligomerization process (Yang et al.. 1998b). Co­

expression of truncated Ced-4 (172-549), Ced-4, Ced-3, and Bel-xl, can prevent Ced-4­

Bel-xL interaction but has no effect on Ced-4 dimerization, suggesting that Ced-4

oligomerization and Ced-4 binding to Bel-xL are mutually exclusive events. Similarly, the

same loss of function Ced-4 mutant can still bind Ced-3 but does not allow Ced-3

activation since the molecules are not brought together (Yang et al., 1998b). Thus, Ced-3

activation in the Ced-3/Ced-4 complex is controlled by Ced-4 oligomerization, and is

regulated by interaction \Vith Ced-9 or Bel-xL (Yang et al., 1998b).

1.4.2.5 Inhibition of Caspase Activation by Bcl-2 and Ced-9

In both C.e/egan5 and mammals, BH3-only pro-apoptosis proteins can disrupt the

proteolytic autoprocessing of Ced-3/procaspase. EGL-1 is a BH3-only C.e/egatI5 protein,

and can effectively replace Ced-9 from the Ced-3/Ced-4 complex and thus promote auto

activation of Ced-3 (Conradt and Horvitz, 1998). Similarly, Bid, a mammalian BH3-only

pro-apoptotic member, can disrupt Bd-xl association with Apaf-l/procaspase-9 and aiso

cause procaspase-9 activation (Luo et al., 1998). The BH3 domains of EGL-l and Bid

interact with the hydrophobie deft formed by BH l, BH2, and BH3 on Ced-9 or Bd-xL and

somehow cause the release ofCed-9/Bel-xL from the Ced-3/Ced-4 or Apaf-l/procaspase-9

complexes. In summary, Bel-2/Ced-9 promotes cell survival by inhibiting the binding of

Ced-4 adapter proteins needed for caspase activation. Those pro-apoptotic Bcl-2 family

members, like EGL-l and Bid, apparently promote ceU death through mechanisms that

include disruption of Bd-2/Ced-9 association with the adapters.
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1.4.3 Regulation of Bcl-2/Bcl-xL Activity by Caspases

The anti-apoptotic proteins Bel-2 and Bel-xl contain caspase eleavage sites in their

loop region located between the BH3 and BH4 domains. Both Bel-2 and Bel-xl can be

proteolytically eleaved by caspases at these sites (Clem et al., 1998; Grandgirard et al.,

1998). Once eleaved, Bel-2 and Bel-xl lose their anti-apoptotic function (Clem et al., 1998;

Grandgirard et al., 1998). Truncated Bcl-2 and Bd-xL proteins can promote cell death

(Clem et al., 1998; Grandgirard et al., 1998). These results suggest that when death

suppression is no longer an option for the ceH, Bcl-2 and Bel-xL can function as a death

inducer after being deaved by the caspase~.

1.4.4 ER Regulation of Apoptosis

Although the localization of Bd-2 to the ER and nucleus was observed a long time ago,

the role Bcl-2 plays at these locations has not been addressed extensively. Bap31, an integral

ER protein, was isolated based on its ability to interact with Bel-2 in farwestern analysis

(Ng et al., 199ï). In transiently transfected 293T cells, Bap31 is a part of an ER membrane

protein complex that indudes Bcl-xL/Bcl-2, caspase-8, and a Ced-4 homologue (Ng et aL,

1997; Ng and Shore, 1998). The efficient interaction of Bap31 with Bel-xL requires the

presence of an endogenous Ced-4 homologue suggesting that an ER caspase activating

complex similar to that of the mitochondrial "apoptosome" and cell membrane DIse may

exist (Ng and Shore, 1998). Ba.x is not present in this ER-Bap31 complex, in fact, Bax can

effectively replace Bel-2 or Bd-xl from the complex and induce apoptosis (Ng and Shore,

1998).

1.4.5 Bad and Its Function in Apoptosis

Bad is a pro-apoptotic member of the Bel-2 family of proteins. Bad is able to induce

apoptosis when transfected into mammalian cells (Yang et al., 1995). Bad was fust isolated

from a mouse cDNA library based on its interaction with the anti-apoptotic protein Bcl-2

(Yang et al., 1995). It was subsequently shawn to interact more strongly with BeI-xl than
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with Bd-2, and in functional studies it antagonizes the protective effect of Bel-xL

effectively. The human homologue of Bad has also been eloned (Ottilie et aL, 1997). Bad

does not homodimerize with itself. It functions by binding to anti-apoptotic proteins such

as Bd-xL and Bd-2. In faet, Bad so strongly interacts with Bel-2, that it can effectively

liberate Bax from Bel-2/BéLx heterodimers and produce the free form of Bax which can

induce apoptosis (Yang et al., 1995). Bad is localized in the cytosol and on subcellular

membranes (Zha et al.. 1996b)' Furthermore, translocation of Bad between cytosol and

membranes has been observed (Zha et al., 1996b). The translocation is regulated by

phosphorylation of Bad (Zha et al., 1996b). Bad is rapidly phosphorylated on both Serl12

and Ser136 in response to growth promoting factors (Zha et al., 1996b). These t\vo serine

sites match the consensus binding sites for the cytosolic phosphoserine binding protein 14­

3-3. Phosphorylated Bad can bind to the 14-3-3 chaperone protein and be sequestered in

the cytosol in a complex with 14-3-3 (Zha et al., 1996b). When cells receive death stimuli,

Bad is rapidly dephosphorylated and dissociated from 14-3-3 (Zha et al., 1996b). The

unphosphorylated Bad can moye to the mitoehondrial membrane to interact with Bel­

2/Bel-xL and other membrane-anehored family members (Zha et al., 1996b). The Bad and

Bd-2/Bd-xL interaction ean readjust the death setpoint formed by Bel-2/Bd-xL and Bax by

shifting it towards apoptosis (Yang et al., 1995; Zha et al., 1996b). Mutation of Serl12 and

Ser136 phosphorylation sites in Bad can abrogate its binding to 14-3-3 and enhance its

pro-apoptotic actiyity (Zhu et al., 1996b).

Several growth factors induding IL-3 can induee the activation of the

phosphatidylinosito13-kinase (PI3K) (Del et al., 1997). The activated PI3K mediates a

yariety of cellular responses, ineluding ceH growth and apoptosis, by generating

Ptdlns(3,4)P2 and Ptdlns(3,4,S)P3. These 3-phosphoinositides then function directly as

second messengers to activate downstream signaling molecules by binding pleckstrin

homology (PH) domains in these signaling molecules (Rameh et al., 1997). AKT (aIso

known as protein kinase B, PKB) is a good example of a PH domain-containing protein

that is regulated by binding PI3K produets (Franke et al., 1997). Binding of the PH

domains of AKT to Ptdlns(3,4)P2 or Ptdlns(3,4,S)P3 functions to relocalize AKT from the

eytosol to the plasma membrane (Downward, 1998). Targeting AKT to the plasma
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membrane allows AKT to be phosphorylated and activated by the protein kinase 3­

phosphoinositide-dependent protein kinase(PDK) l (Downward, 1998). AKT is a

serine/threonine kinase. Once being activated by PI3K, AKT can phosphorylate Bad at

SerL36. The phosphorylated Bad associates with 14-3-3 and is sequestered in the cytosol.

(Datta et al., 1997; deI et al., 1997). The phosphatase which responds to death signaIs by

dephosphorylating Bad is still unknown. PTEN (aiso known as MNIACI and TEP!), a

tumor suppressor with sequence homology to protein tyrosine phosphatases and the

cytoskeletal protein tensin (Li and Sun, 1997; Li et al., 1997a; Steck et al., 1997), can

negatively regulate Akt's activity (Stambolic et al., 1998). A constitutively active mutant of

Akt can rescue cells from PTEN-induced apoptosis, indieating that PTEN is a negative

regulator upstream of Akt (Stambolic et al., 1998).

The BH3 domain of Bad is necessary for its interaction with Bel-2 and Bel-xL (Zha et

al., 1997). Early studies suggested that there are weak BH land BH2 homologous domains

existing in Bad. More recent arguments show that the BH3 domains of BCL-2 family

proteins are homologous to previously hypothesised BH land BH2 domains of Bad (Zha et

al., 1997). The current understanding is that there are no BH land BH2 domains in Bad.

Bad contains an amphipathic BH3 domain only and lacks the hydrophobie C-terminal

region possessed by other mem~rane-basedmembers of the Bel-2 family of proteins. This

may explain why Bad does not form homodimers since BH 1 and BH2 domains are

required for aU hamodimerization processes and Bad contains neither BH 1 or BH2.

Peptides derived from the Bad BH3 damain can completely inhibit the dimerization of Bad

with Bel-2 or Bel-xL, indicating that the BH3 damain of Bad is necessary for its interaction

with anti-apoptotic proteins such as Bcl-2 or Bel-xl (Ottilie et al., L997; Zha et al., 1997).

However, the interaction between Bcl-2 and Bad may require structural information other

than the BH l, BH2, and BH3 domains. Several other anti-apoptotic Bc1-2 family members,

induding Md-l, Al, and EIB 19kDa, fail to interact with Bad suggesting that Bad regulates

sorne of the anti-apaptotic Bc1-2 family members, but not all (Yang et al., 1995). A EIB

19kDa chimeric protein bearing the BHI, BH2, and BH3 domains from Bcl-2 does not

interact with Bad, indicating that structural features other than the BH domains of BcI-
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l/Bel-xL are required for the interaction (Gang Chen and Gordon Shore, unpublished

data).

1.4.6 Mitochondria Targeting of Bax and Regulation of Apoptosis

Bax can translocate from cytosal into the mitochondrial membrane in response ta

death stimuli (Wolter et al., 1997). Once translocated ante the mitochondrial membrane,

Bax can form homodimers. This homodimerization process is important for Bax's pro­

apoptotic function and its ability to induce eytochrome c release from mitochondria,

suggesting that a specialized intramembrane conformation of Ba.x is required for its pro­

apoptotic activity (Gross et al., 1998; Wang et al., 1998). The translocation of Bax from

cytosol to mitochondria requires the help of a yet-to-be-identified eytosolic factor as weIl

as mitochondrial outer membrane docking proteines). The N-terminal of Bax contains an

inhibitary domain, ART (for apoptotic regulation of targeting) that prevents Bax from auto

translocating into the mitochondrial membrane (Goping et al., 1998). In vitro targeting

experiments show that deletion of ART can target Bax to mitochondria without the

requirement of apoptotic ceH extracts (Goping et al., 1998). The putative cytosol factor Baf

(for Bax activating factor) can interact with Ba.x and target Bax to mitochondria (Goping et

al., 1998).

1.4.7 Cytochrome c Release Induced by Bid

In addition to Bad, two more pro-apoptotic Bcl-2 family members, Bax and Bid, can

translocate from eytosol into mitochondrial membranes after ceUs receive death signaIs.

Bid was recently purified from Hela ceIl S-100 cytosolic fraction and identified as the factor

that can efficiently induce the release of CYtochrome c from mouse liver mitochondria (Luo

et al., 1998). The ability of Bid to induce cytochrome c release requires the presence of

caspase-8 activity (Li et al., 1998; Luo et al., 1998). Bid is a preferred caspase-8 substrate (Li

et al., 1998). The truncated forro of Bid (cleaved by caspase-8 at the Bid LQTD caspase

recognition site) but not fulliength Bid, was translocated to the mitochondrial

membranes. Truncated Bid is the active form of Bid that induces eytochrome c release from
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mitoehondria. Bid contains none of the BH 1, BH2, BH3, BH4 domains, or the e-terminai

hydrophobie region. The only sequence homology Bid shares with other pro-apoptotie

Bcl-2 family members is the BH3 domain. The IS-kDa caspase-8 eleavage product of Bid,

aa 60-195, eontains the BH3 domain, a demain that can mediate direct interaction with

anti-apoptotic members such as Bcl-2 and Bel-xl. A Bid G94E BH3 mutant that lost its

ability to interact with Bel-2/Bd-xL is defective in cytochrome c release but can still

transloeate into mitoehondrial membrane (Luo et al.. 1998). This means that Bid interaets

with an unidentified mitoehondrial membrane protein since this protein-protein

interaction itself is not enough to trigger cytoehrome c release. The ability of truneated Bid

to induce eytochrome c release may require its association with this unidentified protein to

interact with Bel-2/Bel-xL or other members of the Bd-2 family which are located on the

mitochondrial outermembrane and inhibit release of eytochrome c.

1.4.8 Comparison of the Mechanisms Used by Bad, Bax, and Bid

AH three pro-apoptotie proteins, Bad, Bax, and Bid, use eytosol to membrane

translocation strategies to exert their pro-apoptotic functions. but each of them uses a

different mechanism for the translocation process. For Bad, it is the phosphorylation that

mediates the translocation (Datta et al., 1997; del et al., 1997; Zha et al., 1996b); for Bid, it

is the proteolytie eleavage of Bid (Li et al., 1998; Luo et al., 1998); and for Bax, it is an

unidentified Bax activating factor (probably Bid), and a mitoehendrial outer membrane

associating protein that are involved in the mitochondrial targeting event (Goping et al.,

1998). These findings demonstrate that mitochondria play a pivotaI role in apoptosis

regulation in mammalian ceUs.

1.5 Mitochondria and Apoptosis

The involvement of mitochondria in apoptosis was first suggested by the finding that

the anti-apoptotie protein Bd-2 is localized primarily to the mitochondrial outer

membrane by its hydrophobie tail at the C-terrninus, leaving the bulk of proteins facing the

cytosol (Chao and Korsmeyer, 1998; Hoekenbery et al., 1990; Nguyen et al., 1993). The C.
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elegans Bcl-2 homologue Ced-9 is found in a bicistronic messenger RNA that encodes bath

Ced-9 and cytochrome b, impLying a possible function and origin connection between Bel­

2 and mitochondria (Hengartner and Horvitz, 1994). Today) the mitochondrion is

recognized as the sensor and executioner of apoptosis in mammalian celIs. Although the

exact mechanism(s) used by mitochondria to trigger and execute apoptosis is still unelear,

several mechanisms have been proposed to explain the pivotai function mitochondria play

in apoptosis. These include reLease of caspase activators such as cytochorome c and AIF;

disruption of the electron transport chain, oxidative phosphorylation processes and ATP

generation; and changes of cellular reduction-oxidation (redox) potentiaL.

During apoptosis, cytochrome c is released from the mitochondrial intermembrane

space into the cytosol where it can exert its function on caspase activation (Liu et al., 1996).

Once translocated into cytosol, cytochrome c, in collaboration with Apaf-1) the

mammalian homologue of the C. elegans death protein Ced-4, is able to activate

procaspase-9 (Apaf-3) and other procaspases to trigger and/or enhance caspase activation

cascades (Kluck et al., 1997; Li et al., 1997b; Yang et aL, 1997). When cells are undergoing

apoptosis, an apoptosis-inducing factor (AlF), a 50 kDa protein, is also released into the

cytosol from the mitochondrial intermembrane space (Susin et al., 1996). AIF is capable of

activating caspase-3 and inducing nuclear apoptosis in vitro (Susin et al., 1997; Susin et al.,

1996). AIF activity can be blocked by the broad spectrum caspase inhibitor zVAD-fmk,

suggesting that AIF itself may be another caspase. Sorne caspases such as caspase 3 are

localized to mitochondria in certain cell types.

The mitochondrial inner nlembrane has a membrane potential(il'lf) with the

intermembrane space side positively charged and matrix sicle negatively charged, and a

proton concentration (.6pH) gradient where the intermembrane space side is acidic and

the rnatrLx space side is alkaline. Disruption of both d'li and .6pH have been observed

during apoptotic events (Castedo et al., 1996; Zarnzami et al., 1995a; Zamzami et al.,

1995b). A partially characterized mitochondrial perrneability transition (PT) pore complex

(PTPC) has been introduced to explain the mitochondria PT changes during apoptosis

(Castedo et al., 1996; Zamzami et al., 1995a). The mitochondrial PTPC consists of protein

components from both outer membrane and inner membrane. 1t may include the outer
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membrane protein porin, aiso known as VDAC (voltage-dependent anion channel) and

the benzodiazepine receptor, and the inner membrane protein adenine nucleotide

translocator (ANT) and associated proteins such as cydophilin O. The PTPC is a non­

selective channel. When the PTPC is open, water and small molecules less than 1.5 kDa can

move into the matrix through the pore. This process can cause mitochondrial swelling, and

ultimately, the eruption of the outer membrane, leading to release of eytochrome c, ArF,

and many other mitochondrial proteins into the cytosol.

Several signaIs can induce the mitochondrial permeability transition, induding caspase

activation, increased cytosolic Ca2+ levels, mitochondrial targeting of Bax:, Bad, Bid, and

other pro-apoptotic Bel-2 family proteins, nitric axide, ceramide, NAD{P}H2 and ATP

depletion, \tf disruption, increasing production of reactive oxygen species, and changes in

cellular reduction-oxidation (redox) potential. Bel-xL can inhibit mitochondrial

permeability transition changes in ceUs treated with apoptotic stimuli (Vander et al., 1997).

In many situations, the mitochondrial permeability transition is a self-amplifying process.

It can lead to the collapse of the electron transport chain and oxidative phosphorylation.

The release of caspase-activating proteins from mitochondria into the cytosoi could be

a result of one or bath of the following events: osmotic disequilibration and the opening of

mitochondriai outer membrane channeis. Osmotic disequilibrium can cause the opening

of PTPC, a nonselective channel. The opening of the PTPC can lead to the equilibration of

ions and respiratory substrates between the cytosol and mitachondrial matrix. This process

can result in mitochondrial swelling, disruption of the mitochondrial \tf and eventually the

disruption of the mitochondriai membrane which results in the release of CYt0chrome c,

AIF, and possibly other caspase-activating proteins into the cytosol. In cells where

endogenous caspase inhibitors are present in large quantity, a large amount of eytochrome

c must be released in order to activate the caspase cascade. This, however, results in the

complete loss of function of the electron transport chain because of the loss of CYt0chrome

c. The cell will die in a more necrotic manner because of the lack of ATP being generated.

ATP may be required for the execution of the apoptotic process. Conversely, in ceUs that do

not contain a high concentration of caspase inhibitors, only a small amount of CYt0chrome

c disassociated from the electron transport chain will be sufficient ta trigger the caspase-
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activation cascade. [n this case) the majority of cytochrome c can still associate with

cytochrome b-c 1 in the electron transport chain to generate ATP to facilita te late apoptotic

events.

The mitochondrial outer membrane channels are poorly defined. There is evidence

that the putative mitochondrial megachannel opens after the ceU is chaUenged with

apoptotic stimuli suggesting that cytochrome c and many other mitochondrial inner

membrane proteins can go through the opened megachannel to the cytosol. Bel-2 family

members nlay have the capacity to forro mitochondrial outer membrane ion conducting

(.;hannels according to the crystal structure of Bel-xL (Nluchmore et al.) 1996). The Bel­

2/Bd-xL channel prefers cations while the Bax channel favors anions (NHnn et al., 1997;

Schendel et al.) 1997). Bd-2 can also prevent Bax from forming ion conducting channels

under proper conditions (Antonsson et al.) 1997; Schlesinger et al.) 1997). [n brief) Bcl-2

and Bax may form ion conducting channels in the mitochondrial membrane and thereby

influence mitochondrial membrane permeability. Bax can induce caspase-independent

apoptosis in a mitochondria dependent manner) suggesting that mitochondria have a

fundamentally important raIe in Bax induced apoptosis in the cell. Bax can bind to the

permeability transition pore complex (PTPC) of mitochondria (Marzo et al.) 1998). The

ANT (adenine nucleotide translocator) is a component of the PTPC. Atractyloside can

induce mitochondrial membrane permeability changes and apoptosis by binding to the

ANT. The PTPC purified from Bax-deficient rnice could not be permeabilized in response

to atractyloside (Nlarzo et al., 1998). Ba'C overexpression can induce cell death in wild-type

but not in ANT-deficient yeast (Marzo et al., 1998). These data suggest that Bax exerts its

pro-apoptotic function by cooperating with ANT within the PTPC to increase

mitochondrial membrane permeability and to trigger ceU death (J\!larzo et al.) 1998).

1.6 Endoplasmic Reticulum and Apoptosis

Although Bd-2/Bd-xL and other Bcl-2 family members are aiso localized to the ER, the

importance of ER in apoptosis has not been extensively investigated. A search for Bd-2

binding proteins by Far Western analysis has led to the identification of p28/Bap31, a 28
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kDa polytopic integral membrane protein located in the ER, as a component of the Bc1-2

protein complex associated with the ER membrane (Ng et al., 1997). The N-terminal of

Bap31 contains three transmembrane domains with the first and the third TM region

carrying positively charged residues. The C-terminal domain of Bap31 contains a weak

death effector homology domain, two caspase recognition sites, and an ER retention signal

KKEE at the extreme C-terminus (Ng et al., 1997). Upon triggering of ceU death, the two

caspase recognition sites of Bap31 can be recognized by caspases and are deaved into two

proteins: p20 (N-terminal portion) and plO (C-terminal) (Ng et al., 1997). 'When the p20

fragment is expressed in 293T ceUs, it can induce apoptosis (Ng et al., 1997). Purified

caspase-8 but not caspase-3 can proteolytically deave Bap31 at these two caspase sites to

give p20 and plO (Ng et al., 1997). In co-transfected 293T ceUs, Sap31, Bel-2/Bel-xL,

procaspase-8, and Ced-4 form an ER membrane associated protein complex (Ng and

Shore, 1998). Although the exact context of this complex in still elusive, Bap31 does not

interact with procaspase-8 directly as judged by an in vitro GST fusion binding assay.

Bap31 interacts with Ced-4 via the death effector homology domain of Bap31 in a GST

fusion protein binding experiment (Ng and Shore, 1998). The interaction of Bap31 with

Ced-4 contributes to the recruitment of procaspase-8 to the Bap31 complex (Ng and

Shore, 1998). Bel-xL weakly but directIy interacts with the transmembrane region of

Bap31. However, in 293T ceUs, the cytosolic region of p28/Bap31 has the ability to interact

with Bd-xL. This cooperative but indirect interaction between the Bel-xl and Bap31

cytosolic regions relies on the presence of Ced-4 (Ng and Shore, 1998). AC-terminus

deletion mutant of Ced-4 that has lost Bel-xL binding ability fails to promote the

association of Bel-xl with Sap31, suggesting that an endogenous Ced-4 homologue is a key

component of the Sap31 complex that bridges the interaction of Sap31 with Bel-xL and

procaspase-8 (Ng and Shore, 1998).

Although the function of ER localized Bap31, Bel-xl, procaspase-8, and Ced-4-like

protein complexes in apoptosis needs to be established, Bel-xL can prevent the caspase

processing of Bap31 (Ng et aL, 1997). Co-expression ofBa.x can prevent Bd-2 from

associating with the Bap31 complex (Ng et al., 1997). This is reminiscent of the way Bax

can prevent Bel-xl from forming the mitochondrial procaspase-9/Apaf-l/Bel-xL complex
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and the way EGL-1 interrupts the CED-3/CED-4/CED-9 protein complex formation in

C.elegans (Conradt and Horvitz, 1998).

Another ER localized protein, the inositol-1, 4, 5-trisphsophate receptor (IP3R-1), is a

calcium channel located on the ER membrane, and may have an apoptotic regulatory

function. [ncreases of intracellular Cah can induce apoptosis. Bcl-2 can block this

apoptotic process by inhibiting the Ca2+ efflux from the ER calcium channel, the [P3R-1.

Cells which do not express the [P3R-l are resistant to apoptosis and show no increase in

intracellular Ca2+ (Jayaraman and Nlarks, 1997). Given the faet that the Bap31 complex is

ER localized, the Bcl-2 and Bap31 complexes at the ER membrane may exert their function

directly or indirectly through regulation of the ER calcium channel.

The use of yeast complement screening to search for proteins that can inhibit Bax

killing in yeast has led to the finding of another ER membrane protein, B1-1 (Bax inhibitor

protein-1) (Xu and Reed, 1998). It may be involved in the regulation of CalT in the ER as

weIl (Xu and Reed, 1998). However, its significance in apoptosis under physiological

conditions needs to be established.

1.7 CeU Cycle and Apoptosis

1.7.1 Introduction

Homeostasis is a dynamic process of ceH proliferation, differentiation, and ceH death.

In order ta sustain homeostasis, the balance between ceH death and proliferation has to be

strictly controlled. Apoptotic stimuli affect both ceU proliferation and cell death. Over­

expression of the anti-apoptotic protein Bcl-2 can cause neoplasia due to the inhibition of

apoptosis., whereas, too much apoptosis in the neuronal system is the cause of many

neuronal degenerative diseases. 50, it is essential to monitor and eliminate cells that

proliferate inappropriately. Apoptosis and proliferation are linked through cell cycle

regulation. Many cell cycle regulatory proteins, such as the G1 regulator p53, pRb, and E2F,

affect both ceH division and cell death.
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CeUs have evolved sophisticated mechanisms to control their division. The activation of

specific cyclin-cdk complexes at different ceU cycle stages drives cells to progress to the next

cycle stage. Cell cycle check points exist at different stages, including the G l/S boundary, S

phase, and G2/~1 phases (j\I[urray, 1994). They serve as safeguards to ensure that important

ceU cycle events of a particular phase are completed before entering the next phase

(Murray, 1994). Mutation or deletion of genes that control ceU cycle progression can

increase the proliferation rate of ceUs. Inappropriate proliferation of ceUs can cause

malignancy. Altered internaI and external conditions can block the ceU cycle progression at

these checkpoints to ensure that no aberrant ceUs will be produced (Evan et al., 1992a). In

many systems, the inappropriate activation or abnormal progression of the ceU cycle can

induce apoptosis (Evan et al. t 1992a). One example is mye. Under normal ceH cycle

conditions, in the presence of growth factors, myc overexpression can prompt ceU division

and proliferationt while, in the absence of growth factors, myc overexpression wiU induce

apoptosis (Thompson, 1998).

1.7.2 p53 and Cel! Cycle Regulation

In more than 50% of human tumors, p53 is inactivated either by mutation,

phosphorylation, or sequestration by viral proteins (Hollstein et aL, 1994). p53 is involved

in the control of the GI-to-5 phase transition, in response to ceH DNA damage (Baker et

aL, 1990; Diller et al. t 1990; Fritsche et al., 1993; Kuerbitz et al., 1992). P53 levels can be

dramatically increased through post-transcriptional mechanisms by a variety of upstream

signaIs (Prives, 1998). P53 activation in the ceU can black cell cycle progression at G1 phase.

It may do this through several mechanisms, including the induction of cyclin-dependent

kinase inhibitors like p2I, p19ARF, and the DNA-damage induced protein kinases, such as

ATM and DNA-PK. P53 activity is negatively regulated by a protein called Mdm2. Mdm2

can physically associate with p53 and target p53 ta a degradation pathway or induce the

phosphorylation and inactivation of p53. Both p53 and mdm2 are direct targets of kinases

such as DNA-PK and ATM. The DNA-damage-induced phosphorylation of either p53 or

mdm2 can block these two proteins from interacting, thus stabilizing and activating p53.

The INK4a gene encodes two tumor suppressor proteins by altering its reading frame. The
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first product p 16ink4a, can bind to CDK4 and inhibit CDK4 from phosphorylating Rb,

thus inhibiting ceU cycle progression from the G1 to S-phase transition (Prives, 1998). The

second product ofINK4a encodes p19ARF. p19ARF can physically interact with mdm2 and

block mdm2 froln interacting with p53, therefore stabilizing p53 (de et al., 1998). Of note is

that some protooncogenes such as SV40 large T antigen can induce a high Ievel of p53 in

the ceU; however, this p53 is inactive, suggesting that the stabilization of p53 does not

necessarily correlate with p53 activation. There is evidence suggesting that p53 activity may

be regulated by its newly identified homologue p63 (Yang et al., 1998a). p63 can function as

a dominant-negative regulator of p53 by physically interacting with p53 in tissues or ceUs

which express both p63 and p53. This suggests that the homo-tetramerization of p53 is

critical for its activation (Yang et al., 1998a). The adenovirus ElA oncogene has been

reported to be able to activate and stabilize p53 through a signaling pathway that involves

the Rb protein and the turnor suppressor p19ARF (Pomerantz et al., 1998). In ARF-nuU

cells, the ability of ElA to activate p53 is severely impaired. The ARF-null cells are resistant

to apoptotic stimuli as weIl. However, re-introduction of the p19ARf gene into ARF-null

cells can induce p53 accumulation and resensitize ARF-null ceUs ta apoptotic signaIs

(Pomerantz et al., 1998).

1.7.3 p53 and Apoptosis

Nlany different signaIs can trigger p53-dependent apoptosis, and a single death trigger

can initiate both p53-dependent and p53-independent pathways. For example, DNA

damage, some anti-cancer drugs, and viral infections can induce both p53-dependent and

p53-independent apoptosis. Therefore, p53 is involved in the induction ofsorne, but not all

forrns of apoptosis.

p53 regulates the expression level of several proteins known to have important

funetions in the regulation of the apoptotic process. In a murine p53 temperature sensitive

cellline, the Bcl-2 expression level is decreased and that of Bax is increased (Miyashita et

al., 1994). Fas, a cell surface protein that triggers apoptosis upon FasL binding, is encoded

bya target gene for transcriptional activation by p53 (Owen-Schaub et al., 1995). As of
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today, the only known funetion of p53 is its transcription activation ability. However, the

requirement of pS3's transcriptional activation ability for apoptosis induction is

eontroversial. If p53's transcriptional activation and repression functions are required for

apoptosis induction, it may affect changes in the expression of known apoptotic regulatory

genes such as Bcl-2, Bax and Fas.

1.7.4 Rb and Cel! Cycle Regulation

The Rb, like p53, is also linked to eeH-cycle regulation and is frequently inactivated in

human diseases, including tumors of the retina, lung, breast, bladder, and prostate. Rb is

also an early target protein of proteolytic degradation by easpase activation (Tan and Wang,

1998; Wang, 1997). The Rb gene product funetions by binding to and inactivating

members of the E2F family of transcription factors (Teodoro and Branton, 1997).

Homozygous deletion of Rb is embryonic lethal in miee; the Rb-/- mouse embryos show

increased apoptosis in neurons, liver, and hematopoietic precursors.

1.8 Caspase Activation via Death Receptors and Apoptosome

Recent progress made on so-called death receptors has greatly expanded our

understanding of the relations between signaling pathways and the caspase cascades that

transmit and amplify apoptotic signaIs.

The death receptors are a growing subset of the tumor necrosis factor (TNF)/nerve

growth factor (NGF) receptor superfamily that shares an 80 amino acid conserved domain

located in the cytoplasmic region known as the death domain (DO). Mammalian death

receptors include Fas!APO-l!CD95 (Smith et al., 1994), TNFRI (Smith et aL, 1994),

DR3/WSL-l/Apo-3/TRAN'lP/LARD (Chinnaiyan et al., 1996a), TRAIL receptors

DR4/TRAIL-Rl (Pan et aL, 1997), DRS/TRAIL-R2/Trick2/KILLER (Screaton et aL, 1997),

and DR6 (Pan et aL, 1998a).

The death domain was also identified in several cytoplasmic proteins. Binding of death

ligands, like TNP, FasL, and TRAIL to their respective death receptors can recruit a wide
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variety of death domain-containing eytoplasmic adapter proteins to the death-indudng

signaling complex (DISC). This recruitment is through the interactions of the death

domain of receptor proteins and eytoplasmic death domain-containing adapter proteins.

The adapter proteins that have been identified so far indude FADD/lvlORTl (Boldin et aL,

1995; Chinnaiyan et al., 1995), TRADD (Hsu et al., 1995), RIP (Stanger et aL, 1995),

RAIDD/CRADD (Duan and Dixit, 1997), and MADD (Schievella et aL, 1997). The

cytoplasmic DD-containing adapter proteins and large prodomain-containing procaspases

such as procaspase-8 and procaspase-l0 also contain another distinctive protein-protein

interaction motif named the death effector domain (DED) whose structure is similar to

another protein-protein interaction motif, CARO (caspase recruitment domain) which is

present in sorne long prodomain caspases (Eberstadt et aL, 1998).

AlI TNF family members including FasL form homotrimeric molecules. Crystal

structure studies of the TNFR 1 cornplex indicate that each TNF trimer binds three TNFR

molecules. Because death domains aiso tend to associate with each other, the TNFR

ligation leads to dustering of the receptor's death domains. The dustered death receptors

can then recruit DD-containing adapter proteins from the cytosol into the death receptor

complex. The recruited DD-containing adapter proteins can further interact with and

activate down-stream procaspases such as caspase-8 and -10 through the interactions of

their respective DEDs. For example, FADD/NlORTI depends on its DEDs to recruit the

upstreanl pro-caspase-8 and/or pro-caspase-10 to the DISC. This recruitment process can

resuit in pro-caspase autocatalytic activation. Caspase-8 autoactivation by association with

the Fas DISe, can Iead to the further amplification and activation of the caspases cascade

(Medema et al., 1997). Downstream of the DISC, the Fas signaling pathway is involved in

the activation of additional caspases such as caspase-1 (Enari et al., 1995), caspase-3 (Enari

et aL, 1996), caspase-4 (Faucheu et al., 1995; Kamens et al., 1995; Munday et aL, 1995),

caspase-6 (Fernandes et al., 1995a) and caspase-7 (Fernandes et aL, 1995b).

The important role that FADO plays in the death receptor signaling pathway is

demonstrated by FADD knockout studies. FADO knockout mice are embryonic lethal (Yeh

et al., 1998). FADD-/- mice cannat survive beyond day 11.5 of embryogenesis and show

signs ofcardiac failure, suggesting that the FADO signaling pathway may not funetion only
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through death receptors, but may also have regulatory functions in the developmentai

process (Yeh et aL, 1998). DR4, ElA, and c-myc can aIl induce apoptosis in FADD-deficient

embryonic fibroblasts. But CD95, TNFR-l, and DR3 cannot, indicating that different

death stimuli use different signaling pathways (Yeh et aL, 1998).

Recently, two caspase activation complexes, the ceU surface DIse and the

mitochondrial apoptosome, have been located to the same caspase activation cascade.

Fas/TNF induce the activation of caspase-8 via the DISC. The activated caspase-8 cannat

only proteolytically cleave the downstream caspases but aiso can cleave Bid, a pro­

apoptotic member of the Bcl-2 family of proteins (Luo et aL, 1998). Bid normally resides in

the cytosol. Upon cleavage by caspase-8, the truncated Bid can translocate to the

mitochondrial outer membrane to induce the release of cytochrome cinto the eytosoi (Luo

et aL, 1998). The cytochrome c release can activate the apoptosome and lead to caspase-9

activation (Luo et aL, 1998). The activation of caspase-9 can Iead ta another round of

caspase amplification by activating the effector procaspase-3 (Hakem et aL, 1998b).

Caspase-9 is a very important cellular caspase whose deletion in mice is embryonic Iethal,

showing its role cannot be substituted by other caspases (Hakem et aL, 1998b).

1.9 Protein Kinase Pathways and Apoptosis

Apoptosis may be regulated through transcriptional activation mechanisms. At least

two different mitogen-activated protein kinase (MAP kinase) cascades that converge to c­

Jun N-terminal kinase ONK, also known as SAPK or stress activated protein kinase) and

p38/SAPKI are implicated in the apoptosis process (lchijo et al., 1997; Wang et al., 1997).

These two pathways are preferentially activated in response ta a variety of environmentai

stresses, such as UV light, X-ray, heat shock and growth factor withdrawal (Ichijo et al.,

1997; Wang et aL, 1997). JNK was first characterized as a MAP kinase family member

which binds c-Jun and phosphorylates Ser63 and Ser7310cated within the transactivation

domain of c-Jun. c-Jun can heterodimerize with another transcription factor, Fos, ta forrn

the AP-l transcription factor which can regulate the transcription of many genes. In many

instances, the p38/SAPK2 and JNK/SAPKI pathway activation induce apoptosis. However,
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the response of mammalian ceU protein kinase pathways to death signaIs is compIex. It

often involves multiple signaling pathways that act in concert to influence cell fate.

1.10 Proteases and Apoptosis

1.10.1 The Caspase Family

Since the discovery of the interleukin l-converting enzyme (rCE) (Thornberry et al.,

1992), the first member of a growing tàmily of cysteine proteases now named caspases

(cysteinyl asparatate protease) (Alnemn et aL, 1996), twelve other members have been

reported (see Figure 1-3 on page 39). They are caspase-2 (Ich-l/Nedd-2 (Kumar et al.,

1994; Wang et al., 1994b), caspase-3 (apopain, CPP32, Varna) (Fernandes et al., 1994;

Nicholson et al., 1995; Tewari et al., 1995), caspase-4 (ICErel-lI, TIC, ICH-2) (Faucheu et

al., 1995; Kamens et al., 1995; Nlundayet al., 1995), caspase-S (ICErel-III, TY) (Mundayet

aL, 1995), caspase-6 (~lch2) (Fernandes et aL, 1995a), caspase-7 (Mch3, ICE-LAP3, CMH­

1) (Duan et al., 1996a; Fernandes et aL, 1995b; Lippke et aL, 1996), caspase-8 (FLICE,

MACH, Mch5) (Boldin et aL, 1996; Fernandes et al., 1996; Muzio et aL, 1996), caspase-9

(lCE-LAP6, Mch6) (Duan et al., 1996b; Li et al., 1997b; Srinivasula et al., 1996b), caspase­

10 (Mch4 ) (Fernandes et al., 1996; Vincenz and Dixit, 1997), caspase-ll(mICH-3,

mCASP-l1) (Van et al., 1997; Wang et aL, 1996d), easpase-12 ( mICH-4 ) (Van et aL, 1997),

and caspase-13 (ERICE) (Humke et aL, 1998).

1.10.2 Features of the Caspase Family

AlI members of the caspase family share several amino acid residues important for

substrate binding and catalysis (Cryns and Yuan, 1998; Thornberry et al., 1992; Walker et

aL, 1994). They are a11 synthesized as catalytically inactive zymogens that can be activated

by proteolytic cleavage after specifie Asp residues in the interdomain linker regions. The

caspase family of proteases contains a QACXG pentapeptide. The cysteine in this

pentapeptide sequence participates in the catalytic reaction (Thomberry et al' J 1992).
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Caspases exist in the eytosol as a single polypeptide zymogen consisting ofa prodomain

of variable length plus a large subunit, which contains the catalytic cysteine, and a small

subunit (Cryns and Yuan, 1998; Nicholson and Thornberry, 1997). Two subunits flanked

by Asp-X sites suggest that proteolytic cleavage activation is mediated through an

aspartate-specific protease. AlI caspases require accurate proteolytic processing at the

internaI aspartate residues to generate an active enzyme. This proteolytic processing can be

accomplished by other proteases, often other caspases, or by autocatalytic cleavage

(Takahashi and and Earnshaw, 1996). The mature active caspase is a tetramer consisting of

two heterodimers formed by the large and small subunits, according to the crystal structure

analysis of caspase-1 and -3.

1.10.3 Classification of Caspases

AIl caspases require an aspartic acid residue in the substrate P1 position and deave the

substrate after the Pl Asp residue (Thornberry et aL, 1992). Although the mechanism of

the action is the same and conserved for aIl caspases, each caspase has a different substrate

specificity. Based on their substrate specificity, the caspases are divided ioto three

subfamilies by positional substrate scanning studies (Thornberry et aL, 1997b). The most

variable amino acid residue is found at substrate position P4. Caspases-2, -3, and -7, and

Ced-3 have a selection preference for the DExD motif, and caspases-6, -8, -9, -10 and

granzyme B favor the motif (I/V/L) ExD. These two subfanlilies of caspases together are

known as the Ced-3 family. The third subfamily of caspases is also called the ICE-famïly. It

consists of caspases -l, -4, -5, -11, -12, and -13. The ICE-famîly prefers the WEHD

substrate sequence.

The members of the Ced-3 family of caspases are involved in apoptosis. The main

function of the ICE-subfamily of caspases is in cytokine maturation and inflammation.

Interestingly, the Ced-3 subfamily of caspases do not contain hydrophobie amino acids in

the P4 substrate position (Thomberry et aL, 1997b).

The caspases can also be divided into two subgroups, the initiator caspases and the

effeetor easpases, based on their structure and function in apoptosis. Strueturally, all the
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initiator caspases possess a large N-terminal proclomain, while the effector caspases

contain a short N-terminal prodomain. The initiator caspases inducle Ced-3, caspase- L -2,

-4, -S, -8, -9, and -10. The effector caspases are caspase-3, -6, -7, -Il, -12, and -13. The

current view about caspase activation in the ceH is that the initiator caspases are first

proteolytically activated; the active initiator caspases can then deave and activate the

downstream effector caspases to start the caspases activation cascade. [t is the active

effector casoases that soecificallv c1eave and destrov the cellular substrates and result in
~ à. " ~

irreversible cell death. [n vitro experiments demonstrate that the substrate deavage

preferences of caspase-8, -9, and -10 match the c1eavage sites in several effector caspases

such as caspase-3 and -7. This suggests that these upstream initiator caspases directly

activate their downstream effector caspases. The substrate cleavage sites ofeffector caspases

such as caspase-3 c10sely resemble the cleavage sites in the majority of known caspase

substrates . This implies that caspase-3 has important roles in the proteolytic degradation

of cellular targeting proteins (Boldin et al., 1996; ~luzio et al., 1996; Muzio et al., 1997;

Orth et al., 1996; Srinivasula et al., 1996a; Thornberry et al., i 997a) .

1.10.4 CARO and DED, the Protein-protein Interaction Motifs

The long prodomains of caspase-8 and caspase-lO each contain two copies of the death

effector domain (DED). The long prodomains ofCed-3, caspase-1, -2, -4, and -9 aU

contain a caspase recruitment domain (CARO). RAlDD/CRADD, Ced-4, and Apaf-l aiso

contain a copy of CARD. NNIR structure and mutagenesis studies show that the CARO and

DED are structurally similar despite the divergence of amino acid sequence between the

two, suggesting that DED and CARO function by mediating protein-protein interactions

(Eberstadt et al., 1998).

Caspase-8 is one of the initiating caspases of the apoptotic cascade that is activated by

engagement of death receptors belonging to the Fas or tumor necrosis factor receptor

(TNFR) family (Baldin et al., 1996; Muzio et al., 1996). In brief, the long prodomain of

caspase-8 contains twa copies ofa death effector domain (DED) which is responsible for its

recruitment to the Fas or TNF death-inducing signaling camplex (DISC) through
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interacting with the corresponding DED domains of Fas-associated protein with death

domain (FADD). The recruitment of initiator caspase-8 to DISC can result in its

proteolytic activation through the removal of the prodomain and cleavage at the internaI

aspartic acid residues to give large and smaU subunits. The active caspase-8 then can eleave

downstream effector procaspases such as caspase-3, and pro-apoptotic Bd-2 family

members like Bid, to further amplify the caspase cascade (Boldin et al., 1996; Luo et al.,

l qq8; MLl'110 et ;11.) l Q(6).

1.10.5 Knockout Studies of Caspases

Several caspases, induding caspase-l, -2, -3, -9, and -Il, have been genetically deleted

in mice. Except for caspase-9, caspase-8, and caspase-3, mice deficient in aU other caspases

are viable and normal, or in sorne cases, exhibit minor ceH death abnormalities. These

studies show that caspase-9 and caspase-3 have a non-redundant role in development. It

also shows that other mammalian caspases, such as caspase-l, -2, and -11, may have

redundant functions, or serve as an amplification step in the caspase pathway, or have

tissue and ceH type specificity.

It has been proposed that cytochrome c initiates apoptosis by inducing the formation

of the caspase-9/Apaf-l complex (Li et al., 1997b). The physicai interaction between

caspase-9 and Apaf-l is mediated through their CARD (caspase recruitment domain). This

interaction is critieal for the auto proteolytic activation of caspase-9 (Srinivasula et al.,

1998). Bel-xl ean interact with Apaf-l oligomers and prevent caspase-9 from being

activated (Srinivasula et al., 1998).

Caspase-9 gene deletion in mice embryos causes perturbation of brain structure

especiaUy with the cortex and forebrain because of more neurons growing in the absence of

apoptosis (Hakem et al., 1998a). It demonstrates that caspase-9 is essential for apoptosis in

neuronal ceUs (Hakem et al., 1998a). This is aiso the first demonstration that caspase-9 is

required for caspase-3 activation since caspase-3 cannot be activated by cytochrome c

release in caspase 9-/- mouse (Hakem et al., 1998a).
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1.10.6 Caspase Substrates

Numerous caspase family substrates have been identified (see Figure 1-4 on page 44).

Figure 1-4 is a list of sorne of these caspase substrates.

1.10.7 Peptide-derived Inhibitors of Caspases

Many peptide caspase inhibitors have been constructed based upon the presumed

substrate specificity of the different caspases. The first caspase-l subfamily specifie

inhibitorï YVAD-fmk (acetyl-Tyr-Val-Ala-Asp-tluoromethylketone), 't"~S based upon the

tetrapeptide recognition sequence YVAD present in prointerleukin-l~, a natural substrate

for caspase-1. Similarly, a tetrapeptide inhibitor, DEVD-fmk (acetyl Asp-Glu-Val-Asp­

tluoromethylketone), was designed around the putative PARP cleavage site, DEVD, to be

selective for the CED-3 subfamily of caspases (Lazebnik et al., 1994). ZVAD-fmk

(benzyloxyearbonyl-Val-Ala-Asp-fluoromethylketone) is a broad-spectrum easpase

inhibitor that inhibits aIl known caspases. Aldehyde derivatives of these inhibitors are

reversible inhibitors and form a thiohemiacetal with the active site cysteine in the caspase.

whereas ehloromethyl, fluoromethyl, acyloxymethyl, apyrazoloxymethyl, and

phosphfnyloxymethyl ketones are irreversible sinee they eovalently form a thiomethyl

ketone with the sulfur atom of the aetive site cysteine. In vitro data show that Ae-YVAO­

aldehyde is a potent inhibitor of caspase-4 and caspase-1 (The ICE subfamily) but is

ineffective for caspase-3 and caspase-7. In contrast, easpase-3 and caspase-7 are potently

inhibited by Ac-DEVD-CHO (Margolin et aL, 1997).

1.11 Granzyme Band Apoptosis

Cytotoxic T lymphocytes reeognize foreign viral antigens in association with class l

MHC glyeoproteins on the surface ofany host edl. CTL and NK-mediated eytotoxicity and

apoptosis ean he a result ofeither granule exocytosis or the Fas-dependent pathway (Kagi et

aL, 1994; Kojima et aL, 1994; Walsh et al., 1994). The granule initiated cell killing requires

two molecules, the lymphocyte-specifie granule serine esterase Granzyme B and the pore-
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Caspase substrates whose function in apoptosis have been defined

Bel-2 (Cheng et al. 1997)
Bei-xL (Clem et al. 1998)
DFF-45/1CAD (Liu et al. 1997; Enari et al. 1998; Sakahira et al. 1998)
p28 Bap31 (Ng et al. 1997)
PKC ôand u (Emoto et al. 1995; Datta et al. 1997)
MEKK-1 (Cardone et al. 1997)
PAK2JhPAK65 {Rudel and Bokoch 1997; Lee et al. 1997}
pro-caspases (for review, Fraser and Evan i 99ô; Nicholson and Thornbeiïy' Î 997)
nuelear lamins (Lazebnik et al. 1995; Rao et al. 1996;
Takahashi et al. 1996)
Gas2 (Brancolini et al. 1995)
gelsolin (Kothakota et al. 1997)

Caspase substrates which have been functionally Iinked to apoptosis

PARP (Lazebnik et al. 1994)
DNA-PKCS (Casciola-Rosen et al. 1995; Han et al. 1996; Song et al. 1996)
Ul-70kD (Casciola..Rosen et al. 1994, 1996)
hnRP Cl and C2 (Waterhouse et al. 1996)
DSEB/RF-C140 (Ubeda and Habener 1997; Rhe' aume et al. 1997)
Spl (Piedrafita and Pfah11997)
fodrin (Martin et al. 1995a; Greidinger et al. 1996; Cryns et al. 1996; Vanags et al. 1996)
actin (Mashima et al. 1995; Kayalar et al. 1996)
keratins (Caulin et al. 1997; Ku et al. 1997)
FAK (Wen et al. 1997)
~-catenin (Brancolini et al. 1997)
D4-GDI (Na et al. 1996)
RB (Janicke et al. 1996; Tan et al. 1997)
PITSLRE kinase (Lahti et al. 1995; Beyaert et al. 1997)
PRK2 (Cryns et al. 1997)
phospholipase A2 (Wissing et al. 1997)
IkB-u (Barkett et al. 1997)
rabaptin-5 (Cosulich et al. 1997)
MDM2 (Chen et al. 1997; Erhardt et al. 1997)
Huntingtin (Goldberg et al. 1996)
presenilins 1and 2 (Kim et al. 1997a; Loetseher et al. 1997; Vito et al. 1997)
DRPLA (Miyashita et al. 1997)
SREBPs (Wang et al. 1996)
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farming pratein perforin (Kagi et al., 1994; Kajima et al., 1994; vVaIsh et al., 1994). Perfarin

can farrn nonspecific ian channeIs on the plasma membrane in the presence of calcium.

Hawever, expression of perforin itself without Granzyme B cannot induce apoptosis

(Kraut et al., 1992). Similarly, purified Granzyme B alone also fails to induce apoptasis

(Kraut et al., 1992). Bath perforin and Granzyme B are required ta trigger apoptosis,

although the exact mechanisrn by which these two proteins interact to mediate ceU death is

still unknown (Kraut et ~L l Q')2).

Granzyme B is the ooly non-caspase knawn ta cleave and activate multiple caspase

members involved in apoptosis (Shi et al., 1992). Granzyme B is an aspartate-specific serine

protease employed by cytotoxic T ceUs ta kilI target ceUs (Martin and Green, 1995). The

caspases that can be cleaved and activated by Granzyme B include caspase-1 (Duan et al.,

1996b), caspase-3 (Fernandes et al., 1996), caspase-7 (Fernandes et al., 1996), caspase-8

(Boldin et al., 1996), caspase-l0 (Fernandes et al., 1996), and caspase-ll (Wang et al.,

1996d). Analysis of the cleavage sites in caspase-3, -7, and -10 indicate that Granzyme B

preferentially c1eaves at the (I/VIL) XXD sequence Iocated at the C-terminai end of the

large subunit of the rCE subfamily of procaspases (N[artin et al., 1996). Initial cleavage at

this site is essential for productive processing of caspase zymogens, suggesting that they are

required for Granzyme Band perforin-induced apoptosis (J\i[artin et al., 1996; Shi et al.,

1996). Inhibition of the rCE subfamily of caspases using tetrapeptide inhibitors such as Ae­

DEVD-CHO or Ac-YVAD-CHO, ean impair the Granzyme B indueed apoptosis (Shi et al.,

1996). A dominant negative forrn of rCE can suppress apoptosis indueed by Granzyme B.

Mouse fibroblasts devoid of ICE are resistant ta apoptosis mediated by Granzyme B,

suggesting that Granzyme B funetions via the rCE subfamily of easpases (Shi et al., 1996).

Granzyme B resides in the cytosol after crossing the target eell plasma membrane.

Granzyme B is aiso translocated to the nucleus, although the funetional signifieanee of

nuclear Granzyme B is still unclear (Trapani et al., 1996). Granzyme B ean enter the eeU

eytoplasm in an energy-dependent manner without the need for perforin (Shi et al., 1997).

Granzyme B's ability to initiate apoptosis and localize to the nucleus depends on perforin

(Shi et aL, 1992; Shi et ai., 1997).
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1.12 Ceramide and Apoptosis

Ceramide is a sphingosine-based lipid signaling molecule that can mediate cell cycle

and apoptosis (Pushkareva et al., 1995; Spiegel et al., 1998; Spiegel et al., 1996). Ceramide is

one of the most hydrophobic molecules in mammalian ceUs, and it therefore tends to

remain within the membrane lipid bilayer. Cellular ceramide is generated from de nova

synthesis or From the hydrolysis of sphingomyelin (SiYI) by sphingomyelinase (SMase).

There are two forros of SNlase in ceUs, neutral SMase and acid SMase. The activation of

neutral SMase is involved in the extracellular signal regulated kinase (ERK) cascade and

inflammatory responses. Acid SMase activation in response ta TNF can induce the stress­

activated protein kinase/C-Jun kinase (SAPK/JNK) cascade and apoptosis (Haimovitz­

Friedman et al., 1997; Obeid et al., 1993; Pushkareva et al., 1995). N[any environmental

stresses act directly on the ceH membrane to activate the acid dependent sphingomyelinase

and hydrolyze sphingomyelin into ceramide and choline phosphate (Haimovitz-Friedman

et al., 1997; Jarvis et al., 1994; Obeid et al., 1993). The effect of ceramide on apoptosis is

specifie because naturally occurring dihydroceramide has no effect on apoptosis. The exact

mechanism by which ceramide enhances apoptosis is not clear. It has been reported that

the mitochondriaI permeability transition (PT) is a commitment step in ceramide

signaling to apoptosis and that Bcl-2 can effectively inhibit ceramide induced

mitochondrial PT changes and release of apoptotic inducing factor (AIF) (France-Lanord

et al., 1997; Obeid et al., 1993; Susin et al., 1997). Deletion of the death domain from the

TNF receptor, as weil as overexpression of dominant negative FADD/fi.'[ORT1, can block

TNF induced ceramide generation and apoptosis (Chinnaiyan et aL. 1996b). Synthetic or

purified ceramide can bypass the anti-apoptotic effect of a dominant-negative

FADO/MORTI mutant and restore apoptosis, indicating that ceramide generation is

sufficient for downstream activation of the death receptor complex and functions in a Bel­

2 inhibitable fashion (Chinnaiyan et al., 1996b). Ceramide can regulate a variety of

transcription regulators induding c-Fos, Rb, c-mye, c-jun, and others. Mouse deficient in

an acid SMase fail to undergo ionizing radiation-induced apoptosis, suggesting that

ceramide functions as a "sensor" ofapoptosis rather than a "executioner" (Ariga et al., 1998;

Haimovitz-Friedman et al., 1997; Jarvis et al., 1994; Obeid et aL, 1993; Spiegel et al., 1998).
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While ceramide is an important regulatory component of apoptosis induced by TNF,

FasL, and other death stimuli, sphingosine-1-phosphate (SPP), a further metabolite of

ceramide, may be a second messenger involved in promoting ceH proliferation and survival

(Cuvillier et al., 1998; Spiegel et al., 1998). SPP protects cells from apoptosis by inhibiting

the ceramide increase in death triggered cells (Spiegel et al., 1998). Thus the dynamic

balance between levels of sphingolipid metabolites, ceramide, and SPP, and subsequent

regulation of kinases such as JNK and ERK, are the kev factors that determine whether the

ceU should survive or will die (Spiegel et al., 1998).

1.13 Viral Proteins Interact with Host Apoptotic Machinery

1.13.1 Introduction

Apoptosis is used as a defense mechanism by the host ceH to eliminate virus-infected

cells. The host prevents viruses from completing their replication cycle and producing viral

progeny, thereby preventing further infection of neighboring cells (Rudin and Thompson,

1997). However, viruses have evolved rnechanisms to overcome these host defenses

(Teodoro and Branton, 1997). Sorne viruses encode genes that can inhibit apoptosis of

infected cells (Teodoro and Branton, 199i), while for others, apoptosis is an essential

process in the late phase of infection. It facilitates the release of the viral progeny and the

infection of neighboring ceUs, without causing host inflammation responses. Many virally

encoded proteins can interact with cellular components of the apoptotic pathway and

modulate apoptosis to favor virus production.

Viruses use severai mechanisms to inhibit host cell apoptosis. Sorne viruses encode a

homologue of the anti-apoptotic protein Bd-2 to inhibit apoptosis in the hosto Adenovirus

E1B 19kDa (Rao et al., 1992), african swine fever virus LMWS-HL (Neilan et al., 1993), and

human herpesvirus 8 KsbcI-2 (Russo et al., 1996), are all viral homologues of Bd-2 which

function to prevent premature cell death caused by viral infection. A number of viruses

aiso encode caspase inhibitors as a means ofblocking apoptosis. Among these viral caspase

inhibitors are the cowpox virus CYtokine response modifier A (CrmA) (Antoku et al.,
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1997), a baculovirus protein named p35» an inhibitor of apoptosis protein (IAP) (Bertin et

al., 1996; Birnbaum et al.» 1994), and herpesvirus FLIeE inhibitory protein (FLIP) (Thome

et al., 1997). Cowpox virus (ermA) tS a 38-kDa serine protease inhibitor. It can effectively

block caspase-8 mediated processing of effector caspases, apparently by forming a stable

complex with the caspase (Srinivasula et al.» 1996a; Zou et al., 1997). The p35 protein

encoded by baculovirus was discovered as a viral gene mutation that causes premature

death of the host ceUs (Bertin et al.. 1996) (242). The poxvirus CrmA inhibits caspase-l

and -S most effectively, whereas the baculovirus protein p35 inhibits numerous activated

caspases.

1.13.2 FLIPS (FLleE Inhibitory Proteins)

Fas and TNF-mediated apoptosis pathways involve receptors, adapters, and proteases.

As discussed earlier» the protein-protein interaction via DED domains between adapters

and procaspase-S play fundamental roles for this caspase activation pathway» and have

proven to be excellent targets for viruses. Several viral proteins contain DED-related

motifs; these indude the human herpesvirus-8 KI3(HHV-8), the equine herpesvirus type 2

ES protein, the bovine herpesvirus-4 protein El.l, the herpesvirus saimiri (HVS) omI,

and the human mollusdpox virus mcI59/mc160. These viral proteins can interact with

FADD and/or the caspase 8 (FLleE) pro-domain when cotransfected into mammalian ceUs

and are termed FLIPs (FLICE-inhibitory proteins). Human herpesvirus FLIPs interact with

the Fas-Associated Death Domain Protein (FADO) and block Fas and TNF-associated

DIse formation and subsequent caspase-8 activation (Thome et al., 1997).

1.13.3 Viral and Mammalian Inhibitors of Apoptosis (IAPs)

The inhibitors of apoptosis proteins (lAPs) are a family of anti-apoptotic proteins. The

baculovirus IAPs were the first members of this family be identified based on their ability to

complement a p35 mutant virus (Clem et al., 1991).

Homologues ofbaculovirus IAP have aiso been reported in eukaryotes. D-IAP1 t a

Drosophila IAP homologue t was identified in a screen for mutations which enhance the
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effect of RPR (Reaper gene product) induced apoptosis in Drosophila developing eyes. 0­

IAP inhibits reaper-mediated apoptosis in Drosophila, possibly by interaction with the

OCP-l/drICE protease which has been defined as a caspase (Hay et aL, 1995). A second

Orosophila IAP, D-IAP2 was identified by a search of the databases for sequences

homologous to the known lAPs (Harvey et aL, 1997). The first human IAP to be identified,

NAIP (the neuronal apoptosis inhibitary protein), was isolated based on its function in the

neurodegener:ttive disorderJ S~./1A (spin:!! muscular atrophy) (Roy et al., !995). In many

SMA patients) the NIAP gene is deleted. This is in agreement with the current hypothesis

that Si\'lA is caused by the failure ta inhihit apoptosis. Subsequently, four human lAPs have

been identified. They are c-IAP-1/HIAP-2/h~lIHB(Duckett et al., 1996)) c-IAP-2/HIAP­

I/hMIHC (Roy et aL, 1995), X-IAP/hILP (Deveraux et aL, 1997), survivin (Ambrosini et

aL, 1997). i\'lammalian iap gene homologues) c-IAP-l and c-IAP-2, interact with TNFR2

via the TRAFI and TRAF2 (TNF receptor associated factor 1 and 2) adapter proteins and

effectively suppress apoptosis, suggesting they may function by stimulating survivai

pathways.

A common structural feature of a11 IAP family members is a motif termed the

baculovirus IAP repeat (BIR) that is present in either two or three copies (Bimbaum et al.,

1994). The baculoviral lAPs and the Drosophila lAPs contain two BIR domains, thereas

three of the human family members and a second Drosophila IAP contain three such

domains. Survivin, in contrast, contains only one BIR domain, implying that a single BIR

can be sufficient for the anti-apoptotic activity. With the exception of NAIP and survivin,

aH other known IAP family members aiso contain a RING finger domain at their carboxyl­

terminus whose exact function remains elusive.

Recent studies of the human X-chromosome-linked iap gene product (XIAP) have

shown that it functions by directIy inhibiting at least two members of the caspase family of

proteases (Deveraux et al., 1997). XIAP was found to effectively inhibit many cell death

signaIs in vitro, including CYt0chrome c mediated apoptosis and is not affected by

exogenously added Bcl-2. XIAP functions by directIy binding to the partially processed

products of the caspase-3 and-7 zymogens. In the presence ofXIAP, the caspase-3

precursor was cleaved at a site between the large and small subunits without the subsequent



•

•

•

50

removal of the pro-domain. Thus caspase-8 can be activated in the presence of XIAP, but

the subsequent activation of caspase-3 and other downstream caspases is inhibited. In

addition to the ability of XIAP to inhibit caspase-mediated death in vivo, XIAP was shown

to efficiently bind and inhibit caspase-3 in vitro (Deveraux et al., 1997). Interestingly.

although XIAP could bind and inhibit a partially processed caspase in vitro, it could not

bind the unprocessed pro-zymogen form of the caspase, suggesting that XIAP binds only to

active caspase-3 but does not bind its inactive precursor.

1.13.4 Adenovirus Proteins Interact with Host Apoptotic Machinery

1.13.4.1 Introduction

The target ceUs of adenovirus infection are usually nondividing epithelial ceUs. In order

to successfully replicate, adenoviruses carry a transcription activator, the early region lA

(ElA) protein, to drive infected cells into S-phase and facilitate viral ONA replication. The

unexpected entrance into S-phase caused by ElA, however, can trigger apoptosis in these

terminally differentiated host ceUs.

1.13.4.2 ElA Proteins

ElA is the first viral transcription unit to be expressed after the viral infection. Two

early mRNAs transcribed from ElA region encode two proteins named 125 and 135

according to their sedimentation coefficients. The sequences of 125 and 135 are identical

except for an additiona146 amino acid region that is missing in the l2S ElA. Both the 125

(243R) and 135 (289R) ElA contain a nudear targeting sequence (Oyson et al., 1992; Flint

and Shenk, 1997; ~[oran and Mathews, 1987; Nevins, 1995). This nuclear targeting

sequence may be important for the transcriptional regulation and host DNA synthesis

stimulation functions of ElA. Three major conserved regions, CRI, CR2, and CR3 are

present in the 135 product while 125 ElA contains only CRI and CR2 (Dyson et al., 1992;

Flint and 5henk, 1997; Moran and Mathews, 1987; Nevins, 1995). CRI and CR2 are critical

regions for ElA to interaet with Rb, pl07, P130, p300, and other cell cycle regulator
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proteins (Teodoro and Branton, 1997). CR3 is involved in 135 ElA transcription

activation. The 135 ElA product can indirectly interact with DNA because the CR3 region

binds to a number of transcription factors that can bring ElA to promoter regions ofDNA.

Host DNA synthesis is under the control of E2F, an important transcription activator that

enhances the expression of a variety of important proteins which regulate DNA synthesis.

Rb functions by hinding to E2F and preventing E2F from performing its trans-activation

function. ElA apparentlv competes with E2F for the same binding site on Rb, thereby

freeing E2F ta trans-activate a variety of promoters involved in cell cycle regulation, DNA

synthesis, and ceH death (Flemington et aL, 1993; Helin et al., 1993). ElA expression can be

oncogenic. This may be the result of its ability to induce DNA synthesis and transcription

activation of genes involved in ceIl growth or proliferation.

Adenoviruses have evolved several strategies to counteract the host apoptosis process

during the early stages of viral infection. This is largely carried out by two viral early region

B (El B) products, the EIB 55K and El B 19K proteins (Rao et al., 1992; White and Cipriani,

1990).

1.13.4.3 RID (Receptor Internalization and Degradation)

The adenovirus RID (for Receptor Internalization and Degradation) protein complex

can mediate the internalization and destruction of the ceU surface death receptor Fas.

Forced degradation of Fas can result in apoptosis resistance in adenovirus infected ceUs,

another mechanism that adenovirus utilize to escape the host immunoresponse and

apoptosis defenses (Tollefson et al., 1998).

1.13.4.4 EIB S5kDa

The adenovirus El B transcript encodes both El B 19kDa and 55kDa proteins from the

same transcript using different reading frames; thus there is no sequence homology

between the two E1B proteins. One of the major functions ofElB 55K is ta bind ta the N­

terminal acidic region of pS3, which is responsible for its transactivation activity, inactivate
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p53-mediated transcription and hence inhibit pS3 dependent apoptosis and cell cyele

arrest (Teodoro and Branton, 1997).

1.13.4.5 EIB 19kDa

The second protein encoded by the El Bregion is ElB 19kOa. It is an anti-apoptotic

protein, but acts differendy than El B 55kOa. El B 55kDa can block both p53- dependent

and -independent apoptosis. El B 19kDa is a viral functional homologue ofcellular Bel-2. It

is believed that El B 19KDa inhibits the apoptotic pathway through a mechanism similar ta

that of Bel-2. The abiiityofE1A to cooperate with E1B 19kDa ta transform BRI< (Baby Rat

Kidney) ceUs is weIl documented. Bcl-2 can substitute for El B 19KDa in this cellular

transformation assay suggesting the anti-apoptotic functions of El B 19K and Bel-2 are

interchangeable under certain conditions.

lnfection of human cells by an ElB 19kDa mutant adenovirus yields a phenotype

characterized by DNA fragmentation and many other hallmarks of apoptosis, as weIl as

poor virus yields. A class of adenovirus type 2 mutants yield large plaques (lp) on infected

monolayers of ceUs. This phenotype has been physically linked within the El B 19kDa

coding region (Kumai et aL, 1989). Subsequent studies have found that several

adenoviruses including Ad2, Ads, and Ad12 mutants carrying defects in the EIB 19kDa

coding region also give large plaques. These mutants were named 'eyt/deg' mutants

because they induce extensive cytolysis (cyt) and fragmentation of cellular and viral DNA

(deg) in infected ceIls.

1.13.4.6 Proteins Interaet with EIB 19kDa

El B 19kDa does not show significant overaIl sequence homology to other Bel-2 family

members. However, two regions ofEIB 19kDa show sequence similarities to the conserved

BHI and BH3 domains of Bel-2. Seven cellular proteins that interact with EIB 19kDa have

been identified. There are Nip l, Nip2, Nip3, Bax, Bak, Bik, and nuclear lamin (Boyd et al.,

1994; Farrow et aL, 1995; Han et al., 1996; Rao et al., 1996). Except nuclear lamin, all six

proteins also interact with Bcl-2 or Bel-xl, suggesting that ElB 19kDa and Bcl-2 use a
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common apoptotic regulatory pathway. AIso, Ced-4 can interact with EIB 19kDa in a yeast

nvo-hybrid system (Han et aL, 1998).

1.13.4.7 Function and Mechanism of EIB 19kDa

El B 19kDa is modified by both fatty acylation and phosphorylation (McGlade et al.,

1989). It is associated with nuclear and cytoplasmic membranes, intermediate filaments of

the cytoplasm and nuclear lamins (Rao et al., 1996). EIB 19kDa is implicated in the

mobilization of Ca2+ ions. The level of intracellular Ca2+ ion appears to be an important

regulator of ceH death. CeUs deficient in the type 1 inositol-l, 4, 5-triphosphate receptor

(IP3R-l), a calcium release channellocated on the ER membrane, fail to respond to a

variety of apoptotic stimuli. This is due to an inability to raise intracellular calcium ion

concentration (Jayaraman and wlarks, 199ï). El B 19kDa can also sequester FLICE from

being recruited to the DISe when Fas is stimulated, and can inhibit FADO-induced

apoptosis. These results suggest that El B 19kDa may bLock Fas-induced apoptosis

downstream of FADO recruitment of FLIeE but upstream of FLICE activation (Perez and

vVhite, 1998). The ability of El B 19kDa to sequester FLIeE and inhibit apoptosis triggered

by the death receptor complex signaLing is inconsistent with the observation that EIB

19kDa can effectiveLy block Fas and TNF induced apoptosis, while Bcl-2/Bcl-xL cannot

very efficiently. The binding of E1B 19kOa to nuclear Lamin can sLow down the degradation

of Lamin and many other caspase-targeting nudear proteins, and sLow clown the nuclear

apoptotic phenotype (Rao et al., 1996). EIB 19kDa can aiso modulate transcriptional

activities by enhancing the JNKlSAPKI signaling pathway and induce c-Iun dependent

transcription (See and Shi, 1998). vVhether this transcription activation ability is reLated to

EIB 19kDa)s anti-apoptotic function is not clear. More recently, EIB 190a was found to

associate with Ced-4. This interaction is required for the inhibition of FLICE-mediated

apoptosis, suggesting that EIB 19kDa functions the same wayas Bel-xl by interacting with

ced-4 and Apaf-l and preventing them from activating the caspases (Han et al., 1998).
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1.13.4.8 ADP (Adenovirus Death Protein)

The E3-11.6K (Adenovirus Death Protein, ADP) is responsible for the death of host

ceUs at the end of viral replication events (Tollefson et al., 1996). E3-11.6 mutant

adenovirus is defective in ceH kiHing and virus release of host ceUs (Tollefson et al., 1996). It

is produced in large amounts during the last phase of viral infection by overcoming the cell

death suppression function of EIB 19kDa. ADP (E3-11.6K) is Golgi apparatus and nudear

membrane localized. The exact mechanism of its cell killing activity is unknown.

1.13.4.9 E4orf4 Protein

An adenovirus E4 region protein E4orf4 is a 14 kDa proteine E40rf4 can induce pS3­

independent apoptosis. Cell death induced by E4orf4 is essential for the efficient release of

viral progeny from infected host ceIls. The ability of E4orf4 to induce apoptosis is linked to

its interaction with the Ba subunit of PP2A (Lavoie et al., 1998; ~[arcellus et aL, 1998). It

binds to the Ba subunit of phosphatase 2A (PP2A) to regulate Ser/Thr phosphatase activity

(~[umby and vValter, 1993). However, there is a possibility that E40rf4 is a substrate of the

phosphatase PP2A and the activity of E40rf4 is regulated by its Ser/Thr phosphorylation

status.

1.13.4.10 E4orf6 Protein

Another E4 region encoded protein, E4orf6, is a 34 kDa nuclear protein, E4orf6 can

bind to the pS3/EIB SSK complex thus inhibiting p53 activity (Dobner et aL, 1996). E4orf6

and EIB 55K work together to effectively inaetivate and degrade p53.

1.14 Programmed CeU Death in Unicelluar Organism

Recent research works illustrates that certain pathways ofdeath in many non-metazoan

organisms share morphological similarities with metazoan apoptosis. The developmentally

regulated programmed cell death in Trypanosoma cruzi shows membrane 'blebbing',
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chromatin condensation and margination to nucleus, and DNA cleavage into low­

moiecular-weight fragments. A Saccharomyces cerevisiae cdc 48 ceH cycle regulator mutant

strain aiso exhibits chromatin condensation and DNA fragmentation, as well as exposure

of the internaI membrane phospholipid phosphatidylserine (PtdSer) to the

extracytoplasmic face of the plasma (Madeo et al., 1997). This raises the question of

whether the dying yeast mutant has activated an endogenous ceH death machinery which

exhibits those apoptotic features of the metazoan. However, the whole genomic sequence

of S.cerevisiae is now complete and the search for homologs of Ced-3, Ced-4, and Ced-9

was unsuccessful. Yeast also do not contain any other pro- or anti-apoptotic Bcl-2 family

members. However, expression of Bax or Bak, two mammalian pro-apoptotic family

members, in S.cerevisiae and S.pombe, can induce cytotoxicity and cell death (Greenhaif et

al., 1996; Tao et al., 1997; Zha et al., 1996a). The killing effect is not due to non-specifie

toxicity because Bax or Bak mutants which cannot kili mammalian ceUs aiso fail to kili

yeast ceUs, indicating that BaX/Bak cytotoxicity in yeast has something to do with their

proapoptotic function. Although co-expression of Bel-xl can inhibit Bax or Bak killing in

bath fission and budding yeast, a Bel-xL mutant, which cannot interact with Bax, can still

block the Bax killing in yeast, suggesting that Ba.x and Bd-xL's antagonistic biological

effects cannot be explained simply by their heterodimerization to each other (Tao et al.,

1997). In a S.cerevisiae mutant strain which lacks oxidative phosphorylation, the killing

effect of Bax has been severely diminished (Greenhalf et al., 1996). Another S.cerevisiae

mutant which does not express FoF1-ATPase was also not killed by Bax expression

(Matsuyama et al., 1998). Furthermore, Bax-induced yeast ceU death is also associated with

release of CYtochrome c frorn the mitochondria (Manon et al., 1997). Together, this

evidence indicates that the killing effect of Bax in yeast is reminiscent of its pro-apoptotic

function in mammalian ceUs. Since no metazoan ceU death machinery proteins such as

Ced-3, Ced-4, or Ced-9 homologues have been found in yeast, it is possible that Bax and

Bak are acting direetly or indirectly on highly conserved unicellular ceU death machinery

components which target the same apoptotic counterparts of mammalian ceUs. \Vhether

or not yeast contain a cell death machinery that is distinct from that in metazoan cells still

needs to be determined. This lack of mammalian ceU death machinery, however, makes

yeast a powerful tool for complementary screening of novel mammalian regulators of cell
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death machinery or for dissection and analysis of individuai metazoan ceU death proteins.

A complementation screen for mammalian proteins suppressing Bax-induced killing of

S.cerevisiae lead to the isolation of the BI-l (Bax inhibitor protein-l) gene (Xu and Reed,

1998). Bl-1 is an integral membrane protein which can aiso block apoptosis in mammalian

ceUs (Xu and Reed, 1998).

1.15 Thesis ProposaI

The goal at the beginning of my Ph.D. studies were to better understand the

mechanism of apoptosis and how the adenovirus El B 19kDa functions in the apoptosis

pathway.

At the beginning of these studies, very little was known about El B 19kDa's function

and mechanism in apoptosis. In Chapter 2, l showed that El B 19kDa can function like Bel­

2 to block the cellular apoptosis induced by hygromycin B. l also presented data about the

regulation of El B 19kDa's anti-apoptotic function by other pro-apoptotic Bcl-2 family

members such as Bax and Bad. These studies revealed that although EIB 19kDa is a

structural and functional homolog of Bel-2, it also has its own unique features.

During the course of my studies, an ER localized Bel-2/Bd-xL interacting protein,

Bap31, was found. A series of E1B 19kDa chimeric proteins were made to study their ability

to interact with Bap31 or Bel-xL. This work revealed that the BH3 domain of EIB 19kDa

has different protein-protein interaction properties than the Bel-2 BH3 domain.

In the discussion, l will attempt to incorporate these data into a global picture about

how El B 19kDa may function in apoptosis regulation and additionally integrate it ioto our

knowledge of apoptosis in mammalian ceUs.
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CHAPTER2

Induction of p53-independent apoptosis by

hygromycin B: suppression by Bcl-2 and

adenovirus EIB 19-kDa protein
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Induction of p53-lndependent Apoptosis by Hygromycin B:
Suppression by Bcl-2 and Adenovirus E1 B 19-kDa Protein1

GA!"fG CHEN,:! PHILIP E. BRAJ."lTON, AJ.'lD GORDON C. SHüRE3

Department or Bioehemistr}'..\ldntyre J[t!dical Sl.'iences Building, JlcGill Unù·ersity. Montreal. Quebec. Canada H3G lY6

•

•

Hygromycin B, an aminoglycoside antibiotic that is
widely used to establish stable mammalian cell Hnes
that carry a bacteriaJ gene conferring resistance to the
drug, is shown here to induce apoptotic programmed
cel1 death in susceptible cells. Dying cells exhibited
typical features of apoptosis, including cell shrinkage,
membrane blebbing, nuclear pyknosis, and extensive
internuc1eosomal fragmentation of DNA. Employing
concentrations of hygromycin B that are typically
used for selecting stable cell lines, we show that sus­
ceptible cells die rapidly, exhibiting the morphological
properties of apoptosis by 18 h and detectable DNA
fragmentation as early as 2 h after receiving tbe drug.
G418, on the otber band, required days to cause cell
death, which was not accompanied by internucleoso­
mal DNA fragmentation. Apoptotic cell killing by hy­
gromycin B did not require expression of wild-type p53
and was suppressed by both Bcl-2 and the Adenovirus
type 5 EIB 19-kDa protein. " 1991S Academie Preu. Ine.

INTRODUCTION

Apoptotic cell death in multicellular organisms con­
tributes to tissue homeostasis and remodeling during
development. It also functions as a critical defense
mechanism against cellular assaults, leading to the
rapid removaI ofaffected cells with little or no response
from the organism as a whole [1-3]. This has proven
to be particularly important where the assault involves
autonomously replicating agents, like viruses t or un­
controlled clonaI cel! proliferation like that associated
with cancer. It may be that most mammalian cells are
poised to quickly engage an apoptotic pathway as part
of a default mechanism and, therefore, require various
suppressor signals to prevent its activation. Such sup­
pressors can he exploited to successfully establish pro-

1 This research was supported by the National Cancer Institute of
Canada and by the Medical Research Council.

:! Supported by a Studentship from the Medical Research Council
of Canada.

J Ta whom eorrespondenee and reprint requests should be ad­
dressed. Fax: (514) 398-7384.
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ductlve VIrai iniections and oncogenesis in many in­
stances [1-31.

[n mammals, the hest understood suppressors of
apoptosis are those related to the proto-oncogene prod­
uct of bcl·2 [4-61. High level expression of bcl·2 occurs
in most follicular B-cell lymphomas. where it contri­
butes to neoplasia [7], and also in normal development
where it is required for extended B-cell memory [B].
Ectopic expression of the gene has been found to inhibit
apoptosis in response to a diverse array of natura! and
artificial signaIs [1,21. BcI-2 functions as a dominant
suppressor of apoptosis, similar to that which has been
defined genetically for the Bcl-2 homolog in C. elegans,
the product of ced·9 [9]. Not surprisingly, certain vi­
ruses encode suppressors of apoptosis as a means of
escapingthe host response [101. The E1B region ofAde­
novirus, for example, encodes two gene products, the
ElB 55-kDa protein and the ElB 19-kDa protein (19
Kl, both of which can inhihit apoptosis triggered by the
ElA gene, although the 19-K protein does so much
more efTectively [11]. BcI-2 can functionally substitute
for E1B 19K in both viral infection [12, 13] and E1A­
mediated cellular transformation [11].

Aminoglycoside antibiotics are well-established in­
hibitors of cell growth that function by inhibiting pro­
tein synthesis in both prokaryotes and eukaryotes [14].
Based on these properties, inhibitors like hygromycin
Band G418 at high concentrations have been widely
used in selection strategies for expression of
transfected genes in eukaryotic cells, due to the intro­
duction in the expression vectors ofbacterial genes that
confer resistance to the antibiotic [15 t 16]. Here t we
demonstrate that hygromycin B is a potent inducer of
apoptosis and that the apoptotic response to the drug
does not require a functional p53 protein. Bath BcI-2
an~ adenovirus E1B 19K confer resistance to the cyto­
tOXIC effects of hygromycin Bt at least over the time
course in which the normal cell dies in response to this
treatment.

MATERIAlS AND METHons

Reagents. Hygromycin B was purchased from Calbiochem (La
Jalla. CA), G418 (geneticin) from Gibco-BRL (New York NY) and
actinomycin D and cycloheximide were from Sigma (St. ~uis,MO)'

0014-4827195 $12.00
Copyright C 1995 by Academie Press. [ne.

AIl rights of reproduction in any ronn reserved.
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FIG. 1. Effects uf hygrumycin B and G·U~ un CHO LR7:3 cclls, 1Leftl Ct>lls were grown to 130Cr contluency and subsequently incubated
éither with le' or without 1= ) 800 pg/ml hy:.,rromycin B. At the times indicated. œil viability was assayed by determining the percentagc
uf cdls that excluded trypan blue. 1 :\[iddlt~, Cells ''''cre maintuined for 18 h in the absence dune 1101" presence tif vanous concentrations of
hygromycin B l:W ;.Jwml. lane :!; 80 .LJg;ml. lane 3; -l00 IJ~/ml. lane -t: 1 mg;ml. lane 5101" G418 \ 10 IJgJml. lune 6; 100 .LJglml. lane i; 500 pgi
ml. lane 8; :2 mg/ml. Jane 91. Low-molecular-weight ONA was isolated and unalyzed by agarose gel electrophoresis. 1Right 1 Cells were either
untreated (lune:!) or incubated with 800 ,Ug1ml hygromycin B tl)r :! h liane :}I, 8 h liane -t J. lL h liane 51. nI" 2-l h (Iane 61. Low-molecular­
weight DNA was isobted and analyzed by agarose gel electrophoresis. Lune 1. Lambda DNA digested with HindUL

('l'li culturl! and trans{Ï'etwn. CHü LR7:J cells were l-,'Town in
<rME~I containing 1Oe ; l'etai calf serum. 100 unitSJml penicillin, and
LOO unitsiml streptomycin. Treatments wl're initiated when cultures
reachl'd approximately 80'", conttuency. cDN.-\s cncllding human Bel·
211:2l or Adenovirus type 5 E1B 19-kDa protein 1:341 were introduced
into the RC'RSV eukaryotic expre::sion vector 1Pharmacia '. which
also encodes the neomycin resistance gene. The cON.-\s were modifled
ta encode methionine hexahistidine at the NH~-terminus llf Bcl-~

and intluenza hemagglutinin 1 HAl epitope. ~L-\YPD'{VPOYAV. ;,It
the COOH·terminus of E lB 19K. The sequences of all constructs
were venfied by ONA sequencing. Following transfection by the
CaCI;: procedure Il ï 1. stable CHO LR7;} Hnes expressing either pro­
tcin were selected in G418 and screened for BeI-:! and E LB 19K
expression employing monospecific antisera.

Cell Ciclhility. A total of W:' cells in l ml culture medium were
plated per well in multi-well dishes and bTfown tü approximately 80';
contluency. Fresh medium :: hYb'TOmycin B or G418 was added. At
"anaUs limes thereafter. the supematants \Vere removed. the
attached cells obtained following trypsinization and combined with
the supematants. and total ceIls recovered by centrifugation, Pellets
\Vere suspended and assayed under a micrm5cope for percentage of
cells that excluded trypan blue.

DN..\. fragmentation. Cells were coIlected follo\\;ng trypsinization
and low-molecular-weight DNA obtained by the method ofHirt IL81.
Follo\\ing electrophoresis in a 1.81'"" agarose gel. the DNA was stained
with ethidium bromide. exposed to uv light. and photographed.

Electron microscopy. Cells were fixed În situ ,vith 2'1- lviv 1glutar­
aldehyde. postfixed in If} (wiVI osmium tetroxide. tt~ Iw/vl potassium
ferrocyanide. and 0.1 J[ Na cacodylate. pH ïA. stained I!n bloc ".ith
1r t 1w/v' uranyl acetate. and embedded in epon. Thin sections were
stained with uranyl acetate and lead citrate and viewed ,vith a Phil­
lips 300 electron microscope.

RESULTS AND DISCUSSION

Hygromycin B lnduces Apoptosis in CHO LR73 CeUs

Cell viability following treatments with or without
drug was determined by their ability ta exclude trypan
blue. As shown in Fig. 1 (leftJ, CHa LR73 cells rapidly
succumbed ta 800 ~glml hygromycin B, with greater

than 95Cé of the cells routinely observed to die within
48 h. The concentration of hygramycin that \Vas em­
played is similar to that used for selection of stable cell
Hnes expressing resistance to the drug.

Ta deterrnine if the observed cell death correlated
\Vith apoptosis. both DNA content and cellular mor­
phology were examined. Treatment of cells over a \vide
concentration of hygromycin B (20 ,ug-l mg/mIl re­
sulted in the appearance of an oligonucleosomalladder
upon analysis of DNA by gel electrophoresis (Fig. 1.
middle. lanes 1-5 l. a response that has been widely
associated \Vith apoptosis [19. 201. At SOO ,ug/ml hygro­
mycin B. significant DNA fragmentation occurred by 2
h. with maximal appearance of an oligonucleosomal
ladder occurring at Il h after receiving the drug (Fig.
1. rightl. DNA fragmentation. therefore. occurred at a
relatively early stage, at a time when the majority of
cells receiving the drug contained an intact cell mem­
brane (Fig. l.left). By 18 h. however, the cells exhibited
morphological features typical of apoptosis [211. This
included cell shrinkage, extensive membrane blebbing,
and nuclear pyknosis (Fig. 2l.

In contrast to hygromycin B. cells that received the
drug G418 took longer to lose viability, requiring 6-7
days for 50lf of the cells to die (not shown). As expected,
18 h after receiving this drug, CHa LR73 cells exhib­
ited negligible. if any, fragmentation of DNA (Fig. 1.
middle.lanes 6-9l. ~Ioreover.DNA fragmentation was
not observed even after cells had been incubated for 7
days \Vith G41S.

Bcl-2 and Adenovirus ElB 19·kDa Protein Prevent
Apoptosis Caused by Hygromycin B

Stable CHa LR73 cell Hnes were established that
express either human Bcl-2 or Adenovirus type 5 E1B

•

•
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FIG. 2. Electron mlcrogrnphs of CHü LR7:J cells that were untreated Ilelll or treated for L8 h with 400 pg/ml hygromycin B 1rightl.
Bar. 1.;)4 liffi.

•

•

19-kDa protein. employing expression vectors that con­
fer neomycin (G418 1 resistance for selection 1Fig. 31.
Like nonselected cells (Fig. 1J. CHO LR73 cells carrying
just the neomycin resistance gene were rapidly killed
by hygromycin B (Fig. 4. left). resulting in apoptotic
DNA fragmentation (right. lane 21. Both Bcl-2 and E lB
19K conferred protection against the drug and pre­
vented the appearance of oligonucleosomal fragments

234

Scl-2 - .•

....", - El8 19K

FIG. 3. CHü LR73 cell lines that express Bcl-2 or E LB 19-kDa
protein. Stable cell lines were created follO\\ing transfection \Vith
plasmids that encode a neomycin resistance gene either alune lianes
land :3) or together with cDNAs that encode either human Bcl-2
lIane 2) or Adenovirus type 5 EIB 19-kDa protein t L9Kl tagged ''vith
the HA epitope liane 4 J. as described under ~Iaterials and ~Iethods,

Proteins from whole cell extracts were separated by SDS-PAGE.
transferred to nitrocellulose. and the blots incubated either with tiCS
monoclonal antibody against Bcl-2 [ L2] (fanes 1 and 2) or with 12CA5
monoclonal antibody against the HA epitope f121 lianes 3 and 41,
Follo\'ving incubation \'vith secondary antibodies conjugated to alka­
line phosphatase. color was developed \Vith NBTIBCIP (Boehringer­
Mannheim) according to the manufacturer's instructions. The posi­
tions of Bcl-2 and E lB 19K are indicated.

(Fig. -t 1. A number of independently derived cell lines
expressing Bcl-2 or 19K were obtained and round to
exhibit this property, The extent of protection against
Hygromycin B. however. correlated with the level of
Bcl-2 or 19K expressed in the individual celllines,

Induction olApoptosis by Hygromycin B Occurs
Independently o(p53

p53A is a cellline derived from baby rat kidney celIs
that expresses a temperature-sensitive mutant fonn of
p53 [221. At the permissive temperature, wild-type p53
is expressed and the cell~ spontaneously die [221. At
the nonpermissive temperature (38°C). only the mu­
tant form of p53 is expressed, the cells are viable and
are resistant to agents causing p53-dependent
apoptosis [221. \Vhen treated with hygromycin B, how­
ever. these cells died at the nonpermissive temperature
(38°C) ..vithin 47-72 hours, but remained completely
viable in the absence of drug (not shown). As depicted
in Fig. 5, sensitivity to hygromycin was as~mciatedwith
apoptotic DNA fragmentation. Induction of apoptosis
by hygromycin B. therefore. does not require p53.

CONCLUSIONS

Hygromycin B has been \\tidely used in mammalian
cell cultures for selection of transfected genes that are
coexpressed with a hygromycin resistance gene. Little
is known, however, about the mechanism by which sen-
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sitive cells die in response to the drug. Here, we have
shown that CHO LR73 cells rapiclly lose viahility fol­
lowing treatment with hygromycin B, by a process that
is accompanied by oligonucleosomal fragmentation of
DNA, nuclear pyknosis, and extensive membrane bleb­
bing, aIl of which are hallmark features of apoptosis.
This response to hygromycin B does not depend on a
functional p53 gene product. Although p53-induced
growth arrest and apoptosis are well-known cellular
responses to DNA damage [23-25], it is also known
that apoptotic pathways can be induced which are inde­
penùent uf p53, Lulli. dW'ing Hurmè11 Jt:vt:lùpmè'ntal prû­
grams [26. 271 and in response to a nurnber ofgenotoxic
agents [281. Hygromycin B belongs to this p53-indepen­
dent category. Paradoxically, however. both cyclohexi­
mide and actionomycin D. inhibitors of protein and
RNA synthesis. respectively. blocked the apoptotic re­
sponse to hygromycin (not ShO\vnl, despite the fact that
hygromycin B itself is an inhibitor of protein sYnthesis.
It is not clear. therefore. if the mechanisrn of induction
of apoptosis by hygromycin relates to its effect on pro­
tein synthesis or on sorne other pathway. Finally. hy­
gromycin-induced apoptosis is blocked by Bcl-2. a sup­
pressor of apoptosis which is known to function far
downstream on an apoptotic death pathway that can
be triggered by a diverse array ofexternal and internaI
signaIs [29. 301. E lB 19K. on the other hand. is a viral
suppressor of apoptosis which has evolved specifically
to counter the cytotoxic efTects of Adenovirus ElA gene
expression. thus allowing EIA-induced host DNA syn­
thesis to proceed [311. Although Bcl-2 has been sho~ï1

to substitute for EIB 19Kin EIA-mediated events [311.

2 3

FIG. 5. InductIOn of apoptoslS by hygromycm ti oœurs mciepen­
dently of p53 expression. The p53A cellline [221 was maintained at
the nonpermissive temperature 138°CI and incubated for 18 h in the
absence (Inne :2, or presence of 400 JJgiml hygromycin B lIane 31.
Low-molecular-weight DNA was isolated and analyzed by agarose
gel electrophoresis. Lune 1. Lambda ONA digested ,vith HindIII.

and in a limited number of other circumstances [32.
331. the extent of the sirnilarity in the ability of Bcl-2
and E1B 19K to suppress apoptosis has not been fully
examined. The fact that E lB 19K also counters hygro­
mycin-induced cell death. however, suggests that, like
Bcl-2. it too may confer protection against apoptosis in
diverse circumstances.

We thank Dr. Stanley Korsmeyer. Washington University. for Bel·
2 cDNA. Dr. Eileen White. Rutgers University. for the p53A ceilline.
and Kathy Teng for electron microscopy.
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FIG. 4. Suppression of hygromycin·induced apoptosis by Bcl-2
and Adenovirus E1B 19-kDa protein. Stable CHO LR73 cell lines
were established that express the bacterial neomycin resistance gene
either alone 1.' or with the human bcl-2 le) or Adenovirus EIB 19K
(C) gene. (Left) CeUs were incubated for the indicated times in~
presence of 400 JJglml hygromycin B. and cell viability assayed by
exclusion oftrypan blue. (Rightl Cells expressing the neomycin resis­
tance gene either alone !lanes 1 and 2) or with EIB 19K lianes 3
and 4) or bcl-2 lIanes 5 and 6) gene were maintained for 18 h in the
absence lIanes l, 3. and 5l or presence of 800 JJglml hygromycin B
danes 2. 4. and 6). Low-molecular-weight DNA was isolated and
analyzed by agarose gel electrophoresis. •
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CHAPTER3

Adenovirus El B 19-kDa death suppressor

protein interacts with Bax but not with Bad
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Adenovirus EIB 19-kDa protein (19K) is a member of
the Bcl-2 ramily of suppressors of apoptosis. The sup­
pressors function through heterodimerization with the
death promoters, Bax and related proteins, thus estab­
Iishing a set point within the cell that determines
whether or not apoptosis is executed in response to a
death signal. Sequence similarities between 19K and
BcI·2 are largely restricted to short Bcl-2 homology <BH)
domains that mediate interaction with Bax. The BHl
sequence in 19K is degenerate but nevertheless contains
a conserved glycine residue found in all family members
thBt when mutated to alanine in Bcl-2 resu1ts in 108s of
Bcl-2 function and ability to dimerize with Bax <Yin,
X.-M'1 Oltvai, Z. N., and Korsmeyer, S. J. (994) Nature
369,321-323). Berc, we show thBt the analogous muta·
tion in BHI of 19K also abrogates the anti.apoptotic
properties of 19K and its ability to internct with Bax,
thus establishing the critical importance of this residue
within BHI and the likely similarity of Bcl-2 and 19K
function. [n distinct contrnst to Bcl-2, however, 19K in­
teraction was Rot detected with Bad, a Bcl-2IBcl-XL
dimerizing protein that can potentially regulate a
BU'Bcl-2IBcl-XL survival set point and reinstate 8Uscep­
tibility to a death signal. Furthermore, the anU-apo­
ptotic function of 19K wu not overcome by enforced
expression of Bad in transfected cl~lls. This Ceature of
19K May provide adenovirus with a selective advantage
in evading premature induction oC apoptosis by the host
eell.

Apoptotic cell deBth is essential for tissue modeling and
homeostasis in metazoans and provides the orgnnism with the
ability 10 selectively remove cells that are targets of various
types of growth deregulating events (1. 2>' E.'tamples of 5uch
events include activation of oncogene expression and viral in­
fection 13>. Although the demise of the cell is initially triggered
upon receipt of a specifie death signal, e.'tecution of the apa­
ptotie pathway occurs only upon activation of critical Ced-31
ICE cysteine proteases. which cleave and inactivate1activate
specifie target molecules (4-6>' Whether or not the Ced-3lICE
pathway is activated by a death signal, however. depends on
the status of various cellular regulators of apoptosis (1-3),

The prototypic and best studied examples of regulators of

• This work 'R1lS supported by the National Canœr lnstitute and the
Medical Research Counci1 of Canada. The costa of publication of thîs
article 'Rere defrayed in part by the payment of page charges. This
article must therefore he hereby marked -ad,,'ertisement" in 8cc:ordanœ
with 18 U.S.C. Section 1734 solely to indicate this faet.

§ Recipient of a Medical Research Counci1 Studentship.
•• To 'Rham correspondence sbouId he addressed. Tel: 514-398-7282:

Fax: 514-398-7384.

apoptosis are those associatecl with the Bcl.2IBcI-X:. (7-9) and
Ba"<IBak 110-13) family of suppressors and promoters, respec·
tively. Bax was tirst discovered as a member and heterodimer­
izing partner ofBcl-2 (10). Together, the heterodimerizing part­
ners establish a set point within the œll thst detennines
whether or not the cell will ultimately respond to a death
signal. Homo- and heterodimerization is dependent upon short
Bcl-2 homology cBH>l domains within the polypeptides, one of
which (BH1) is criticai for BU'Bcl-2 heterodimerization but not
Bcl·2 homodimerization l1·n Bad. a more distantly related
protein that cantains BH domains, is a direct regulator of the
set point (15l. It heterodimerizes with Bcl-2JBcl-XL but does not
internet with itself or with Ba."'t. Thus. it has the potentinl te
rendjust a Ba.'('Bcl-2IBcI-XL set point thBt wouId otherwise
specify cell sUl"'\;val following n denth signal ta one that spec­
ifies apoptosis (15l. .4.1thaugh it i5 not presently known how the
set point controls whether or not the cell will engage the apo­
ptotic program. recent studies have shown that BcI-2/Bcl-XL
operates either at or upstream of proeessing of pro-CPP321
apopain/Yama (16. 11), a CecI-3lICE protease that may be re­
sponsible for initiating the cascade of events that ultimately
leads ta the final execution ofapoptosis 118-20>. ln this regard,
the position of the set point ",,;thin the apoptotie pathway
difTers from that of the viral apoptotic inhibitors, cowpox CrmA
14,5) and Bacculovirus p3S (211. which function as direct active
site inhibitors of various Ced-3/ICE proteases. However, it is
similar to that of ElB 19-kDa pratein (16). an adenovirus
suppressor of apoptosis that is funetionally interchangeable
\vith Bcl·2 in several different contexts (22-25l.

Adenovirus has provided an important model system for
studies of the relationship between cellular transformation and
apoptosis, because the viral gene that induees host cell DNA
synthesis and iounortalization, ElA. is also a potent induœrof
apoptosis 122>, To permit the transforming praperties of ElA to
he manifested. adenovirus encodes two negative regulators of
apoptosis: E1B 55-kDa prot-ein, which binds p53 and impairs
its ability to regulate gene expression (26. 36) and mediate
EIA-induce apoptosis (27, 28), and EIB 19-kDa pratein, a
generaI suppressor of both p53-dependent and -independent
cell death (27-30), Despite the functional similarities between
Bcl-2 and E1B 19K. the two prateins are quite different over
most of their respective polypeptide sequences, with the e.'tcep­
tion ofregions that are related to BHl and BH3 (31, 32>. These
regions in 19I{. however, mediate interaction with Bax (31,32>.
suggesting that Bar19K establishes an BpoptotiC control set
point that is analogous to that of Ba."('Bcl-2IBcl-XL_ Consistent

LThe abbreviations used are: BH, Bcl·2 homology; 19K, 19-kDll
protein encoded by adenovirus serotype 5 early region lB; HA. in­
l1uenza virus hemagglutinin epitope: PAGE, polyacrylamide gel
electrophoresis.
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FIG. 1. Co-expression of BAX and ei·

ther I9K or BCL.2. Stable CHO LR73
cell lines were created that contain HA
19I{. Bcl·2. or Bax or both Bax and either
HA 19K or Bcl·2 (see "Materinls and
Methodsi. Total œll extracts containing
equivalent levels of protein were suh­
jec:ted to SDS-PAGE. transfelTl1!d to ni·
trocellulose. and incubated (plus sign)
with 12CAS llnti·HA (upper left. Lanes
1-J1. tit:~ anu·Bci·i \upper ngnl. ianes
-1-6), or P-9 anti·Bax flou'er panels. Lanes
1-6), Blots were visualized foUowing in·
cubation with sec:ondary antibodies conju­
gnted ta alkaline phosphatase and treat­
ment with ~BTIBCIP, The positions of
19K. Bd·2. and Bax are indicated,
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with this thesis, enforced e."<pression of either Ba."< or Bak
overcomes the death protective effect provided by 19K (12.31.
32). In the case of Bcl·2. a relatively eanservative mutation
\vithin the BHl domain, which changes glycine at position 145
ta alanine. abrogates the death suppressor function and ability
of Bel·2 ta interaet with Bax (14). Although the corresponding
19K BHl domain is relativel)· degenerate compared with other
famîly members. it cantains the analogous glycine. We show
here that mutation of this glycine ta alanine has the same
detrimental effect on 19K. which impticates this highly con­
serve<! amine aeid position within an known BHl domains as
criticaUy important for function. Of note. however. we also find
that in distinct contrast ta Bcl-2 and Bel·XL> interaction of 19K
with Bad was not detected. This has particular significance
because it suggests that the polypeptide sequence of 19K has
evolved to avoid negative regulation by Bad. a feature that May
provide adenovirus with a selective advantage in evading pre­
mature killing of the host cell.

rtLo\TERIALS AND METROns

C,dls and E:cpression Vectors-Stnndard recombinant polymerase
chain reaction methodology was employed to insert oUgonudeotides
encoding the HA epitope. <M)AYPOYVPOYAV. at the 3'-end and S'·
end. respectively. orthe protein-eoding sequence ofElB 19K and BCL·2
cONA (25. 3m. cONAs enc:oding human Bcl·2 (71 or HA Bd·2 (2S),
adenovirus serotype 5 HA 19K (30). mouse Bax (10l. or mOU5e Bad <15)
were doned iota the RdRSV vec:tor <Phannacia Biotec:h Inc:.) carrying a
neomycin resistance gene or inta pLXSH vector carrying a hygromycin
re!iistance gene. The authenticity of ail construc:ts was verified by ONA
sequencing. The vec:ûlrs were tl1lMfec:ted inta CHO LR73 cells. as
described previously (30l. and stable transfectants obtained by selection
in G418 or h:rgromycin B and identified by Western blot analysis. Cell
ünes expressing various levels of the individual proteins were isolated.
To establish c:o-e.xpres!Ïng lines. cellular clones that bad been se1ec:ted
in one drug were subsequently tr.lnsfected and selected in the other
drug and characterized by Western blotting.

Cell V"Ulbility As,ays-Cells were grown to -80% confluenc:y in
a-minimum Eagle's medium supplemented with 10% fètal calf' serum
and 100 unitslml penicillin and streptomycin. Puromycin <50 ~m1) or
staurosporin (s.a ~) were added. total cells subsequently were col­
lected at \"1ll'Îous times. and the perœntage of the cells that excluded
trypan blue was determined in two îndependent experiments. and the
results were averaged as desc:ribed (25. 301. AIl experiments were
conducted 3-5 tilDes and yielded results very similar to those presented.

We.Jtem Blotting-Proteins were resolved by SOS-PAGE. transferred
to nitrocellulose membrane, and probed with P-9 rabbit polyclonal
antibodyagainst Bax. 12CAS mouse monoclonal anti·HA, GC8 hamster
monoclonal anti·Bd·2, rabbit polyclonal anti.19K. or rabbit polyclonal
sc·943 anti·Bad_ Following incubation with secondary antibody coliju.

gated to lllkaline phosphatase, rolor was developed with NBTIBCIP
lBoehringer Mannheim) ac:cording to the manufacturers instructions,

Co-immunop.-ecipltation-CeI11ines contnining equivalent amounts
of HA-Bcl·2. HA-19K. or neither protein (nea controls) were grown ta
-SOft conf1uenc:y. collec:ted fol1owing trypsinizotion. and washed. and
the cellll were homogenized at .. ·C in medium conœining 2% (w/v)
Nonidet P--lO. 140 m~l KCl. S mM MgCl.:. 1 mM ethylene glyc:ol·bis.(t3­
aminoethyletherIN..'l'.tetrnacetate. 0.2 m~( phenylmethylsulfonyl fluo·
ride. 1.0 f.Lgfmlleupeptin. and 10 mM Hepes. pH ï.2. Follo\\"Ïng centrif·
ugation at 12.000 x g for 15 min. supernatants were mixed with nn
equ111 \-olume of reticulocyte 13...sate containing [:!&SIBax or 1~IBad

transcription.translation product (34). grndually diluted witb 4.5 vol·
umes of homogenization medium lacking C:etergent, and incubated for
1 h nt 4 ·C prior to addition of 12CA5 anti-HA. Immune complexes were
rec:overed with protein A-Sepharose and nnalyzed by SDS-PAGE and
fluorogrnphy.

RESUL1'5 AND DISCUSSION

Becau~ Bcl-2 functions as a heterodimerizing partner with
Ba.'C (lOl, the ratio of the two proteins. rather than absolute
levels. is an important determinant of the final outcome for a
cell that reœives a death signal (1. lOt This is alsa true for
other Ba."<·interacting members of the Bcl-2 family (15. 31, 32L
To study the ability of enforced e.'(pression of Bax ta overcome
the activity of a death suppressor, therefore, it is important to
compare these co-e.'Cpressing cells with ones that e.'(press the
same level of the death suppressor in the absence of Ba."<. To
that end, stable CHO LR73 cell lines were estabHshed that
e.'Cpress equivalent levels of 19K plus or minus Bax cFig. 1,
upper panel, Lanes 1 and 2) or equivll1ent levels of Bcl-2 plus or
minus Ba."< cFig. 1. upper paneL, lanes <1 and 51. as judged by
Western blot analysis. Celllines were also generated that COD­

tain Bax alone. nt levels that are equivalent to the level ofBax
in the co-e.'Cpressing cel1lines (Fig. 1.1ower panel, compare lane
2 with lane 3 and lane 5 with Lane 61. A number of such cell
Unes were created and each gnve relative responses ta death
signals that were comparable with those described below.

Elet'ation of Bax Ouercomes the Death Suppressor Effêcts of
Bath Bcl·2 and EIB 19K-The stable celllines that were ana­
lyzed in Fig. 1 by Western blotting were also examined for their
susœptibility ta a patent inducer of apoptotic œll death. puro­
mycin (35). In common with other systems (l0l. enforced ex­
pression ofBAX alone had only a slight enhancing effect on the
rate ofœil death in response ta the drug relative to nec control
cells but overcame the otherwise protective effect against the
drogthat was conferred by Bcl-2 <Fig. 2. upper graph)' Whereas
cells expressing neo. either alone or together with B.-\X. were



by immunoblotting \Vith anti-HA antibody <Fig. 41\. inset). The
19K wild-type and G87A celllines described in Fig. 4 were also
e.'t8mined for their susœptibility to staurosporin. a protein
kinase inhibitor that induces apoptosis in many ceU types (38.
39). Again. 19K G87A e:dtibited a significant 10ss in the ability
to prevent cell death compare<! with wild·type 19K <Fig. 5>.
Consistent with the loss ofdeath suppressing activity resulting
from the G87A mutation of 19K. the mutant 19K in these cells
e:<hibited a corresponding reduction in its ability ta internet
with Ba.'t. relative ta equivalent levels of \\;Jd·type 19K, in a
co-immunopredpitatioD assny in vitro <Fig. 48. compare lanes
3 and 4),

Bcl·2. bllt Not ElB 19K. Internets UJith Bad-Bad competes
with Ba~ for heterodimerization with Bcl·2 or Bc1.XLand there­
fore has the potential to adjust a survival control set point ta
one that pennits apoptosis to occur (15), la co-expressing ceUs,
Bad overcomes the protective etrects of Bel-XL <15>. However.
despite repeated attempts. we have found that enforced expres·
sion of Bad does not overcome the death suppressor activity of
ElB 19K (not shawn). In distinct contrast ta Bel-XL and Bc1-2.
interaction between 19K and Bad was not observed in a co·
immunoprecipitation 885ay that readily detected interaction
betweea Bcl·2 and Bad (Fig. 6. right panel. compare Lanes 3 and
4) and interaction between 19K and Bax <Fig. 48), In Fig. 6, œU
e.'ttracts were employed that contained equivaleat Jevels of HA
Bcl-2 and HA 19K, as judged by Western blot analysis with
12CA5 anti-HA cFig. 6. Left panel). Similar results were ob­
tained using different celilines and œIl types (CHO LR73 and
human KB). The findings strongly suggest, therefore, that EIB
19K is aot susceptible ta regulation by Bad.

ConcIusions-The early events oC adenovirus infection te­

quire that the c:ytotoxic consequences of ElA expression are
countered by negative regulators of apoptosis, Ta ensure this
outcome, the virus encodes its own general suppressor of
apoptosÎ5. ElB 19K. The major role of 19K during viral infec·

FIG. 3. EIB 19K eontains a degenerate BRI domain. Amino acid
sequences (single-Ietter rode) of the BH1 demains ofvnrious members
of the BeI-2 fnmily '&om Ref. 11 are shawn and compared with amino
acids 85-96 of 19K of odenevirus serotype 5. Boxes denote bighly
conserved regions. Single lUld double dots denote lU11inO ncid! in 19K.
Ced·9. Md Bad lhat are either similar or identical. respectivel}'. 10
amino A(ids in the BH1 domnins of the other proteins. Armw denotH a
glycine ta alanine mutation 'see textl.

almost aIl killed by 48 h after receÏ\;ng 50 ~ml of the drug,
approximately 85% of the cells that e.~press BCL·2 remained
viable during this period. CCH!Xpression of BAX with BCL·2.
however. reduced the cell survivallevel to 30-35'i- at 48 h after
receiving puromycin. and tm! was reduced to the level of nec
controls by 72 h. A very similar pattern and extent of protection
against puromycin and abrogation of this protection by Ba.'t
\Vere aIso observed for ElB 19K <Fig. 2. Lower panel).

A Degenerate BHI Domain Contributes ta the Anti,apoptotie
Function ofEIB 19K and Ability ta Internet with Bax-Fig. 3
shows the sequenœs of BHI domains in various Bcl-2 family
members (from Ref. l) and aligns these regions to a sequence in
adenovirus serotype 5 EIB I9K (37) from amino acid 85 to 96
that shows similarity ta the BH1 domains in these other pro­
teins. The similarity. however, is relatively weak and in faet is
less than that observed for the evolutionarily distant Bcl·2
homolog in Caenorhabditis elegans. Ced-9 (14, 33) (Fig. 3).
Nevertheless. this predicted BHI domain of I9K cantains the
highly conserved GR. which is present in ail family members
and whose glycine moiety is important for function. A relatively
conservative change of this glycine to alanine at residue 145 of
Bcl·2 results in 1058 of bath Bcl·2 function and its ability ta
heterodimerize with Ba.'t (14), Therefore. to determine if the
predicted BHI domain of 19K is of functional significanœ. the
sarne mutation was introduced at residue 87 ofl9Kedesignated
I9K G87A) (Fig. 3). Several œIl Unes were created in CHO
LR73 that e.'tpress various levels of the mutant 19K protein,
and in aU cases. the Ga7A mutation was found ta result in 1058

of 19K protection against puromycin treatment compared with
an equivalent level of wild-type 19K. An example of such an
analysis is shown in Fig, 4A. in which the level ofHA 19K G87A
was similar to or even greater than wild-type HA 19K asjudged
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pathway that prevents processing and activation of pro-CPP32
in response to a death stimulus (16). Because similarities he­
tween the two proteins are restricted to limited regions within
the molecules. including BHl and BH3 (31, 32). comparisons
between the two proteins provide nn opportunity to correlate
function with domain structure. Regions of~uence conserva­
tion and diverJence \\;thin BHl of Bcl·2 and 19K. for example,
coupled with the deleterious mutation of the common glycine
within this motif, help to define the essential fentures of this
domain. Of particular relevance, however, we did not detect
interaction between 19K and Bad. under conditions where 19K­
Bmc and BcI-2·Bad interactions are readily observed. This has
obvious evolutionary implications for the ability of the virus te
evnde potential host defense mechanisms, because it pennits
19K to target Ba"C while at the same time avoiding disruption of
this interaction and re·instatement ofthe apoptotic program by
Bad.

Western anU HA Immunopredptlallon

FIG. 6. Bad interacta with Bcl-2 but not with ElB 19K. Right.
co-immunoprecipitation assays were conduc:ted as describe<J in Fig. 4B.
except that [3IISIBad ({ane l, 2.5% of input) wa8 added to cell extracts
containing equivnlent amounts ofRA Bd-2 ({ane 3). or HA 19K ({ane 4).
or conUlining neither protein (Control,lane 2l. The position of[33SIBad
is indicated (arrou·l. Left. Western blot of total cell extrncts from HA
19K (Lane 1) and HA Bcl·2 ({ane 2) cells containing equivalent nmounts
of protein and visualized with snti·HA nntibody (see "Matenals and
Methods-l.
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tion is ta block p53-dependent apoptosis induced by ElA (22,
27-29) and p53-independent œil death that would otherwise he
induced by an E4 viraI gene product that is regulated by ElA
(29). Based on evidence presented here and e1sewhere (31, 32),
19K is both a structura! and functional homolog ofBcl-2. More­
over, like Bcl-2, 19K appears ta function within a signaling

Hours posl1t8atment

FIG. 5. Mutation oC glycine 87 inhibita the abiJity of ElB 19K to
counter !Itaurosporin·ïnduced cell death. The œil lines analyzed in
Fig. 4A were aIso examined foUowing lreatment with 6.0 PI SÙ1uro­

sporin. as indicated. Methodology and symbols are 8S desc:ribed in the
tegend to Fig. -lA.

FIG. 4. Mutation of glycine 87 inhibita EIB 19K Cunction and
ability to Interac:t with Bax. A. standard polymerase chain reaction
methodoloilY was employed to convert codon 87 in the protein eoding
sequence of RdRSV HA 19K from glycine (GGG) ta alanine (GCOl.
Stable CHO LR73 celllines were then obtained that express nen either
alone (Âl or with wild type (el or mutant GaiA (C) HA 19K and
examined for œU \'iability after trentment with purom)'cin ai described
in Fig. 2.ln3et. total cel! extrncts from the nec alone ([ane n. HA 19K
<lane 21. nnd HA 19KG8ïA <lane 3) Unes contnining equivnlent nmounta
of protein were analyzed br Western blotting with antï-fL-\ llntibody
(see "Matenal.! and MethodsÎ. B. [33SIBax was produeed by transcrip­
tion·translation <lane 1) in a rnbbit reticu1OC)'te lysate. and equal vol·
umes were added to extrnc:ts from the œU linell assayed in .0\. Extrncts
were prepared in 2'l- Nonidet P·40 and contained equivalent amou."lt8 of
HA 19K llane 3} or HA 19K G8iA liane 4). or they contained neither
protein (Control. lone 2). Foilowing dilution of extrac:ta ta B final con·
centration of 0.1% detergent. 12CA5 .mti·HA WB! added. Immmuno­
complexes were collected. resolved by 5DS-PAGE. and analyzed by
nutoradiography. The position of [3&SIBax is indicnted (arrow).
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4.1 Abstract

The BeI-2 Homology domains (BH1, BH2, BH3, BH4) of Bel-2 family proteins play

important roles in the regulation of protein:protein interactions and apoptosis.

Adenovirus El B 19kDa protein (19K), a functionai homologue of Bel-2, has been reported

to share weak sequence homology with other Bd-2 family members at the BHI and BH3

regions. Our sequence alignment analysis showed that 19K also contains a BH4 region

overlapping its BH3 domaine Bap31, a 28kDa polytoptic integral protein of the

endoplasmic reticulum (ER), is part of an ER protein complex that also indudes Bd-2/Bd­

xL, procaspase-8, and a CED-4-like protein ((Ng et al., 1997; Ng and Shore, 1998). EIB

19kDa does not interact with Bap3l; nor does it interact with BeI-2/Bd-xL. We have made

a set of chimeric El B 19kDa proteins carrying different BH domains From Bd-2 to test

their protein-protein interaction properties. We show that the BH3 domain of Bcl-2, when

substituted for the homologous region of 19K, confers the properties of interaction with

Bap3I and Bel-xL onto 19K. The subcellular location of the EIB 19kDa 1Bel-2 BH3

chimeric was very similar ta that of wild type 19K. This chimeric protein retained its anti­

apoptotic function. These results show that the BH3 domain of Bel-2/Bel-xL has an

important role in mediating Bd-2/Bd-xL and Bap3I interactions. It also demonstrates

that the BH3 domain of Bel-2 controls different protein-protein interaction profiles

compared to the BH3 domain ofEIB 19kDa.
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4.2 Introduction

Apoptosis, or programmed ceU death, is a controUed ceU death process that controls

normal developmental processes, the maintenance of tissue homeostasis, and important

host defense mechanisms. In the nematode C.elegans, several genes have been isolated with

regulation effects on the general death program. Among theln, Ced-9 inhibits apoptosis;

and Ced-3, and Ced-4 promote ceU death (Hengartner et aL, 1992; Yuan and Horvitz, 1992;

Yuan et al., 1993). Of note, aIl three C.elegan genes, Ced-3, Ced-4, and Ced-9, have

mammalian counterparts. Ced-3 belongs to a family of proteases now named caspases that

exist in mammals (Yuan et aL, 1993). The caspase family consists of more than 13 members

and the lis! is still growing. Caspases play fundamental raIes in the execution of ceU death.

The proteolytic activation of initiator pro-caspases, such as procaspase-8 and -9 which

have a long prodomain at their N-terminal, in the death triggered ceU can subsequently

lead to cleavage and activation of the downstream effector caspases, such as caspase-3 and

-7. which carry short prodomains at their N-termini, to further amplify the caspase

activation cascade (Cryns and Yuan, 1998). Effector caspases can then cleave their cellular

target proteins such as CAD/CAPAN, nudear lamin, PARP, Rb, and numerous other

proteins, leading to ceU death by' thousands of cuts' (Cryns and Yuan, 1998). Ced-9 is a

member of the mammalian Bcl-2 family of suppressor proteins that contains more than 15

members (Hengartner and Horvitz, 1994). Apaf-l is a Ced-4 homologue identified in

mammals (Zou et aL, 1997). Like Ced-4, Apaf-l, is an adapter protein that mediates

interactions between Bcl-2 family members and a caspase, procaspase-9. The current

model for Ced-3 activation is that Ced-4 can bind to Ced-3 and induce the autoproteolytic

activation of Ced-3 in C.elegalls (Yang et al., 1998). Ced-3, Ced-4, and Ced-9 form a

temary protein complex. The binding of Ced-9 to Ced-4 can prevent the autocatalytic

activation of Ced-3 by preventing the oligomerization of Ced-4 molecules associated with

Ced-3 (Yang et al., 1998).

T\vo complexes controlling caspase activation in mammals hilve been identified. In

one, ceH death receptors, such as FaslAPO-lICD95 (Smith et al., 1994), TNFRI (Smith et

al., 1994), DR3IWSL-l/Apo-3/TRAMP/LARD (Chinnaiyan etai., 1996), TRAIL receptors

DR4/TRAIL-Rl (Pan et al., 1998a), DR5/TRAIL-R2/KILLER (Screaton et aI., 1997), and
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DR6 (Pan et al., 1998a), can bind a specific ligand at the cell surface. This binding induces

receptor oligomerization. In the case of Fas and TNFRl, this results in the recruitment and

autoproteolytic activation of procaspase-8 associated with the DISe (death-inducing

signaling complex) via interactions between the death domains of receptor and FADD, and

the death effector domains of FADD and procaspase-8 (Nledema et al., 1997). The

autoactivated caspase-8, consisting of two subunits each of p 18 and plO, is released from

tht: DISe into the cytosol to initiate caspase activation events.

In the second example, a mitochondrially located protein complex named the

'apoptosome', can regulate the activation of procaspase-9 (Li et al., 1997). Procaspase-9 is

recruited to Apaf-l bya cytochrome c/dATP dependent mechanism. This leads to the

autoproteolytic processing of procaspase-9 via association with Apaf-l oligomers

(Srinivasula et al., 1998) . Bel-xL can bind to Apaf-l to prevent it from forming oligomers,

thereby preventing the autocatalytic activation of procaspase-9 (Srinivasula et al., 1998).

As well, Bel-xL/Bel-2 prevents release of eytochrome c from mitochondria in response to a

death signal (Li et al., 1997; Pan et al., 1998b).

The two caspase activation complexes have been linked via an activation cascade and

amplification pathway (Li et al., 1998; Luo et al., 1998). Ligand binding to the death

receptor can induce the activation of caspase-8 associated with DIse (Li et al., 1998). The

activated caspase-8 can specifically eleave Bid, a pro-apoptotic member of the Bcl-2 family

of proteins, at its N-terminal caspase recognition site (Li et al., 1998; Luo et aL, 1998). The

truncated Bid moves to the mitochondrial outer membrane and induces the release of

eytochrome c from the organelle (Luo et al., 1998). The resuiting activation of caspase-9

can further amplify the caspase activation cascade by deaving and activating the

downstream effector caspases such as caspase-3. The connection between these two caspase

activation complexes represents the communication of death signaIs from the ceH surface

ta mitochondria.

In addition to its location in the mitochondriai outer membrane, Bd-2 /Bd-xLis aiso

located at the endoplasmic reticu1um (ER). An ER located apoptotic regulatory protein

complex has aiso been proposed (Ng et al., 1997; Ng and Shore, 1998). In this protein
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complex, Bup31, an ER integral membrane protein, has been found to associate with Bel­

llBel-xL, procaspase-8, and a Ced-4-like adapter in co-transfected 293T ceUs (Ng et al.,

1997; Ng and Shore, 1998). Although the exact role of this ER located protein complex in

the regulation of apoptosis needs to be established, Bap3l itself is the target of caspase-8

and other caspases (Ng et al., 1997). Bap31 contains two caspase-8 recognition sites.

Inresponse to an apoptotic stimulus such as expression of Adenovirus ElA, Bap31 is

cleaved at both sites to generate a p20 fragment (Ng et al., 1997). The proteolytie p20

product of Bap3l can induce apoptosis in 193T ceU when ectopicaUy expressed (Ng et aL,

1997). These data suggest that the ER located Bap3l protein complex may represent a novel

caspase activation complex in the ER which itself is a target of caspase-8.

A common feature of the Bcl-2 family is their ability to form either homo- or hetero­

dimers with one another under certain conditions (Chao and Korsmeyer, 1998; Oltvai et

al., 1993; Yang and Korsmeyer, 1996). Two motifs named. BHl and BH2 (Bcl-2 homology

regions land 2) are highly conserved and exist in ail Bcl-2 anti-apoptotic family members,

with the exception of Adenovirus El B 19kDa (19k), which does not have a BH2 motit: 19K

is recognized as a functional homologue of Bcl-2 (Rao et al., 1992). Although 19K interacts

with several pro-apoptotic members of the Bcl-2 family of proteins, such as Bax, it does not

interact with another pro-apoptotic member, Bad, suggesting that 19K has different

protein-protein interaction properties compared to Bd-2/Bd-xL (Chen et al., 1996).

BH1 and BH2 domains are required for homodimerization and heterodimerization of

the Bc1-2 family of proteins (Chao and Korsmeyer, 1998; Oltvai et al., 1993; Yang and

Korsmeyer, 1996). The BH i and BH2 regions are also required for the anti-apoptotic

functions of Bcl-2 (Oltvai et al., 1993). Mutation of the conserved glycine residue within

the BH 1 domain, which is one of the residues forming the hydrophobie grocve in Bel-2,

can both inhibit Bcl-2's anti-apoptotic function and black its heterodimerization with Bax

(Yin et al., 1994). An equivalent Gly87 to Ala mutation in the BHl domain ofElB 19kDa

aIso severely affected its anti-apoptotic function and its ability of hetodimerization with

Bax (Chen et al.) 1996).
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A third conserved region, called the BH3 domain, was first defined in Bak for its

essential role in heterodimerization between Bak and Bel-2, and its role in death

promotion (Chittenden et al., 1995). Several death agonist members of the Bel-2 family of

proteins, ineluding Bad, Bik, Bim, Bid, Blk, and Hrk, share no sequence homology with

other Bc1-2 family members outside of the BH3 region, indicating that the BH3 domain is

required and sufficient for their pro-apoptotic activity. The BH3-only pro-apoptotic Bcl-2

familv of oroteins can form heterodimers with anti-aoootatic familv members but can not
1 &. L ~ #

form homodimers, suggesting that the BH3 domain alone is sufficient for the

heterodimerization. Taken together, the BH3 domain has two functions. One is that it

mediates the interaction with anti-apoptotic members. The other is that it is also required

for the apoptotic induction function of these BH3-only pro-apoptotic members and in this

regard has been termed the 'Killing Domain'.

The fourth conserved domain of the Bd-2 family of protein, BH4, was defined recently.

It is located at the N-terminus of sorne anti-apoptotic members of the Bd-2 family, such as

Bd-2, Bel-xL, and Ced-9 (Huang et al., 1998). This domain has been implicated in

protein-protein interactions. Several proteins inc1uding Ced-4 (Huang et al., 1998), Apaf-1

(Pan et al., 1998b), calcineurin (Shibasaki et al., 1997), and Raf-1 (vVang et al., 1994)

interact with Bcl-2 through the BH4 domain. The BH4 deletion mutant of Bcl-2 has been

reported to lose its anti-apoptosis function (Huang et al., 1998).

Although El B 19kDa can functionally replace Bel-2 in many contexts, it may operate

somewhat differently than Bel-2. [t interacts with Bax, but not with Bad (Chen et al.,

1996). Unlike Bd-2, EIB 19kDa expression can disrupt FADD filament formation and

cause FADD and PLICE to relocalize to membrane and cytoskeletal structures (Perez and

White, 1998). The cellular distribution of 19K is also different than that of Bel-2 (Rao et al.,

1996; White, 1996). And final1y, the domain structure of 19K ineludes BHI and

overlapping BH3/BH4, but is devoid of BH2. Here, we demonstrate that these differences

are manifested in the functional difference that 19K does not interact with Bel-xl and

Bap3l. Swapping the BH3/4 domain of 19K with that of Bd-2, however, perrnits such

interactions, indicating that Bel-2 BH3 and 19K BH3/4 are functionally distinct.
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4.3 Materials and Methods

4.3.1 Constructs and Expression Vectors

Standard recombinant polymerase chain reaction methodology was employed to insert

oligonudeotides encoding the HA epitope,(M)AYPDYVPDYAV, or Myc epitope,

EQKLISEEDL, at the 3'-end of the protein-coding sequence ofEIS I9kDa and Bd-xL

cDNA respectively; PCR was aiso employed to make the deletion and domain swapping

constructs. cDNAs encoding human Bd-xl and Adenovirus serotype SElB 19kDa HA and

its domain swapping mutants, were doned into the Rs/RSV vector (Pharmacia Biotech

Inc.) carrying a neomycin resistance gene. Bap31 Flag cDNA was doned into the

PCDNA3.1A vector (Invitrogen). The authenticity of aIl constructs was verified by DNA

sequencing.

4.3.2 Cell Culture and Stable Line Selection

CHO LR73 fibroblasts were maintained in a-N1E~1 supplemented with 100/0 fetai

bovine serum and streptomycin sulfate/peniciIlin (100 U/ml). 293T cells were maintained

in DNIEM supplemented with 100/0 fetal bovine serum and streptomycin sulfate/penicillin

(100 U/ml). The ceIls were grown in a humidified 50/0 C02 atmosphere at 37°C. To

establish stable celllines, each appropriate plasmid was transfected into CHO ceIls. Stable

transfectants expressing high levels of protein encoded by transfected plasmid were isolated

after a nvo week selection period in the presence of G-4lS(SOO Jlg/ml) and characterized by

vVestern analysis of the celllysates .

4.3.3 Cell Viability Assays

Human CHO cellsstably expressing the cDNA encoding neomycin resistance (neo) or

ElB 19kDa and its mutants were cultured in a-1vlENl supplemented with 10% FBS and 100

Ulml streptomycin and penicilline After reaching 800/0 confluence in a 12-weil plate, ceUs

were treated with 20 mg/ml of vinblastine in the culture medium. The treated ceUs were
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collected at 77 hour after drug application and assessed for viability by trypan blue

exclusion. The percentage of ceUs that excluded trypan blue was determined in two

independent experiments, and the results were averaged.

4.3.4 Transient Transfections and Co-immunoprecipitations

293T ceUs were seeded in 60 mm culture plates and transfection performed when the

ceUs reached 50-600/0 confluency. The ceUs were transfected by the Lipofectamine Plus

method (GIBCO) with 5 Jlg of selected plasmids. Approximately 26 hours after

transfection, the ceUs were washed in PBS and lysed in 0.5 mllysis buffer/6D mm culture

plate (50 mM Hepes, pH 7.4. 150 mNI NaCI, 1 mM ethylenediamine tetraacetate, 0.5%

vol/vol IGEPAL, 10 Jlg/ml aprotinin, la Jlg/mlleupeptin, and 1 mNI PMSF). After

centrifugation at II,000 g, the supernatants were incubated with 30 J.1l of a 1:1 slurry of

protein A Sepharose4B for 1 hour at 4°C. The Sepharose was removed and the

supernatants incubated with the first antibody at 4°C overnight. 20 J.1l of a 1:1 slurry of

protein G Sepharose was added after the overnight incubation. After 1 hour at 4°C, the

beads were recovered, washed, and boiled in SOS sample buffer. After SOS-PAGE and

transfer to nitrocellulose, blots were developed with either mouse anti-Myc 9EI0 antibody

(BAbco, Berkeley, CA), mouse anti-HA 12CA5 antibody (BAbco, Berkeley, CA), or mouse

anti-FLAG M2 antibody (SIGNIA St.Louis), respectively.

4.3.5 Western Blotting

Proteins were resolved by SOS-PAGE, transferred to nitïocellulose membrane, and

probed with the appropriate first antibody. Following incubation with secondary antibody

conjugated to peroxidase, the blot was developed with ECL(Amersham) according to the

manufacturer's instructions.
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4.3.6 Immunocytochemistry

CHO LR73 ceUs expressingEIB 19kDa/Bcl2BH3-HA orElB 19kDa-HA were grown on

12 weIl chamber slides and fi..xed in 3.70/0 formaldehyde/PBS for 20 min. Permeabilization

of cells was performed in 0.20/0 Triton X-IOOI PBS for 5 min. The ceUs were then incubated

with mouse anti-HA.ll for 60 min at room temperature to detect the HA tagged E1B

19kDa and its chimeric proteins. After PBS (containing 0.1 % Tween 20) washes, ceUs were

incubated with Rhodamine-labeled secondary antibodies and viewed with an

immunofluoresence microscope.
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4.4 Results and Discussion

AdenovirusElB 19kDa is a functional homologue of Bd-2. Early studies showed that

19K interacts with Bax (Chen et al., 1996; Han et al., 1996). Unlike other anti-apoptotic

members of the Bd-2 family, however, 19K does not interact with Bd-2/Bd-xL or Bad

(Chen et al., 1996), nor does EIB 19kDa interact with Bap31 (unpublished). These results

raised the possibility that 19K has distinct features from Bel-2/Bd-xL regarding its anti­

apoptotic mechanism. This difference may be caused by 19K structural differences

compared to Bd-2/Bd-xL. For example, 19K does not have a BH2 domain, whereas aH the

other anti-apoptotic members of Bd-2 family do. The homology of the BH3 domain in

19K is also low (Figure 4-1, page 69). Using a domain swapping strategy, we have made a

set of 19K chimeric proteins in which the individual BH domains from Bd-2 have been

introduced into 19K .(Figure 4-1, page 69). A transient transfection assay was used to assess

the ability of these El B 19kDa chimeras to interact with Bap31 (Figure 4-2, page 70)and

Bel-xL (Figure 4-3, page 71)

As illustrated in Figure 1B, cDNAs encoding three chimeric 19K proteins were

constructed: one in which the BHl domain was replaced with that of Bel-2, another in

which the Bcl-2 BH2 domain \Vas inserted at a position relative to endogenous 19K BH2

that reflects their relative positions in Bd-2, and a third in which the 19K overlapping

BH3/4 domain was replaced with Bd-2 BH3. The chimeric proteins, as well as wild-type

19K, were tagged at the NH2-terminus with an HA epitope, and the respective cDNAs

incorporated into RcRSV veetors and expressed by transient co-transfection of 293T ceUs

with a pCDNA3.1A vector encoding Flag epitope-tagged Bap3!. The ability of the 19K

proteins to associate with Bap31-Flag was determined by immunoprecipitating Bap31

from celllysates with mouse anti-Flag antibody, resolving the precipitate by SOS PAGE,

and probing blots of these gels with mouse anti-HA. The resulting HA signaIs were weIl

resolved from the Ig light chain that was aiso detected by secondary anti-mouse IgG. As

shown in Figure 2A(Figure 4-2, page ïO)) the expression levels of the 19K proteins were

variable and) therefore, the relative amounts that associated with Bap31 were assessed by

comparing the levels in the Bap31 precipitates with the total expression levels of the 19K

proteins. Both wild type 19K and 19K harboring the Bcl-2 BHl domain were undetectable
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Figure 4-1 Schematic representation of the El B 19kDa chirneric proteins and an alignment
of the BH4 domains from different Bcl-2 family members.

(A). Alîgnnlc:nt ùf thc= BH4 ft:giüns frü111 Jifft:ft:nt nd-2 fanlily nlt:l11bt:rs, as w-dl as frùnl

the EIB 19kDa/Bcl-2BH3 chimeric protein. (B). Schematic representation of the EIB 19kDa

chimeric proteins carrying BH l, BH2, and BH3 domains trom Bcl-2.
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Figure 4-2 Conversion of EIB 19kDa into a Bap31 binding protein.

CA). 293T cells were transiently transfected with vector expressing Bap31-Flag together

with ElB 19kDa-HA, EIH l~kDa/Hd2BHI-HA, EIB l~kDa/Bci2BH2-HA,and EIB

19kDa/Bcl2BH3-HA. respectively. At 24 hours after transfection, ceIls were collected and

lysed. Co-immunoprecipitation was carried out as described in J\;laterials and l\tlethods with

mouse anti FLAG antibody. The precipitated samples and celllysates were resolved by SOS­

PAGE and transfered to nitrocellulose membranes. The membranes were blotted with

mouse anti HA antibody and visualized by ECL. Top panel: celllysates probed with anti HA

antibody. ~liddle panel: celllysates probed with anti FLAG antibody. Bottom panel: anti

FLAG immunoprecipitation samples probed with anti HA antibody. Arrow indicates IgG

light chain.

(B). Percentage of El B 19kDa chimeric proteins co-immunoprecipitated with anti FLAG

antibody. N[H [MAGE analysis sofuvare is used for this analysis.
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Figure 4-3 Conversion of EIB 19kDa into a Bd-xl binding protein.

293T cells were transiently transfected with vector expressing Bel-xl-Mye together

with EIB 19kDa-HA, EIB 19kDa/Bcl2BHI-HA, EIB 19kDa/Bcl2BH2-HA, and EIB

19kDa/Bcl2BH3-HA, or empty expression vectors respectively. At 24 hours after the

transfection, ceUs were collected and lysed. Co-immunoprecipitations were carried out as

described in the Nlaterials and Nlethods with mouse anti HA antibody. The precipitated

samples and celllysates were resolved by SDS-PAGE and transfered to nitrocellulose

membranes. The membranes were blotted with mouse anti J\t[YC antibady and visualized

by ECL. Top panel: celllysates probed with anti HA antibody. Middle panel: celllysates

probed with anti lvlYC antibody. Battom panel: anti HA immunoprecipitation samples

probed with anti lvlYC antibody.
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in Bap31 precipitates, and 19K containing Bcl-2 BH2 exhibited only weak association. In

contrast, 19K containing Bel-2 BH3 showed a strong association with Bap31 (Figure 4-2,

page 70). Similar results were obtained for the ability of the various 19K proteins to

associate with Bel-xL. Again, the only 19K protein that appeared to a significant degree in

the Bd-xL precipitates was 19K harboring the Bcl-2 BH3 domain (Figure 4-3, page 71).

When stably expressed in CHO cells, wild type 19K and the 19K/Bcl-2BH3 chimeric

protein bath protected these cells against apoptosis induced by the drug vinblastine.

commensurate with the respective expression levels of the two proteins (Figure 4-4, page

73). Swapping the endogenous BH3/4 domain of 19K with Bcl-2 BH3, therefore, retains

19K function.

Although El B 19kDa has been classified as a anti-apoptotic member of the Bcl-2

family, amino acid alignments and localization studies cfEIB 19kDa show distinct features

in comparison to Bd-2 (Rao et al., 1996; vVhite, 1996). Bcl-2 is anchored via its earboxyl­

terminal hydrophobie region to the outer membranes of mitoehondria, nudei, and the

endoplasmic retieulum leaving the bulk of the protein facing the eytoplasm (Chao and

Korsmeyer, 1998; Hockenbery et al., 1990; Nguyen et al., 1993). In eontrast t El B 19kDa is

found to associate with the nuclear lamina as weil as the eytoplasmic and nuclear

membranes (vVhite and Cipriani, 1990). Functionally, EIB 19kDa has been found to black

TNF indueed apoptosis whereas Bcl-2 is ineffective (vVhite, 1996). EIB 19kDa has aiso

been shown ta aetivate the JNK and c-JUN mediated transcription pathway which,

together with upstream MEKKI and NIKK4, has been implicated in apoptosis regulation

(See and Shi, 1998). These data suggest that EIB 19kDa may use multiple mechanisms ta

exert its anti-apoptotie function. 293T ceUs transiently transfeeted with veetors expressing

19K or 19K/Bcl-2BH3 were analyzed by immunofiuorescence (Figure 4-5, page 74), and

while not studied in detail, the results suggest primarily a eytoplasmic distribution for both

proteins, with 19K/Bcl-2BH3 exhibiting an enhanced predisposition for the perinuclear 1

nuclear envelope region of the cell. CHO ceUs stably expressing an EIB 19kDa/Bcl2BH3

chimeric protein retained anti-apoptotic activity in comparison with cells expressing wild

type EIB 19kDa (Figure 4-4, page 73).
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Figure 4-4 Functional analysis of the ElB 19kDa/Bd2BH3 chimeric protein.

CHa ceUs stably expressing the neomycin resistance gene (Neo), ElB 19kDa or ElB

19kDa/Bcl2BH3, respectively were treated with 20 mg/ml of vinblastine in the culture

medium. The treated ceUs were collected at 60 hours after drug was applied and assessed for

viability by trypan blue exclusion. The \Nestern analysis shows the level of ElB 19kDa and

El B 19kDa/Bc1-2BH3 proteins in the stably transfected CHO ceUs.
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Figure 4-5 Subcellular distribution study of the EIB 19kDa/Bd2BH3 chimeric protein
and EIB 19kDa by immunofiuoresence microscopy.

transiently transfected into CHO LR73 cells. The transfected CHO ceUs were grown on 12

well chamber slides and fixed as described in the Nlateriais and ~Iethods.Cells were then

incubated with primary antibody as described in Materials and ~Iethods.After PBS

washes) ceUs were incubated with Rhodamine-Iabeled secondary antibodies and viewed by

immunofluoresence microscopy.
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The BH3 domain is involved in the heterodimerization process between different Bcl-2

family members and the BH4 domain is essential for the interaction between Bd-2/Bd-xL

and Ced-4 (Chittenden et al., 1995; Huang et al., 1998). Our alignment shows that EIB

19kDa has a weak BH3/BH4 domain (Figure 4-1, page 69). The E1B 19kDa/Bd2BH3

chimeric protein can interact with Bap31 and Bel-xl while the wild type El B 19kDa does

not (Figure 4-2, page 70)(Figure 4-3, page 71). These results suggest that the BH3 of Bcl-2

and BH3!4 of E l B l qkDa have distinct protein-protein interaction properties and that El B

19kDa may use multiple mechanisms to regulate apoptosis, depending on its subcellular

location and the availability of other regulators. Sorne of the mechanisms used by El B

19kDa will be different from that of Bel-2. One example is that El B 19kDa can black the

FADO and FLICE mediated apoptosis pathway by sequestering FADD in a FLICE

dependent manner (Perez and \Nhite, 1998). Bcl-2 does not function through this pathway.

In summary, we demonstrated that the BH3 domain of Bd-2, when inserted into the

homologous region in El B 19kDa, confers the Bcl-2 interaction properties with Bap31

enta EIB 19kDa. Other conserved BH regions ofBd-2 are either not required or

dispensable in these protein-protein interactions. These results show that the BH3 domain

of Bd-2/Bd-xL has an important raIe in mediating Bel-2/Bd-xL and Bap31 interactions. It

also demonstrates that the BH3 domain of Bcl-2 facilita tes different protein-protein

interactions compared to the BH3 demain of El B 19kDa.
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Apoptosis is a genetically controUed and evolutionarily conserved process that is

essential for both embryogenesis and homestasis. It has been one of the fastest growing

research fields in the past decade.

Regulation of apoptosis is fundamentally important in multicellular organisms. It is

involved in the necessary elimination of certain neuronal cells during deve1opment, cell

death between the digits during development in vertebrates, and the elimination of self­

reactive pre-T and pre-B cells during lymphocyte maturation. Inappropriate activation or

inactivation of the apoptosis program can cause a diverse collection ofgenetic and acquired

diseases such as cancer, neurodegenerative diseases and AIDS. The research aimed at

defining the regulatory mechanisms of apoptosis has been and will continue to be a focus

for pharmaceutical, medical, and biological research. It will greatly expand our knowledge

of the apoptosis pathway and tàcilitate the treatment of apoptosis related diseases.

Despite of the progress made in apoptosis research, our knowledge of the functional

mechanism of Bcl-2 family proteins remains largely unknown. Qttempts to isolate Bcl-2

interacting proteins have led to the characterization of more than a dozen Bel-2 family

members which are either pro- or anti-apoptotic, suggesting that the interactions between

different pro- and anti-apoptotic Bcl-2 family members are important for their regulatory

function.

The adenovirus El B 19kDa protein was eharacterized as a viral homologue of Bel-2.

El B 19kDa is an adenovirus early gene produet that has been found to proteet against eeH

death induced by viral infection, facilitating efficient virus replication by preventing

premature ceU death. At the time the research described in ehapter 2 was conducted, little

was known about the function of the Bd-2 family of proteins. Although the survival

promoting activity of BcI-2 has been examined against the effects of multitudes of death

stimuli, such as chemotherapeutic drugs and ionizing radiation, the effect of ElB 19kDa on

the apoptotic effects of these stimuli had not been examined extensively. Ta characterize

the anti-apoptotic function of EIB 19kDa and to understand the funetional differences

between EIB 19kDa and Bel-2, it was essential ta compare the ability ofEIB 19kDa and
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Bcl-2 to block apoptosis triggered by different death stimuli. Chapter 2 describes our

attempt to address this question.

Hygromycin B, an aminoglycoside antibiotic, is widely used to establish stable

mammalian celllines that carry a bacterial gene conferring resistance to the drug. We know

very little about the mechanism by which the sensitive ceIls die in response to hygromycin

B. During my studies, l found that hygromycin B kills ceU by apoptosis ( Figure l, Chapter

2, page 57-56). The apoptosis induced by hygromycin Bshows aU the classic features,

including ceH shrinkage, menlbrane blebbing, nuclear condensation, and internucleosomal

fragmentation of DNA (Figures Land 2, Chapter 2, page 57-56). Apoptosis can be induced

independently of p53, both during the normal developmental process and in response to a

variety of genotoxic agents. Hygromycin B falls into this p53-independent category. The

apoptosis induced by hygromycin Bcan occur in the absence of wild-type p53 (Figure 5,

Chapter 2, page 57-58). ParadoxicaIly, however, both cydoheximide and actinomycin D

(inhibitors of protein and RNA synthesis, respectively) bloeked the apoptotic response to

hygromycin B, despite the faet that hygromycin B itself is an inhibitor of protein synthesis.

Therefore, it is not dear whether the mechanism of induction of apoptosis by hygromycin

B relates to its effeet on protein synthesis or on sorne other pathway. Data from Chapter 2

showed that both El B 19kDa and Bd-2 can block the apoptosis triggered by hygromycin B

(Figure 4, Chapter 2, page 57-58). Bd-2 is a weIl kno\\'n suppressor of apoptosis. ElB

19kDa, on the other hand, is a viral suppressor of apoptosis which has evolved specifically

to eounter the cytotoxic effects of adenovirus ElA gene expression, thus allowing EIA­

induced host DNA synthesis to proceed. [n spite of the functional similarity between EIB

19kDa and Bcl-2 shown during adenovirus infection and BRI< (baby rat kidney) cell

transformation, the extent of the similarity in the ability of Bd-2 and El B 19kDa to

suppress apoptosis has not been fully compared. The faet that EIB 19kDa also counters

hygromycin B mediated cell death suggests that, like Bcl-2, it too may confer protection

against apoptosis in a variety of circumstances.

One important funetion of Bd-2 is to form heterodimers \Vith certain pro-apoptosis

members such as Bax and Bad. The ratio of pro- and anti-apoptotic proteins in the ceU

forms a setpoint, which decides whether the cell should die or survive after receiving a
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death signaIs. When the ceH contains more of the free form of pro-apoptotic members such

as Bax, its apoptosis pathway can be turned on. vVhen Bcl-2 or other anti-apoptotic

members dominate, the ceU survives. Taken together, the heterodimerizing partners

consisting of pro- and anti-apoptotic members of the Bel-2 family establish a set point

within the ceH that determines whether or not the cell will ultimately respond to a death

signal.

Bad, a more distant member of the Bel-2 family that belongs to the pro-apoptotic

subfamily, is a direct regulator of the BaxJBcl-2 setpoint (Yang et al., 1995). The function of

Bad is to compete with Bax for Bcl-2 heterodimerization, freeing Bax from the Bel-2/Bax

heterodimer such that the apoptosis setpoint is directed towards apoptosis (Yang et al.,

1995). Although it is not presently known how the setpoint controls the apoptotic program

in the cell, two possible models has been proposed regarding the regulation of the Bel-2

and Bax setpoint. First, Bcl-2 and Ba..x function independently to interaet with survival­

and death-promoting molecules, but could neutralize each other's function through

heterodimerization. Another model is that the Bax homodimer eould be the active

component, which triggers apoptosis in the cell. In this case, Bcl-2 form heterodimers with

Bax to proteet the cell from apoptosis. In either case, the level of Bax and Bc1-2 heterodimer

can act as a setpoint in the cell to determine whether the ceU shculd live or die.

The data presented in Chapter 3 shows the investigation of the functional similarities

and differences between EIB 19kDa and Bel-2 regarding their ability ta regulate the

apoptotic setpoint in the cel!. The BH 1 domain of Bel-2 is critical for BaxJBcl-2

heterodimerization (Oltvai et al., 1993). Glyl45 in the BH 1 domain of Bcl-2 is conserved in

aIl Bel-2 family members (Yin et al., 1994). A relatively conservative change of a glycine to

alanine at residue 145 of the Bc1-2 BH1domain results in loss ofboth Bel-2 function and its

ability to heterodimerlze with Bax (Yin et aL, 1994). The sequence similarities between EIB

19kDa and Bc1-2 are largely restricted to two short BH domains, the BHI and BH3 (later

on, in Chapter 4, we showed that El B 19kDa aiso contains a BH4 which overlaps with its

BH3 domain). l found that the BHl domain ofEIB 19kDa contributes to its anti-apoptotic

function and its ability to interact \vith Bax as weIl (Figures 4 and S, Chapter 3, page 58­

24224). An EIB 19kDa mutant, which carnes a glycine 87 to alanine mutation in the BHI
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region, failed to interact with Ba..x (Figure 4, Chapter 3, page 58-24224). This result suggests

that the same conserved residue in the BH 1 domain that is critical for the Bel-2 and Bax

interaction is aiso important far the EIB 19kDa and Bax interaction (Figure 4, Chapter 3,

page 58-24224). However, in contrast to Bel-2, we did not detect any interaction between

EIB 19kDa and Bad (Figure 6, Chapter 3, page 58-24224). Furthermore, the anti-apoptotic

effect of El B 19kDa was not overcome by enfarced overexpression of Bad in transfected

ceUs. This has obviaus evolutionary implications for the ability of the virus to evade

potential hast defense mechanisms, because it permits El B 19kDa to target Bax while at the

same time avoiding disruption of this interaction and re-instatement of the apoptotic

program by Bad. This is the tirst time that EIB 19kDa and Bel-2 have been shown to act

differently in their ability to interact with pro-apoptotic members of the Bd-2 family.

Based on these results, we proposed that El B 19kDa is a structural and functional homolog

of Bd-2, but has unique features. Comparisons of the functional differences between Bd-2

and El B 19kDa will provide an opportunity to correlate function with domain structure.

Chapter 4 illustrates my attempt to address this question by disseeting different BH

domains from Bd-2 and swapping them into the corresponding regions of EIB 19kOa.

The studies described in Chapter 4 were conducted after a novel Bd-2/Bd-xL

associating protein, Bap31, was identified in our lab using a Far Western approach with

Bel-2 as a probe (Ng et al., 1997). Bap31 is an integral membrane protein with three

potential transmembrane regions. The Ist and 3rd transmembrane regions contain one

and two pasitively charged residues respeetively, suggesting that other partner prateins

exist in the Bap31 complex to neutralize these charges (Ng et al., 1997). Based on the

studies carried out by Florence Ng in the lab, an ER located apoptotic regulatory protein

complex has been proposed (Ng et al., 1997; Ng and Shore, 1998). In this protein complex,

Bap31 can associate with Bd-2/Bd-xL, pracaspase-8, and a Ced-4like adapter protein in

co-transfected 293T ceUs (Ng et al., 1997; Ng and Shore, 1998). Although the exact role of

this ER located protein camplex in the regulation of apoptosis needs ta be established,

Bap31 itself is the target of caspases as it contains two caspase recognition sites (Ng et al.,

1997). Upon administration of an apoptotic stimulus, Bap31 can be cleaved at both caspase

recognition sites by caspase-8 to give p20 and plO fragments (Ng et al., 1997). The
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proteolytic product of Bap31, p20, can induce apoptosis in 293T ceUs when ectopically

expressed (Ng et al., 1997). Bap31 can aiso be deaved bl' an unidentified ER lumenal

caspase at its two caspase cleavage sites Iocated in the membrane spanning regions during

apoptosis (Gang Chen, unpublished). These data suggests that the ER Iocated Bap31

protein complex has a regulatory effect on the apoptotic process of the ceH and may be

involved in the amplification of the caspase cascade inside of the cell, communicating

apoptotic signaIs between the ER and mitochondria.

Although El B 19kDa is a anti-apoptotic member of the Bcl-2 family, its polypeptide

sequences and subcellular localizations are quite different from Bcl-2 (Rao et al., 1996;

White, 1996). Bd-2 harbours C-terminal signal-anchor sequences that target it

predominantly to the outer mitochondriai membrane, endoplasmic reticular membrane

and the outer nuclear envelope leaving the bulk of the protein facing the cytoplasm (Chao

and Korsmeyer, 1998; Hockenbery et al., 1990; Ngul'en et al., 1993). El B 19kDa , however,

is found to associate with the nuclear lamina as weil as the CYt0plasmic and nudear

membranes (\Vhite and Cipriani, 1990). EIB 19kDa can black TNF induced apoptosis

whereas Bcl-2 has been reported to be not effective (White, 1996). ElB 19kDa has also been

demonstrated to have a transcription regulatory function (See and Shi, 1998). It can

activate the JNK and c-JUN mediated transcription pathway which has been implicated in

apoptosis regulation (See and Shi, 1998). Take together, E1B 19kDa may use manydifferent

mechanisms for its anti-apoptotic funetion. 293T ceUs transientll' transfected with vectors

expressing 19K or 19K/Bcl-2BH3 were anaIyzed bl' immunofluorescence (Figure 4-5, page

74), and while not studied in detail, the results suggest primarily a cytoplasmic distribution

for both proteins. CHO cells stably expressing the EIB 19kDa/Bcl2BH3 chimeric protein

has the same anti-apoptotic activity as ceils expressing wild type ElB 19kDa (Figure 4-4,

page 73).

The BH4 demain is important for the interaction between Bd-2/Bd-xL and Ced-4

while the BH3 demain plays role in the heterodimerization process between different Bd-2

famill' members (Chittenden et al., 1995; Huang et al., 1998). A weak BH3/BH4 domain

has been found when we aligned EIB 19kDa with other Bcl-2 family members (Figure 4-1,

page 69). The wild type EIB 19kDa does not interact with Bap31 or Bd-xL(Figure 4-2,
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page 70)(Figure 4-3, page 71). But the EIB 19kDa/Bc12BH3 chimeric protein can interaet

with both Bap31 and Bcl-xL(Figure 4-2, page 70HFigure 4-3, page 71). These results

indicate that the BH3 from Bcl-2 and the BH3/4 from EIB 19kDa have different protein­

protein interaction properties and that EIB 19kDa may uses different mechanisms for

apoptosis regulation, depending on its subcellular locations and the availability of other

regulatory proteins. Sorne of these mechanisms will be different from those used by Bel-2.

The fact that El B 19kDa can block FAnO and FLfCE mediated apoptosis whereas Bc1-2

does not function through this pathway is a good example (Perez and White, 1998). These

data demonstrated that the BH3 domain of Bel-2, when inserted into the homologous

region in El B 19kDa, can confer the Bcl-2 interaction properties with Bap31 and Bel-xL

onto El B 19kDa, suggesting that the BH3 domain of Bcl-2 facilitates different protein­

protein interactions compared to the BH3 domain of EIB 19kDa. These results also show

that the BH3 domain of Bd-2/Bel-xL has an important role in mediating Bd-2/Bel-xL and

Bap31 interactions.

In summary, my Ph.D. thesis has demonstrated the novel properties of the adenovirus

anti-apoptotic protein El B 19kDa. At the early stages of my work, my research focus was

on the study of the anti-apoptotic effects of El B 19kDa against different apoptotic stimuli.

With the rapid progression in the apoptotic research field, my research shifted onto a

comparison of the functional mechanism between EIB 19kDa and Bd-2. This work

revealed that EIB 19kDa does have properties unique from Bel-2/Bd-xL and other anti­

apoptotic members of the Bcl-2 family. Charaeterization ofthese distinct properties ofEIB

19kDa will be of great help to our understanding of the structure/function relationships

bet\veen the different members of the Bcl-2 family of proteins.
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