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ABSTRACT

Proteins in the Bcl-2 family are important regulators of apoptosis, but their exact
mechanism of action remains unknown. To study the interactions of the anti-apoptotic
protein Bcl-2 and the pro-apoptotic proteins Bax and tBid, a cell free assay was
developed using mitochondria isolated from cultured cells. Using this assay we were able
to show that tBid activates Bax, resulting in the oligomerization of Bax on the membrane.
Bcl-2 inhibits Bax oligomerization by sequestering tBid-activated Bax.

Bcl-2 is a transmembrane protein that adopts a tail-anchored topology with the
hydrophobic carboxyl-terminus of helix 9 inserted into the membrane in healthy cells.
After exposure to apoptotic stimuli, Bcl-2 changes conformation such that cysteine 158
that is located in helix 5 is inserted into the lipid bilayer. The experiments presented here
show that exposure of Bcl-2 in isolated heavy membranes to either recombinant tBid or a
peptide corresponding to the BH3 region of Bim triggered a similar conformational
change. The data from the cell free assay showed that Bcl-2 proteins that have inserted
cysteine 158 into the membrane are competent to prevent cytochrome c release in vitro.
Taken together, these results suggest a model of Bcl-2 function, in which the
conformationally modified form of Bcl-2 binds to Bax to prevent it from oligomerizing to
form large molecular weight multimers that are competent release pro-apoptotic factors
from the inter-membrane space of mitochondria. Thus these studies have provided
valuable insight into both the complexity and molecular mechanisms of the Bcl-2 family

of proteins in the regulation of apoptosis.
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The ability of Bcl-2 expression to inhibit apoptosis has been linked to the
expression of the proto-oncogene Myec. In cells, the absence of myc is associated with a
marked decrease in the ability to undergo apoptosis. The effects of Myc were studied
using the cell free assay with mitochondria isolated from Myc overexpressing and Myc
null cells. The results show that mitochondria from Myc null cells are dramatically more
resistant to tBid and Bax induced cytochrome c release than mitochondria from Myc
overexpressing cells. Cytosol switching experiments confirmed that the defect in
cytochrome c release after exposure to apoptotic stimuli in cells lacking myc is inherent

to the mitochondria.
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Chapter One

General Introduction
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Apoptosis, or programmed cell death, is an essential process that plays a critical
role in the development and maintenance of eukaryotic organisms. Proper embryonic
development, tissue homeostasis and the maturation of the immune system all depend on
programmed cell death and a number of diseases are associated with defects in the
regulation of apoptosis (reviewed in Desagher, 2000). Several neurodegenerative
diseases such as Parkinson’s disease, Huntington’s disease and muscular degeneration
arise when apoptosis occurs at inappropriate times. In contrast, the inability of a cell to
undergo apoptosis when required is a contributing factor in allowing host cells to live
thereby propagating viral infections, and cancer (Thompson, 1995). A cell undergoing
apoptosis exhibits characteristic morphological and biochemical changes including
cellular blebbing, membrane rearrangement, cell shrinkage, chromatin condensation,
DNA cleavage, cleavage of specific cellular proteins, and the formation of apoptotic
bodies (Wyllie, 1980 and reviewed by Jacobson, 1997).

While the events that occur during apoptosis have been extensively studied there
is still much to be discovered about how the process is regulated. One group of proteins
that regulate apoptosis is the Bcl-2 family of proteins. Bcl-2 was the first member to be
identified. In human follicular B cell lymphoma a chromosomal rearrangement places
Bcl-2 near the immunoglobin heavy chain enhancer, thereby increasing its expression
(Cleary, 1986 and Tsujimoto, 1986). Later investigations revealed that the consequence
of this was inhibition of apoptosis (Vaux et al., 1988).

Since that time many other Bcl-2 related proteins have been discovered. The Bcl-

2 family can be divided into two groups, those that inhibit apoptosis (anti-apoptotic) and
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those that promote apoptosis (pro-apoptotic) (Figure 1). The antagonistic relationship
between the family members determines whether a cell will live or die. The prevailing
theory for the mechanism by which the Bcl-2 family anti-apoptotic proteins control
apoptosis is through sequestration of pro-apoptotic family members by direct binding.
Therefore the ratio between the anti-apoptotic and pro-apoptotic proteins determines the
susceptibility of a cell to a death signal. Specific cell death signals activate pro-apoptotic
proteins, which in turn initiate the disintegration of a cell by disrupting mitochondrial

function.

Mitochondria

The Bcl-2 family of proteins regulates apoptosis by modifying processes at the
mitochondria. During apoptosis mitochondria lose the electrochemical gradient across
the inner membrane and several pro-apoptotic factors from the intermembrane space
including cytochrome c (Liu et al., 1996), AIF (Susin et al., 1996) and Smac/Diablo (Du
et al., 2000; Verhagen et al., 2000).

The release of cytochrome c activates caspases (cysteine aspartate-specific
proteases), the executioners of apoptosis (Liu et al., 1996; Li et al., 1997). Caspases exist
as pro-enzymes; after a pro-apoptotic signal, they are proteolytically activated (reviewed
in Thornberry et al., 1998). Cytosolic cytochrome ¢ forms a complex with Apaf-1, a
protein containing caspase recruitment domain (CARD), and nucleotide-binding
domains. The formation of the cytochrome c/Apaf-1 complex triggers the binding of

dATP, which causes oligomerization of cytochrome c/Apaf-1 to form a large multimeric
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complex termed the apoptosome (Zhu et al., 1999). As the CARD domains of Apaf-1
become exposed in the apoptosome, they recruit multiple procaspase-9 molecules to the
complex and facilitate autoactivation. Only the caspase 9 bound to the apoptosome
efficiently cleaves and activates downstream executioner caspases (Rodrigues et al.,
1999). These executioner caspases target a diverse group of proteins involved in DNA
replication and repair, chromatin condensation, cytoskeleton regulation, and adhesion.
The consequences of unopposed caspase activation are the irreversible biochemical and
morphological changes in the cell that are the hallmark of apoptosis (reviewed in
Hengartner, 2000).

Smac/Diablo is also released from the mitochondria into the cytosol during
apoptosis. Smac/Diablo (second mitochondrial-derived activator of caspases/ direct [AP
binding protein with low pI) promotes apoptosis by preventing IAPs from binding to
capsases (Du et al., 2000; Verhagen et al., 2000). IAPs (Inhibitors of Apoptosis Proteins)
are a family of intracellular proteins that bind to and inactivate caspases by altering the
conformation or sterically preventing substrate binding (Shiozaki et al., 2003).

AIF (apoptosis inducing factor) released from the mitochondria translocates to the
nucleus where it causes chromatin condensation and cleavage of DNA into large
molecular weight fragments (Susin ef al., 1999; Joza et al., 2001). The mechanism by
which AIF initiates DNA fragmentation is unknown, but it is independent of caspase

activity (Miramar ef al., 2001; Yu et al., 2002).



M.Sc. Thesis — PJ Dlugosz McMaster- Biochemistry and Biomedical Sciences

The mechanism by which these large molecules pass through the outer
mitochondrial membrane during apoptosis remains controversial. However, it is clear

that the Bcl-2 family of proteins regulates this process.

The Bcl-2 family of proteins

The Bcl-2 family of proteins is divided into members with either pro- or anti-
apoptotic function. All members of the Bcl-2 family contain at least one of the four
motifs called the Bcl-2 Homology (BH) domains (BH 1-4) (reviewed in Adams, 1998).
However as these “domains” are not structurally defined they are more appropriately
referred to as BH regions. Most anti-apoptotic proteins contain BH1 and BH2 regions,
and some proteins like Bcl-2, Bel-xi. and Bcl-w contain all four regions. The pro-
apoptotic proteins can be further sub-divided into two groups: multiregion and BH3 only
protein. The multiregion pro-apoptotic proteins such as Bax and Bak contain BH1, BH2
and BH3 regions while BH3 only proteins such as Bid, Bad, and Bim only share the BH3

regions.

Multiregion pro-apoptotic proteins
Bax and Bak

Bax (Bcl-2-associated protein X) and Bak (Bcl-2 antagonistic killer) contain three
BH regions and a carboxyl-terminal tail anchor sequence (Figure 1). The importance of
these proteins in apoptosis was demonstrated in Bax and Bak double knockout mice.

Inactivation of Bax affected apoptosis only slightly and disruption of Bak had no
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Figure 1 The Bcl-2 protein family. A schematic representation of anti-
apoptotic and pro-apoptotic members of the Bcl-2 protein family and the
location of Bcl-2 homology (BH) regions and predicted transmembrane
domains (TM) (Adapted from Gross et al., 1999).
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discernible effect. However, loss of both genes dramatically impaired apoptosis in many
tissues (Lindsten et al., 2000; Wei et al., 2001).

Bax and Bak function at the mitochondria. However, recent investigations have
demonstrated that Bax and Bak also modulate endoplasmic reticulum (ER) calcium levels
(reviewed in Annis et al., 2004). Although the functional roles for Bcl-2 family proteins
at the ER are emerging, mitochondria are clearly an important target for the activity of
Bax, Bak and other Bcl-2 family proteins in controlling cell fate.

Bax and Bak differ in their initial cellular location. Bak is constitutively
integrated into the lipid bilayer of membranes including the mitochondria outer
membrane (Chittenden, 1995), whereas Bax is cytosolic or loosely bound to membranes
(Wolter et al., 1997; Goping et al., 1998). Following an apoptotic stimulus Bax
translocates to the mitochondria and becomes an integral membrane protein (Wolter et
al., 1997; Goping et al., 1998; Gesagher et al 1999) where it oligomerizes and allows the
release of pro-apoptotic factors from the intermembrane space (Juergensmeier et al.,
1998; Antonsson ef al., 2000). The activated form of Bax on the mitochondria can be
distinguished from the cytosolic and loosely attached Bax by a conformational change in
the amino-terminus that exposes the 6A7 epitope (amino acids 13 to 19) (Nechushtan et
al., 1999; Hsu et al., 1998; Desagher et al., 1999). Like Bax, Bak homo-oligomerizes
during apoptosis (Wei et al., 2000; Mikhailov et al., 2003) and exposes an amino-
terminal epitope (Griffiths ez al., 1999).

Although membrane permeabilization by Bax/Bak has been well documented,

the molecular mechanism underlying this activity remains controversial. There are two
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dominant theories for how Bax/Bak control membrane permeability: by forming
pores/channels in the membrane or by interacting with and regulating pre-existing
mitochondrial membrane pores.

One proposed hypothesis is that Bax/Bak induce the rupture of the mitochondrial
outer-membrane through an interaction with the permeability transition pore complex
(PTC). The PTC is a channel that forms in response to certain apoptotic stimuli
connecting the inner and outer mitochondrial membranes (Marzo et al., 2000). The
formation of the PTC is characterized by massive swelling of the mitochondria,
depolarization of the inner mitochondrial membrane and the uncoupling of oxidative
phosphorylation (Reviewed in Zamzami et al., 2001). Ultimately this leads to the rupture
of the outer mitochondrial membrane and release of pro-apoptotic proteins. Bax may
induce the opening of the PTC in cells upon the induction of apoptosis. Consistent with
this, inhibitors of the PTC prevent Bax induced release of cytochrome ¢ (Narita et al.,
1998).

Evidence also exists suggesting that Bax/Bak can form homo-oligomeric pores.
In vitro, detergent exposure induces recombinant Bax to form homo-oligomers which
create pores in artificial membranes without any additional proteins (Antonsson et al.,
1997). These pores can release encapsulated cytochrome ¢ (Saito et al., 2000; Antonsson
et al., 2000). Furthermore, it has been observed that mitochondria can be depleted of
cytochrome c yet retain inner mitochondrial membrane potential (AY ,) (von Ahsen et

al., 2000). This would suggest that the activation of the PTC is a secondary event, at
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least in some forms of apoptosis, since the opening of the PTC leads to the rapid loss of

AY 1, and rupture of the mitochondrial outer-membrane.

BH3 only pro-apoptotic proteins

The BH3 only family of proteins includes proteins such as Bik, Hrk, Bad, Bid and
Bim (Figure 1). These proteins share an amino acid similarity only within the short (9-16
amino acids) BH3 region. The amphipathic helix formed by the BH3 doman of pro-
apoptotic Bcl-2 family members can bind to a hydrophobic groove formed by the anti-
apoptotic Bcl-2 family members (Fesik ez al., 2000). Leucine and aspartic acid are
conserved in the BH3 regions (Figure 2) and have been identified as the crucial resides in
both heterodimer formation and death promotion. However the remaining amino acids
vary between proteins and may explain the different interactions with selected
multiregionBcl-2 family members that the BH3 region only proteins display (O’Connor
et al., 1998; Oda et al., 2000; Wang et al., 1996), and suggests a reason for the apparent
redundancy of the BH3 only family. Yeast two hybrid screens, co-immunoprecipitation
experiments from cell lysates and in vitro pull down experiments show most BH3 only
proteins interact with Bcl-2 and Bcl-x; (reviewed in Huang and Strasser 2000; Kelekar
and Thompson 1998). However only Bid (Wei et al., 2000; Wang et al., 1996) and Bim
(Marani et al., 2002; Yamaguchi et al., 2002) interact directly with Bax or Bak. Using
short peptides representing the BH3 regions of various BH3 only proteins, it has been

suggested that two categories of BH3 only proteins exist (Letai et al., 2002). One
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Bid IARHLAQIGDEMDHN
Blk VALRLACIGDEMDLC
Hrk TALRLQALGDELHRR
Bmf TARKLQCIADQFHRL
Bad YGRELRRMSDEFEGS
Puma IGAQLRRMADDLNAQ
Bim IAQELRRIGDEFNET

Figure 2 Alignment of the BH3 regions of BH3 only pro-apoptotic proteins. An
alignment of the amino acid residues in the BH3 regions of mouse BH3 only pro-
apoptotic proteins using clustal w algorithm. Identical (yellow) and conserved (gray)
amino acids are highlighted.

10
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category (Bim and Bid) directly activate Bax and Bak, monitored by oligomerization.
The other category (Bad, Bik and Noxa) do not directly activate Bax and Bak, but rather
bind to Bcl-2 and displace Bid or Bim which can then activate Bax or Bak. Consistent
with this model, mutations in the second class of BH3 only proteins that prevent binding
to anti-apoptotic Bcl-2 family members disrupts the ability to promote cell death (Kelekar

et al., 1998).

Bid

Bid (BH3 interacting domain death agonist) is a BH3-only protein that links the
Fas receptor with the release of cytochrome c (Figure 3) (Li et al.,, 1998 and Luo et al.,
1998). Fas is a transmembrane protein belonging to the Tumor Necrosis Factor receptor
superfamily. Following binding of Fas ligand or agonistic antibody, the Fas receptor
trimerizes and activates the apoptotic pathway by recruiting several proteins to form the
death-inducing signal complex (DISC). In the DISC, procaspase 8 is processed by
proteolysis to its active form (Budihardjo et al., 1999). Activated caspase 8 cleaves the
cytosolic form of Bid (p22) between amino acids 59 and 60 (Li et al., 1998) generating a
p7 and a pl5 fragment. The carboxyl-teminal part of Bid (p15), referred to as truncated
Bid (tBid) translocates to the mitochondria and induces cytochrome c release (Wei et al.,
2000; Gross et al., 1999; Madesh et al., 2002; Lutter et al., 2001; Grinberg et al., 2002).
In vitro, tBid is 100-fold more potent than full length Bid at inducing cytochrome ¢
release (Madesh et al.,, 2002). However, recent evidence shows that full length Bid is

also important in the regulation of apoptosis (Sarig et al., 2003; Valentijn et al., 2004).

11
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Fas-ligand

DISC

tBid °

eCytochrome c Release
Bid

Figure 3 Model for tBid as an intracellular messenger linking Fas receptor
activation to cytochrome c release from the mitochondria. Ligand binding induces
oligomerization of the Fas receptor and the recruitment of several proteins to form the
death-inducing signal complex (DISC). In the DISC, procaspase 8 is processed by
proteolysis to its active form. Activated caspase 8 cleaves Bid to generate tBid. tBid
translocates to the mitochondria and induces Bax/Bak conformational changes and
oligomerization leading to cytochrome c release. Cytochrome c released from the
mitochondrial intermembrane space into the cytosol activates the downstream caspase

cascade.

12
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Many different mechanisms have been postulated to explain tBid mediated
cytochrome c release, including ion channel formation (Schendel et al., 1999),
destabilization of the lipid bilayer directly by tBid (Kudla et al., 2000), interactions of
tBid with multiregion pro-apoptotic proteins Bax and Bak (Wang et al., 1996; Desagher
et al., 1999; Eskes et al., 2000; Wei et al 2000) or with components of the PTC
(Zamzami et al., 2000). Even though the sequence homology between Bid and the Bcl-2
protein family is limited to the BH3 region, the three dimensional structure is similar to
that of Bcl-2, Bcl-x;. and Bax, including the two central hydrophobic helices which are
similar to the pore-forming domain of diphtheria toxin (Chou ef al., 1999; McDonnell et
al., 1999). Notably, tBid can form pores (Yang et al., 2003) and ion channels (Schendel
et al., 1999) in artificial lipid bilayers. Moreover, tBid becomes an alkali resistant,
integral membrane protein following translocation to the mitochondria (Gross et al.,
1999; Yi et al., 2003). Thus, in vitro studies suggest that tBid alone may induce
cytochrome c release from mitochondria. However, in cells tBid is unable to cause
cytochrome c release in the absence of Bax and Bak (Wei et al., 2000; Wei et al 2001).
Mutants of tBid that do not bind to Bax, Bak and Bcl-2 cannot release cytochrome c
(Wang et al., 1996). Moreover, tBid releases cytochrome ¢ before the loss of any AY 1,
(Mandesh et al., 2002) and tBid mediated cytochrome c release is not blocked by the
PTC inhibitor cyclosporin A (Wei et al., 2000), suggesting that tBid requires Bak and
Bax to release cytochrome c in a PTC-independent manner.

tBid can activate Bax (Desagher et al., 1999; Eskes et al., 2000; Ruffolo et al.,

2000; Roucou et al., 2002; Yi et al., 2003) and Bak (Wei et al., 2000; Brustovetsky et al.,

13
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2003, Carton et al., 2003) by inducing Bax translocation, membrane insertion and
Bax/Bak oligomerization. These effects likely require direct binding of tBid to Bax/Bak,
as the ability of various Bid chimeric and mutant proteins to release cytochrome ¢
depends on the ability to bind to and oligomerize Bax/Bak (Wang et al., 1996; Wei et al.,
2000). However tBid does not remain bound to Bak after oligomerization, suggesting a
“kiss and run” model in which tBid no longer binds after activation.

As an alternate mechanism, tBid can destabilize lipid membranes in vitro by
increasing the permeabilization (Kudla ez al., 2000) and negative curvature (Epand et al.,
2002) of liposomes. Thus tBid binding may destabilize the mitochondrial outer
membrane with Bak/Bax activation as an indirect consequence (Lutter et al., 2001).
Although the intervening steps are controversial, tBid functions by activating multiregion

pro-apoptotic proteins Bax/Bak.

Bim

Bim (Bcl-2 interacting mediator of cell death) is a BH3 only protein that binds to
and antagonizes the anti-apoptotic activity of Bcl-2 (O’ Connor et al., 1998). All three
isoforms (Bimgr, Bim; and Bimg) interact with Bcl-2 and promote apoptosis, although
they differ in efficacy (O’ Connor et al., 1998), with Bimg being the most potent. In cells
Bim is regulated by sequestration to the cytoskeleton. In healthy cells Bimg; and Bimp
are bound to microtubular dynein motor complexes through interactions with the light
chain LC8 (Puthalakath et al., 1999). Growth factor deprivation and other apoptotic

stimuli release Bim from the dynein motor complex which can then translocate to

14
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mitochondria and induce apoptosis. Bimgs does not bind to the dynein motor complex
which may explain why it is more potent than Bim; and Bimg;.

Bim was originally discovered because of its interaction with Bcl-2 however, it
can also activate Bax/Bak directly. Bimg and the novel isoform Bimap bind to Bax
leading to a conformational change in Bax associated with activation (Marani et al.,

2002). Therefore Bim, like Bid, can interact with both Bcl-2 and Bax/Bak.

Anti-apoptotic proteins

The anti-apoptotic Bcl-2 family of proteins are hypothesized to prevent cell death
via heterodimerization with pro-apoptotic family members by an interaction mediated by
BH regions (Figure 1). The structure of Bcl-x; shows that BH1, BH2 and BH3 regions
create an elongated hydrophobic cleft to which the amphipathic a-helix of a BH3 region

of a pro-apoptotic protein can bind (Salter et al., 1997).

Bcl-2

Bcl-2 ( B-cell lymphoma protein-2) was identified as a proto-oncogene in human
follicular B cell lymphoma (Clearly et al., 1986; Tsujimoto et al., 1986). Expression of
Bcl-2, unlike proliferative oncogenes, promotes cell survival by inhibiting apoptosis
(Vaux et al., 1988). Bcl-2 contains all four BH regions and a carboxyl-terminal tail-
anchor sequence that localizes it to the ER, nuclear envelope and mitochondria

(Krajewski et al., 1993). This broad localization allows Bcl-2 to function at spatially
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distinct regions of the cell, thus enhancing its anti-apoptotic activity (Zhu et al., 1996;
Annis et al., 2001; Besik et al., 2004).

Bcl-2 at the ER has been shown to regulate intercellular calcium homeostasis
(Baffy et al., 1992; Lam et al., 1994; Magnelli et al., 1994). However the effects of Bcl-
2 on the concentration of ER luminal calcium are controversial and the literature contains
conflicting data. In some cell lines Bcl-2 over-expression increases or preserves ER
calcium (Zhong et al., 1993; Lam et al., 1994; Distelhorst et al., 1996; He et al., 1997),
whereas in other cases Bcl-2 decreases ER calcium stores (Pinton et al., 2000; Foyouzi-
Youssefi et al., 2000). In the latter circumstance, it is hypothesized that Bcl-2 protects
cells from apoptosis by limiting calcium release into the cytoplasm decreasing the
amount of calcium available for uptake by the mitochondria thereby mitigating PTC
formation (reviewed in Samaili et al., 2003). Despite the controversy surrounding the
exact nature of calcium regulation, it is clear that changes in the cytoplasmic calcium
levels can trigger apoptosis and Bcl-2 prevents this.

Bcl-2 at the mitochondria prevents the release of pro-apoptotic factors and
maintains the AY ,,. These effects are thought to be mediated by heterodimerization with
the Bcl-2 family pro-apoptotic proteins. Similar to Bcl-x, the three dimensional
structure of Bcl-2 shows that BH1, BH2 and BH3 regions are proximal to each other and
create an elongated hydrophobic groove on the surface of the protein (Petros et al., 2001).
This groove is the interaction site for pro-apoptotic members of the Bcl-2 family (Sattler
et al., 1997; Petros et al., 2000; Liu et al., 2003). The consequence of this binding is still

unclear: one postulated mechanism is to bind and sequester BH3 only pro-apoptotic
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BH3-Only

BH3-Only
Protein

Figure 4 Proposed mechanisms of action for the anti-apoptotic protein Bcl-2. A)
Bcl-2 binds and sequesters BH3-only pro-apoptotic proteins, preventing them from
activating Bax/Bak. B) Bcl-2 sequesters Bax/Bak. The binding of BH3-only proteins
to Bcl-2 displaces Bax/Bak, liberating them. C) Bcl-2 preferentially interacts with
activated Bax/Bak preventing pore formation.
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proteins, preventing them from activating Bax/Bak (Figure 4A) (Cheng et al, 2001; Letai
et al.,2002; Yi et al., 2003). Another model suggests that Bcl-2 sequesters Bax/Bak and
that the binding of BH3-only proteins to Bcl-2 displaces Bax/Bak, liberating them to
initiate apoptosis (Figure 4B) (Zong et al., 2001). A third model proposed is that Bcl-2
preferentially interacts with activated Bak preventing pore formation (Figure 4C) (Perez

et al., 2000; Ruffolo et al., 2003).

Investigations presented in this thesis

The Bcl-2 family of proteins plays an important role in the control of apoptosis
(reviewed in Antonsson 2004). However due to the complexity and redundancy of the
mammalian cell it is extremely difficult to tease out the function of individual proteins
within a live cell. Therefore, to study the interactions between Bcl-2, Bax and tBid, a cell
free assay is desirable. In chapter three of this thesis, I discuss the development of a cell
free assay using isolated heavy membranes from Rat1-MycER™™. By comparing the

R™M cells

release of cytochrome c from mitochondria isolated from Rat1-MycE
expressing Bcl-2 with mitochondria isolated from cells transfected with an empty vector,
we confirmed that Bcl-2 inhibited tBid and Bax induced cytochrome c release in this
system. Examining the proteins separately showed that the addition of tBid resulted in
the oligomerization of Bax on the membrane and that Bcl-2 inhibited Bax

oligomerization. In addition, I demonstrated that Bcl-2 prevents apoptosis by inhibiting

the formation of Bax oligomers through the sequesteration of tBid-activated Bax.
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Bcl-2 is a transmembrane protein found at both the ER and Mitochondria
(Krajewski et al., 1993). Bcl-2 has been shown to undergo a conformational change on
the membrane upon the induction of apoptosis (Kim ef al., 2004). In healthy cells Bcl-2
adopts a tail-anchored topology with the hydrophobic carboxyl-terminus inserted into the
membrane. Upon induction of apoptosis, Bcl-2 changes to a conformation where
cysteine 158 (helix 5) is inserted into the lipid bilayer. This change was monitored using
a cysteine specific lipid impermeant reagent. In chapter four the conformational change
in Bcl-2 is further investigated. In this analysis the addition of purified, recombinant tBid
or a peptide corresponding to the BH3 region of Bim to isolated heavy membranes
triggered a conformational change. I showed that Bcl-2 proteins that have inserted
cysteine 158 into the membrane are competent to prevent cytochrome c release,
suggesting that the conformational change is important for Bcl-2 function.

The ability of Bcl-2 expression to inhibit apoptosis has been linked to the
expression of the proto-oncogene Myc (Vaux et al., 1988; Fanidi et al., 1992; Soucie et
al., 2001). Myec is a regulator of gene transcription that, by itself, does not induce
apoptosis; rather Myc sensitizes cells to apoptotic stimuli. Soucie et a/ found that Myc
potentiates apoptosis by enhancing signals for Bax activation at the mitochondria. In
chapter five of this thesis I examine the difference between mitochondria isolated from
Myc over-expressing and Myc null cells using the cell free assay developed in chapter
three. The results show that mitochondria from Myc null cells are dramatically more
resistant to tBid and Bax induced cytochrome c release than mitochondria from Myc

over-expressing cells. Cytosol switching experiments demonstrated that the inhibition of
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cytochrome c release is inherent to the mitochondria and not conferred by a factor in the

cytosol of either cell line.
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Chapter Two

Materials and Methods
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2.1 General Materials
The chemical reagents used were obtained from Sigma Chemicals or Gibco-Life
Science unless otherwise noted. The BL21-SI strain of Escherichia coli used was from

Statagene.

2.2 Peptides

Peptides corresponding to the BH3 domain of Bim, a BH3 only pro-apoptotic
protein, used to induce a conformational change in Bcl-2 and promote cytochrome ¢
release from mitochondria were purchased from Dalton Chemical Laboratories Inc. The
Bim peptide (Ac-MRPEIWIAQELRRIGDEFNA-amide) and the inactive point mutant
peptide Bim Mut (Ac-MRPEIWIAQEARRIGDEFNA-amide) were blocked at both ends

because they correspond to a Bim internal sequence.

2.3 Antibodies

The monoclonal antibodies used in these experiments were: SC8 (Ex-alpha
Biologicals), a mouse antibody against tBid (1:4,000) and 2D2, a human Bax specific
mouse antibody (1:10,000) (Hsu et al, 1997). Donkey anti-mouse conjugated to HRP
(1:10,000) was used as a secondary antibody for the above mentioned primary antibodies.
To monitor cytochrome c release a purified sheep anti-cytochrome ¢ primary antibody
(1:3,000) (Ex Alpha Biologicals) and donkey anti-sheep HRP secondary antibody
(1:10,000) were used. Stan, a rabbit polyclonal antibody specific for Bel-2 (1:10,000)

made in Dr. David Andrews Lab (McMaster University) was used with goat anti-rabbit
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HRP (1:10,000) secondary antibody to immunoblot for Bcl-2. All secondary antibodies
were purchased from Jackson Immuno Research Laboratories Inc. All antibodies were

diluted in TBS-T with 1%BSA.

2.4 General Methods
2.4.1 Protein Electrophoresis and Immunoblotting

Protein samples were separated by SDS-PAGE using 10% Tricene gels (Schagger
and von Jagow, 1987). The proteins were visualized either by staining with Coomassie
brilliant blue dye or immunoblotting. For immunoblotting proteins were
electrophoretically transferred to PVDF membrane (Gilman) for the detection of proteins
other than cytochrome ¢ where nitrocellulose membrane (Gilman) was used. The
proteins were transferred onto the membranes for 1 hour at 50 mA per membrane using a
Hoefer semi-dry transfer apparatus (Pharmacia Biotech). The membranes were blocked
in Blocking Buffer (10 mM K,PO4 pH 7.4, 140 mM NaCl, 0.02% NaN3 and 5g/L
powdered milk) at room temperature for 30 minutes. The blots were incubated overnight
at 4°C in primary antibody diluted in TBS-T with 1%BSA (10 mM Tris-HCI pH 7.4, 500
mM NaCl, 0.2%Tween 20 and 1% BSA). The next day the blots were washed three
times for a minimum of 5 minutes in TBS-T (10 mM Tris-HCI pH 7.4, 500 mM NaCl
and 0.2%Tween 20). The blots were then incubated in horseradish peroxidase (HRP)
conjugated secondary antibodies diluted in TBS-T with 1%BSA for 2 hours at room

temperature. The blots were then washed three times for a minimum of 5 minutes in
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TBS-T and then developed using the Enhanced Chemiluminescence (ECL) method

(Perkin Elmer).

2.4.2 Transcription and Translation

Transcription reactions were performed as described in (Gurevich et al., 1991)
with SP6 (Fermentas) or T7 (Fermentas) polymerase. Cell-free translation reactions were
performed in a rabbit reticulocyte lysate system (Jackson and Hunt, 1983) with s*

methionine (NEN Perkin and Elmer) following the method outlined in (Andrews, 1989).

2.4.3 Tissue Cell Culture

Rat1-MycER ™M cells were grown in a-minimal essential medium (¢MEM,
Invitrogen) supplemented with 10% fetal bovine serum (FBS, HyClone). HOMyc3 and
HO15.19 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen)

supplemented with 10% calf serum (Invitrogen).

2.4.4 Protein Sample Quantification

Protein samples were quantified using the BCA assay (Pierce) or the Bradford
assay (Bio-Rad) according to the manufactures protocol. Mitochondrial protein
concentration was determined similarly using the Bradford assay. Protein concentrations

were assigned by reference to a standard curve constructed using BSA.
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2.5 Bid Overexpression and Purification

For overexpression of murine BID, pRSETB-Bid (pMAC1446) (Desagher et al.,
1999), was transformed into E. coli BL21 SI cells by electroporation using Electroporator
2510 (Eppendorf) according to the manufactures instructions. The cells were grown in
LBON medium (10g/L tryptone, 5g/L yeast extract pH 7.0) supplemented with 50 pg/ml
ampicillin. Initial 10 ml cultures were grown to saturation from a single colony and used
to inoculate 1L of culture. The cells were then grown at 30°C to an ODgq of 0.5, at
which point the culture was induced by adding NaCl to a final concentration of 0.3 M and
the cells were grown for 4 more hours at 30°C. The cells were harvested by
centrifugation at 4,400 x g for 10 min and the cell pellet was washed with phosphate
buffered saline (PBS). Cells were resuspended in 15 ml of Bid Lysis Buffer (0.01 M
NaPO, pH 8.0, 0.3 M NaCl, 0.03 M imidazole, ] mM PMSF, 1 mM DTT, 0.1 mg/ml
DNase and Complete Protease Inhibitors (Roche). The cell suspension was then lysed by
three passes though a French Pressure cell at 20,000psi. Cells that were incompletely
lysed and other cellular debris were separated from the lysate by centrifugation at 23,000
x g for 15 minutes. The lysate was then incubated with 1 ml of nickel affinity resin
(Qiagen) at 4°C with rotation for 1.5 hours. The resin was then packed in a disposable 10
ml column (BioRad) and washed with Bid Lysis Buffer without PMSF, DTT, DNase, and
protease inhibitors. Bid was then eluted with 10 ml of Elution Buffer (10 mM NaPO4 pH
8.0, 300 mM NaCl, 200 mM imidazole, 0.2% CHAPS, 10% glycerol) in 1 ml fractions
and stored at -80°C. A typical yield of approximately 2mg of Bid is obtained from a 1L
culture.
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2.6 Cleavage of Bid with Caspase 8
100 pg of purified recombinant Bid, 500 units of caspase 8 (BIOMOL) and 400
ul of Caspase 8 Assay Buffer (0.05 M Hepes pH 7.4, 0.1 M NaCl, 0.1% CHAPS, 10%

glycerol and 0.01 M DTT and 1 mM EDTA) were incubated for 8 to 10 hours at 24°C.

2.7 Purification of tBid

The cleavage reaction described above was incubated with 0.5 ml of nickel
affinity resin in 10ml of tBid Wash Buffer (10 mM NaPO, pH 8.0, 300 mM NacCl ) at
4°C with rotation for 2 hours. The resin was then packed in a disposable 10 ml column
(BioRad) and washed with tBid Wash Buffer. tBid was then eluted with 3 ml of tBid
Elution Buffer (10 mM NaPO4 pH 8.0, 300 mM NacCl, 10 mM imidazole, 1.2% octyl
glucoside) collecting 0.5 ml fractions (Zha et al., 2000). Bid elution buffer (5 ml) was
used to wash Bid and the p7 fragment off the Ni column.

Before using tBid, the octyl glucoside was removed from the buffer. Fractions
containing tBid were pooled together and brought up to 15 ml with (10 mM NaPO, pH
8.0, 300 mM NaCl) Buffer. The 15 ml were concentrated down to 1 ml using a 10,000
kDa cut off spin concentrator (Millipore). This was repeated once more and tBid was

store in (10 mM NaPO4 pH 8.0, 300 mM NaCl) Buffer at -80°C.
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2.8 Bax Overexpression and Purification

Bax was purified using an intein fusion system. This system involves the fusion
of a target protein to a protein element called intein (protein intron). This precursor
fusion protein can be induced to undergo an autocatalytic splicing reaction that cleaves
the intein segment from the target protein. A small chitin binding domain (CBD) from
Bacillus circulans (NEB Impact manual) was added to the intein to allow purification of
the fusion protein using a chitin column. The intein initiates the self-cleavage reaction in
the presence of thiols, such as DTT, B-mercaptoethanol, and cysteine. The intein
undergoes specific self-cleavage, which releases the target protein from the chitin bound
intein tag.

The vector that expresses full-length human Bax as a carboxyl- terminal intein
fusion, pTXB3-Bax (pMAC1572) (Yethon et al., 2003), was transformed into E. coli
BL21 SI cells by electroporation, as above. The cells were grown in LBON medium
(10g/L tryptone, 5g/L yeast extract pH 7.0) supplemented with 50 pg/ml ampicillin.
10ml cultures were grown from a single colony and used to inoculate 1L of culture. The
cells were then grown at 30°C to an ODgq of 0.6, at which point the culture was induced
using 0.3 M NaCl and grown for 4 more hours at 30°C. The cells were then harvested by
centrifugation at 4,400 x g for 10 min. The cell pellet was washed with PBS and
centrifuged again at 4,400 x g for 10min. Cells were resuspended in 30 ml of Bax Lysis
Buffer (20 mM Tris-HCI pH 8, 500 mM NacCl, 0.5 mM EDTA, 0.05% CHAPS, ImM
PMSF, Complete Protease Inhibitors (Roche) and 0.1mg/ml DNase). The cell suspension
was then lysed by three passes though a French Pressure cell at 20,000psi. Incompletely
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lysed cells and other cellular debris were separated from the lysate by centrifugation at
23,000 x g for 15 min. The lysate was then incubated with 2.5 ml of chitin resin (New
England Biolabs) at 4°C with rotation for 1.5 hours. The resin was then packed in a 20
ml disposable column (BioRad) and washed with 35 ml of Bax Lysis Buffer without DTT
and DNAse. The column buffer was exchanged to Bax Column Buffer (10 mM Hepes
pH 7.4, 100 mM NaCl, 0.2 mM EDTA, 20% glycerol). To induce intein self cleavage, 5
ml of Bax Column Buffer containing 100 mM B-mercaptoethanol was applied over the
column and, with approximately 1 ml of buffer remaining above the resin, the column
was capped and kept at 4°C for 36 hours. Bax was eluted with 3 ml of Bax Column
Buffer and then applied to a DEAE-Sepharose column (Amersham Biosciences). Bax
does not bind this column, and was collected in the flowthrough with residual impurities
remaining bound to the column. The eluted Bax was then dialyzed 2 times for 8 hours

against 4L of Bax Column Buffer to remove B-mercaptoethanol and stored at -80°C.

2.9 Co-precipitation Assay

200pg of Bid or tBid were coupled to Affigel 10 beads by incubation for 4 hours
at 4°C with 100l of a 50% slurry of Affigel 10 beads (Biorad). Prior to coupling the
beads were washed three times in 0.5M Sodium Acetate pH 4.5. After coupling the
remaining unbound reactive esters on the beads, were blocked by incubation for another
hour at 4°C with 0.1 M ethanolamine. As a negative control beads were incubated with a
5M excess of ethanolamine instead of protein (typically 500ul of 1 M ethanolamine for
100 pul of a 50% slurry of beads). The beads were then washed three times with Co-
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Precipitation (CP) Buffer (10 mM Hepes pH 7.5, 150 mM NacCl, 0.2% Triton X-100 or
0.5% CHAPS). 5ul of a 50% slurry of beads was diluted in 400ul of CP buffer and 10ul
of in vitro synthesized protein (Bax, Bak, Bcl-xy, or Bcl-2) (see transcription and
translation section above) and incubated overnight at 4°C with rotation. The resin was
then washed by resuspension and sedimentation three times in CP buffer and twice in CP
buffer with no detergent. The final pellet was resuspended in 30 puL of Tricine Loading
Buffer (TLB) (4% SDS, 0.1 M Tris-HCI pH8.9, 2 mM EDTA, 0.1% bromophenol blue,
20% glycerol and 0.25 M DTT) and boiled for 10 min at 90°C for SDS-PAGE analysis.
Following electrophoresis the gel was dried and exposed to Kodak BioMax

autoradiography film.

2.10 Isolation of Mitochondria

Heavy membranes enriched in mitochondria were isolated by a modification of a
previously published protocol (Eskes et al., 2000). Cells were harvested using a rubber
policeman and pelleted by centrifugation in a clinical centrifuge for 3 min at 4°C. The
cell pellets were washed twice in mitochondrial buffer (MB) (210 mM mannitol, 70 mM
sucrose, | mM EDTA, 10 mM HEPES pH 7.5). The final pellet was resuspended in MB
supplemented with Complete Protease Inhibitor Cocktail (Roche) and lysed by nitrogen
cavitation at 150 psi for 15 min on ice in a 45 ml Nitrogen Bomb (Parr Instrument)
(Annis et al., 2001). The debris was separated from the lysate by centrifugation at 2,000
x g for 4 minutes. Mitochondria and other heavy membranes were pelleted at 13,000 x g

(17,000 rpm using a TLA120.2 rotor) for 10 minutes at 4°C in a 1ml pollyallomer
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centrifuge tube. The pellet was resuspended in MB-EGTA (MB with 0.5 mM EGTA
instead of EDTA, 0 mM sucrose and 150 mM KCl) and the protein concentration was
determined using a Bradford assay (Bio-Rad) according to the manufactures protocol.

The isolated heavy membranes were used within four hours.

2.11 Invitro Assay for Cytochrome c Release

Isolated heavy membranes were diluted to a concentration of 1mg/ml of
mitochondrial proteins in using a mixture of MB-EGTA and MCB buffer (210 mM
mannitol, 150 mM KCl, 0.5 mM EGTA, 10 mM HEPES pH 7.5, 4 mM MgCl,, 5 mM
Na,PO4, 5 mM succinate and 5 uM rotenone) to give a final concentration of (210 mM
mannitol, 150 mM KCl, 0.5 mM EGTA, 10 mM HEPES pH 7.5, 2 mM MgCl,, 2.5 mM
Na,POy, 2.5 mM succinate and 2.5 uM rotenone) and incubated with Bim peptide and/or
purified proteins for 1 hour at 30°C. The reactions were then centrifuged at 13,000 x g
(17,000 rpm using TLA120.2 rotor) for 10 minutes in 1 ml pollyallomer centrifuge tubes.
The supernatants and pellets were analyzed by immunoblotting with sheep anti-
cytochrome c antibodies for cytochrome c release. In parallel samples the pellets were
resuspended in 35 pl of cell buffer (250 mM sucrose, 20 mM Hepes pH 7.5, 2 mM
MgCl,, 1 mM EDTA, 1mM PMSF, ImM DTT and complete protease inhibitor cocktail

(Roche)) and then labeled with IASD as described below.
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2.12 Chemical Labeling of Cysteine Residues in Bcl-2

The chemical labeling gel shift assay for cysteine residues in Bcl-2 was adapted
by Dr. Peter Kim (Kim ef al., 2004) from that described in (Krishnasastry et al., 1994).
To monitor the change in topology of Bcl-2 in the membrane, cell lysates and isolated
mitochondria (see above) were incubated with IASD (4-acetamido-
4’((iodoacetyl)amino)stilbene-2,2’-disulfonic acid)(Molecular probes). To prepare cell

R™M (ells were harvested and washed twice in cell buffer. The

lysates, Rat —1 MycE
final pellet was resuspended in cell buffer supplemented with complete protease inhibitor
cocktail (Roche) and lysed by nitrogen cavitation (as above). The suspension was
centrifuged at 500 x g to remove cell debris and nuclei. Cell lysates (150 pg of proteins)
were incubated with peptide and/or purified pro-apoptotic proteins for 30 min at 24°C.
The membranes were isolated from the reactions by centrifugation at 131,000 x g (55,000
rpm using a TLA100 rotor) for 45 min. The pellet was resuspended in 35 pl of cell buffer
and equal volume of 8M urea buffer (cell buffer pH 9.5 supplemented with 8M urea) was
added. 20 pul was removed and kept as an unlabelled negative control, 20 pl was
incubated with 16mM IASD for 15 min and 20 pl was incubated with 16 mM IASD and
1% Triton X-100 for 15 min.

After labeling, samples were analyzed by SDS-PAGE on 12 cm 16% acrylamide
Laemmli gels. Resolution of the small shift due to labeling required separation for 15

hours at 10 mA constant current. Bcl-2 was visualized by immunoblotting with rabbit

anti-Bcl-2 antibodies.
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2.13 Alkaline Extractions

Heavy membrane pellets were resuspended in 40ul of MB Buffer (the original
volume of the reaction) and 710pl of freshly made extraction buffer (200 mM Na;COs,
10 mM DTT, 2% glycerol) was added. The reaction was incubated on ice for 30 minutes.
The alkaline extraction reaction was overlaid onto a 250 pl cushion (200 mM Na,COs, 10
mM DTT, 2% glycerol and 500 mM sucrose) in a 1ml pollyallomer tube and spun at
225,000 x g (80,000 rpm using TLA120.2 rotor) for 30 min at 4°C. The supernatant
(750ul) was removed and 450 pl of 50% trichloroacetic acid (TCA) and 13pl of glacial
acetic acid were added. Two hundred pl of 50% TCA and 5 pl of glacial acetic acid were
added to the pellet and cushion. The reactions were left on ice for 15 minutes. To pellet
the precipitated protein, the reactions were centrifuged at full speed in a microfuge for 15
minutes. The supernatant was discarded and the pellet was washed with 500 pl of cold
50:50 ethanol:ether. To repellet the precipitated proteins the reaction were spun for 15
minutes at full speed in a microfuge. The supernatant was then removed and the pellet
was dried and resuspended in TLB (20-40ul). The samples were then separated by SDS-

PAGE and immunoblotted using the appropriate antibodies.

2.14 Quantification of In Vitro Translation Product of Bcl2-cb5

As described in (Legate et al., 2000) 1l of the products of a coupled transcription
translation reaction of Bcl2-cb5 fusion protein in pSPUTK (pMAC652) (Zhu et al., 1996)
was added to 50pl of 200 mM NaOH and 2.5 pl of H>O,. The mixture was then spotted

onto glass microfiber filters (Whatman) and dried. The filters were soaked in 10%
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trichloroacetic acid for 10 minutes. Subsequently the filters were washed three times in
5% trichloroacetic acid, once in 95% ethanol and dried. Once dry, the filters were added
to scintillation fluid, and the radioactivity was measured in a Beckman Coulter LS 6500
liquid scintillation counter. Radioactive counts were converted to femtomoles of protein

by Equations 1 and 2.

Equation 1

0
(CPMx AP)XEF

2.2x10"

In equation 1 Ci is the number of curies per sample, %P is the percentage of total labeled
protein in the translated sample which corresponds to the protein of interest as measured
in Molecular Dynamics Storm 820 phosophoimager, M is the number of methionines in

the protein, and EF is the efficiency factor of the scintillation counter.
Equation 2

Ci

I
L %)‘Ao ‘(l_f%m )

x10"

fmoles _protein =
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In equation 2 f'is the decay factor and S4, is the specific activity of the isotope.

2.15 Quantitative Immunoblot Analysis

Known quantities of purified Bax and Bcl-2ATM (provided by Dr. Jialing Lin)
were used as standards that were used to determine the amount of Bax targeted to the
mitochondria in a cytochrome c release assay, and how much Bcl-2 was present of

mitochondria of Rat-1 MycER™M

cells over expressing human Bcl-2. Serial dilutions of
know amounts of Bax or Bcl-2 were loaded on the same gel as the unknown samples, and
then analyzed by immunoblotting. The immunoblots were visualized and captured using
the Kodak Image Station system (440CF). Analysis of the band intensity was performed
using the associated Image Analysis software. The camera was set for optimal
chemiluminescence capture conditions (F-stop: 1.2 zoom 35, no filter, focus: 1.8) and 10
captures of the images were taken for 8 sec. Lanes, bands and background were selected
using the Kodak Image Station software. The background readings were subtracted from
the band intensity and net band intensities were recorded. A linear regression analysis
was performed on the net intensity reading of the standards and only lines of best fit with
R? values of > 0.95 were accepted to ensure that the reading were within a linear range of

the equipment. The protein concentration of the unknown samples was determined using

the equation for the line of best fit of the standards.
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2.16 Gel Filtration Chromatography to Monitor Oligomerization

The oligomeric state of Bcl-2 and Bax on the mitochondrial membrane was
analyzed by gel filtration. Two hundred and fifty pg of mitochondrial protein at a
concentration of 1mg/ml was incubated with purified recombinant tBid and/or Bax for 1
hour at 30 °C as described in the cytochrome c release assay. Heavy membranes were
pelleted by centrifugation of 13,000 x g for 10 minutes and solubilized in SB buffer (250
mM Sucrose, 20 mM Hepes pH 7.5, 2 mM MgCl,, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF, 300 mM NaCl, 2% CHAPS and protease inhibitor cocktail (Roche)) and
incubated for 30 min on ice. Samples were centrifuged at 90,000 x g for 20 min to
remove any unsolubilized membranes and applied to a Superdex 200 HR 10/30 column
(Amersham Biosciences). The column was equilibrated and run in (20 mM Hepes pH
7.5, 300 mM NaCl, 0.2 mM DTT and 2% CHAPS) and 400yl fractions were collected.
Proteins in every other fraction were precipitated with trichloroacetic acid and analyzed

by immunoblotting.

2.17 Immunoprecipitation

To determine if Bcl-2 and Bax interact, 100pug of mitochondrial protein at a
concentration of 1mg/ml was incubated with purified recombinant tBid and/or Bax for 1
hour at 30 °C as described in the cytochrome c release assay. Heavy membranes were
pelleted by centrifugation at 13,000 x g for 10 minutes and solubilized in SB buffer for
30 min on ice. Samples were centrifuged at 90,000 x g for 20 min to eliminate any

unsolubilized membranes and pre-treated with 5 pl of washed protein G agarose beads
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(Amersham Biosciences) for 1 hour to reduce unspecific binding. After pelleting the
protein G beads, the remaining supernatant was incubated with Sul of Sheep anti-Bcl-2
antibodies overnight at 4°C with rotation. The following morning 5pul of new protein G
agarose beads were added, followed by a two hour incubation at 4°C with rotation. The
beads were then washed three times with SB buffer followed by two washes with SB
buffer without CHAPS. Samples were tested for the presence of Bax by immunoblotting

with a monoclonal mouse anti-Bax antibody (2D2).

2.18 Liposome Preparation

Lipids were mixed in the appropriate ratio from stocks dissolved in chloroform.
Liposomes used were made up of phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine, and cholesterol (7:8:1:4 molar ratio). The chloroform was removed
by evaporation under a stream of nitrogen gas, followed by a two hour incubation in a
vacuum to ensure complete solvent removal. The lipid films were overlayed with argon
gas and stored at -20°C for a maximum of seven days.

Lipid films were rehydrated in retic buffer (50 mM KCl, 2 mM MgCl,, 10 mM
Tris pH7.5 and 1 mM DTT) and subjected to 10 freeze-thaw cycles. Large unilamellar
vesicles were formed by extrustion through a 100 nm Nucleopore polycarbonate

membrane (Whatman). The phospholipid vesicles were used within 24 hours.
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2.19 Gel Filtration Assay for Membrane Targeting

Bcl2-cb5 synthesized in a rabbit reticulocyte lysate (50 pl) was incubated with
phospholipid vesicles (40 pl) for 1 hour at 30°C. To separate the Bcl2-cbS protein that
targeted to liposomes from the non-targeted protein, the reaction was loaded onto a 2.5ml
CL2B-Sepharose (Amersham Biosciences) gel filtration column equilibrated with
Column Buffer (50 mM TEA-Ac, 150 mM NaCl and 1 mM EDTA). The CL2B-
Sepharose resin was packed in a 3ml syringe (B-D) with nytex cloth attached at the tip
and inserted into a Bio-Rad low pressure column fixture to form a seal. Fourteen 0.2ml
fractions were collected, with the Bcl2-cbS5 protein that targeted to liposomes eluting in

fractions 3 and 4.
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Chapter Three

Development of a cell free assay to study
the functions of Bcl-2, Bax and tBid in vitro
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INTRODUCTION:

The first insight into the genetic basis of apoptosis was gained from studies using
Caenorhaditis elegans. Investigations revealed that four genes are central to the
regulation of cell fate: ced-3, ced-4, ced-9 and egl-1. Ced-9 encodes a cell survival
protein (Hengarter et al., 1994) that inhibits cell death by sequestering the adaptor protein
Ced-4 (Chinnaiyan ef al., 1997) and the cellular protease Ced-3 (Xue et al., 1995). To
induce death the pro-apoptosis protein Egl-1 binds to Ced-9 displacing Ced-4. Released
Ced-4 undergoes oligomerization and bound Ced-3 is autocatalytically activated. This
leads to down stream apoptotic events.

The relevance of this pathway was established in higher organisms as homologues
of C. elegans apoptotic proteins exist in mammals: Bcl-2 (Ced-9), BH3-only proteins
(Egl-1), Caspases (Ced-3) and Apaf-1 (Ced-4). However, the regulation of cell death in
mammals is far more complex than that of the nematode. For example, unlike in C.
elegans, interactions between anti-apoptotic proteins and pro-apoptotic proteins do not
directly trigger the activation of caspases. Rather pro-apoptotic proteins promote the
disruption of the mitochondrial membrane, releasing cytochrome ¢, which in turn triggers
the activation of caspases through the apoptosome complex. There are also at least 20
Bcl-2 related proteins in mammalian cells. There are 6 anti-apoptotic proteins, 3
multiregion pro-apoptotic proteins and no less then 11 BH3 only pro-apoptotic proteins
(review in Kuwana, 2003) and more proteins continue to be discovered.

This chapter focuses on three Bcl-2 family proteins: Bcl-2, tBid and Bax

(reviewed in Adams, 1998). Bcl-2, an anti-apoptotic protein, inhibits apoptosis induced
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by pro-apoptotic proteins like Bax and tBid. tBid is a BH3 only pro-apoptotic protein
that is hypothesized to activate Bax. Bax is a multiregion pro-apoptotic protein that upon
activation changes conformation and forms homo-oligomers (reviewed in Scorrano et al,
2003).

Due to the complexity and redundancy of the mammalian cell it is extremely
difficult to tease out the function of individual proteins within a live cell. Therefore, to
determine the mechanism of action of Bcl-2 in preventing tBid and Bax induced
apoptosis, I established a cell free assay using cell fractions from the cells used
extensively in the laboratory to study Bcl-2 proteins. Ideally we would have used a
system based on purified recombinant proteins. As reported in this chapter I was able to
purify Bax and tBid. However, the purification of recombinant full-length Bcl-2 has
proven problematic. As an alternate source of Bcl-2 I used mitochondria isolated from
cells overexpressing Bcl-2, which has the additional advantage of allowing convenient
monitoring of Bcl-2 function by measuring cytochrome c release from the mitochondria.
However, if release of cytochrome c is used to measure apoptosis, then the mitochondria
must be energized to prevent non-specific release due to loss of ATP generation. In this
chapter my adaptation of published assays to isolate energized mitochondria from
cultured cells that overexpress Bcl-2 is discussed as well as the results that were obtained

when purified recombinant tBid and Bax were added to the mitochondria.
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RESULTS AND DISCUSSION
Overexpression and purification of recombinant Bid and tBid

Lysates from E.coli BL21 SI cells transformed with pRSETB-Bid showed a
prominent band on an SDS-polyacrylamide gel consistent with the predicted molecular
mass (21 kDa) of the hexahistadine-tagged Bid protein (Figure 1). Amino-terminal (N-
terminal) hexahistadine-tagged Bid was purified using nickel affinity chromatography as

described in chapter 2 section 2.5 (Figure 1).

Purification of recombinant tBid

Obtaining purified recombinant tBid proved harder than anticipated. The first two
hexahistadine-tagged tBid constructs made (pRSETB tBid (pMAC1634) and pET28a
tBid (pMAC1635)) did not express in E. coli. It was then decided to try the IMPACT™.-
CN System (New England BioLabs). However regardless of the intein vector or cleavage
conditions used, the self-cleavage of the intein-tBid fusion was very inefficient (refer to
the appendix). Therefore, an alternate technique was used to obtain tBid.

In the cell Bid is cleaved by caspase 8 between amino acids 59 and 60 to generate
tBid (Figure 2A) (Li et al., 1998). The availability of a commercial source for
hexahistadine-tagged enzymatically active caspase 8 allowed me to generate tBid from
full length Bid by enzymatic digestion in vitro (Figure 2B) as described in chapter 2
section 2.6. After 0.5 hours the appearance of tBid (15 kDa) and the p7 fragment (the N-
terminus of Bid, 7 kDa) was observed. At later time points a decrease in Bid with

concomitant increase in tBid and the p7 fragment was evident. After 16 hours the
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Figure 1 Purification of Bid. Protein samples from various stages of the purification
of Bid separated by SDS-PAGE and stained by Coomassie Blue. Hexahistidine-
tagged Bid expressed in E.coli BL21 SI cells (Lysate) was applied to a 1ml nickel
affinity resin. Nonspecifically bound proteins were eluted with Bid Lysis Buffer
(wash). Bid was eluted with Bid Elution Buffer and collected in ten 1ml fractions
(Fractions 1-10).
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Figure 2 The cleavage of Bid by caspase 8 and purification of tBid. A) A schematic
diagram of the cleavage of Bid by caspase 8. Two cleavage products are generated: tBid
(15kDa) and a 7kDa fragment referred to as p7. B) Cleavage of Bid monitored by
Coomassie Blue staining. 250pg of Bid were incubated with 1,000 units of caspase 8 for
the times indicated. C) The cleavage reaction was incubated with 0.5mL of nickel
affinity resin. The resin was then packed and washed with tBid Wash Buffer (Wash
fractions 1, 2). To elute tBid 1.2 % octyl glucoside buffer was used (1.2% OG fractions 1,
2, 3, 4). Bid and p7 were removed from the nickel affinity resin with 250mM imidazole
( 250mM imidazole fractions 1, 2, 3, 4).
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majority of Bid had been converted to tBid and p7 (Figure 2B 16 hour lane). However, it
is known that tBid and p7 remain bound together after cleavage in vitro and that p7
inhibits the pro-apoptotic activity of tBid. Therefore, the final step in tBid purification
was to separate tBid from the components of the cleavage reaction. Bid contained an N-
terminal hexahistadine-tag and the cleaved p7 fragment retains this tag. The purchased
caspase 8 also contained a carboxyl-terminal hexahistadine-tag, while tBid did not. Thus
all the unwanted components bound to a nickel affinity column and tBid flowed through
(Figure 2C). However, since tBid and p7 remain in a noncovelent complex after
cleavage, 1.2% octyl glucoside was added to the elution buffer to disrupt the complex and
elute tBid. The shift in migration of tBid in 1.2% OG lanes 1-4 is most likely due to the
increase in detergent concentration. Nearly all the cleaved Bid could be isolated using
this protocol (Figure 2C lanes 250mM imidazole). Before using tBid in the
mitochondrial release assay, the octyl glucoside was removed by buffer exchange as

described in chapter 2 section 2.7.

Overexpression and purification of recombinant Bax

Bax was purified using the IMPACT™-CN system (chapter 2, section 2.8).
Intein self cleavage was induced with 100mM B-mercaptoethanol and recombinant full-
length Bax with no additional amino acid residues was eluted off the chitin column
(Figure 3 chitin elution). The eluted protein was applied to a DEAE column and
collected from the flow-though, with residual impurities remaining bound to the column

(Figure 3 DEAE flow-through). Eluted Bax was dialyzed to remove the B-

44



M.Sc. Thesis — PJ Dlugosz McMaster- Biochemistry and Biomedical Sciences

& %
L v
& K
| 11 i
£ =
(@) )]
| =3
o o
. = 8
o O w £ = £
¥ 8335 25
kDa = 2T @ T wm@
116 -
66 -
44
25 -
18 | w-
14.4

Figure 3 Purification of Bax. Proteins samples were analyzed by SDS-PAGE and
visualized with Coomassie Blue Stain. Lanes contain a clarified cell lysate of E. coli
BL21-SI cells expressing Bax as a carboxyl-terminal intein fusion (Lysate), flow through
containing proteins that did not bind to the chitin resin (Chitin Flow through), eluted Bax
after intein self cleavage was induced with 100mM B-mercaptoethanol (Chitin Elution)
and Bax collected in the flow through of a DEAE column.
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mercaptoethanol. Using this protocol 0.5 mg of Bax protein was purified to near

homogeneity.

Bid and tBid antibody testing

To determine the interactions between Bcl-2, Bax and tBid a good antibody that
could detect small amounts of each protein was required. Bcl-2 and Bax have been
studied previously in the lab and therefore high affinity antibodies had already been
obtained for these two proteins. However, we have been unable to make a good antibody
to tBid. Therefore, purified recombinant Bid protein was sent to ExAlpha Biologicals
where monoclonal antibodies were generated.

The determine if any of the monoclonal antibodies generated could be used to
immuno-precipitate Bid specifically (Figure 4A), Bid and Bcl-x; were synthesized in a
rabbit reticulocyte lysate in the presence of S>> methionine and incubated with the Bid
antibodies. Bcl-x; was added as a negative control to test the specificity of the antibodies
for the Bid protein. Bcl-x; was chosen for this purpose as the protein is a member of the
Bcl-2 family that is structurally similar although unrelated in sequence to Bid. All the
antibodies tested were specific for Bid including the polyclonal rabbit antibody (rb1)
generated previously. The intensity of the Bid band was the highest when immuno-
precipitated with the 1HS antibody (figure 4A lane 1HS).

Bid (9 ng), as well as 9 ng of caspase 8 cleaved Bid and 200 pg of Rat-
1MycER™M whole cell lysate were separated by SDS-PAGE and immunoblotted with

the monoclonal antibodies (Figure 4B). One antibody (7D9) detected only full length Bid
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Figure 4 Bid and tBid antibody testing. A) An audioradiograph of the results of an
immuno-precipitation using the anti-Bid antibodies listed above the gel. Bid and Bcl-x,
were synthesized in a rabbit reticulocyte lysate in the presence of S** methionine and
incubated with the antibody listed above the lane to test the specificity of the antibodies
for Bid. B) 9ng of Bid as well as 9ng of caspase 8 cleaved Bid and 200ug of Rat1-
MycER™" whole cell lysate were separed by SDS-PAGE and immunoblotted with the
monoclonal antibody specified above the lane. C) Left panel (Rxn): an SDS-PAGE gel
visualized by Coomassie Blue staining showing the cleavage of Bid by caspase 8 (5ug of
total protein). Following panels: samples of the cleave reaction containing 6, 4, 2, 1 and
0.5 ng of total protein was separated by SDS-PAGE and immunoblotted with rbl, 1HS,
3H2 and 5C8 antibodies.
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suggesting that the epitope may be located near the cleavage site. Several antibodies
(2F9, 3H2, 5C8, 5F12, 6G5, 2AS, 10F9, 1E9, 1F2, 6F8) detected both Bid and tBid.
Finally, 3G4, 1E8 and 1HS detected Bid and p7 demonstrating that these antibodies
recognize one or more epitopes located near the N-terminus of Bid.

Antibodies 1H5, 3H2 and 5C8 were chosen for further testing (Figure 4C). Out of
all the antibodies that recognized Bid and tBid the band intensity was the greatest when
immunoblotted with 3H2 and 5C8 (Figure 4B lanes 3H2 and 5C8). Antibody 1H5
recognized Bid and p7 (Figure 4B lane 1H5) and was the preferred antibody for Bid
immuno-precipitations (Figure 4A). Bid (50ug) was cleaved by caspase 8 (Figure 4C
Rxn) and aliquots of the reaction mixture (containing Bid, tBid and p7) corresponding to
6,4, 2, 1 and 0.5 ng of total protein were separated by SDS-PAGE, electroblotted onto
PVDF membranes and immunoblotted with rb1, 1HS, 3H2 and 5C8 antibodies. In this
way the specificity and detection sensitivity of each antibody could be compared directly.
The polyclonal antibody rb1 detected only Bid. This may be because the rbl antibody
was raised against the full length protein, and after cleavage of Bid the antibody epitopes
may no longer be present. The 1H5 antibody detected Bid and the p7 fragment from all
the samples including the one corresponding to 0.5 ng of Bid. Thus the lower limit for
detection with this antibody is less than 0.5 ng of protein. The antibodies 3H2 and 5C8
both detected tBid and the lower limit of detection for each antibody was less than 2 and
0.5 ng tBid, respectively. Because SC8 could be used to detect smaller quantities of tBid

it was selected for further experiments.
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Conformation specific protein interactions

The conformation of some Bcl-2 family members can be altered by specific types
of detergents (Hsu, et al., 1998). For example exposure of Bax to Triton X-100 alters the
conformation of Bax such that the protein is bound by the conformation sensitive
monoclonal antibody 6A7. In this conformation (referred to here as the 6A7 positive
conformation) Bax can be immuno-precipitated with the 6A7 antibody. The epitope
recognized by 6A7 is located near the N-terminus of Bax, residues 13 to 19 (Hsu, ef al.,
1998). Non-ionic detergents also induce conformational changes in some members of the
Bcl-2 family that lead to the formation of homo- and hetero-dimers (Hsu, et al., 1999).
To test if pro-apoptotic proteins Bax and Bak and anti-apoptotic proteins Bcl-x;. and Bcl-
2 interact with Bid or tBid and to determine if these interactions are conformation
specific, co-precipitation experiments were performed. In these experiments Bid or tBid
was covalently attached to Affigel 10 beads and incubated with in vitro synthesized in a
rabbit reticulocyte lysate system in the presence of S*° methionine Bax, Bak, Bcl-x; or
Bcl-2 in CP buffer (chapter 2, section 2.9) with either 0.2% Triton X-100 or 0.5%
CHAPS. Proteins that bound to the Bid or tBid beads were eluted by incubation in SDS-
PAGE loading buffer and identified by SDS-PAGE and autoradiography.

Both Bak and Bcl-2 are found constitutively on membranes in cells. Both
proteins also co-precipitated with Bid and tBid only in 0.5% CHAPS (Figure 5, panels
labeled Bak and Bcl-2). Bax and Bcl-x| are proteins predominantly located in the

cytoplasm of unstressed cells and certain apoptotic stimuli trigger migration of these
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Figure 5 Identifying the binding partners of Bid through co-precipitation. Bid or
tBid bound to Affigel 10 beads were incubated with *°S labeled Bak, Bax, Bcl-2 and Bcl-
x, synthesized in rabbit reticulocyte lysate in KP buffer containing either 0.2% Triton X-
100 or 0.5% CHAPS. Bak, Bax, Bcl-2 and Bcl-x; synthesized in rabbit reticulocyte
lysate were also added to beads that did not have Bid or tBid bound to them (-ve control).
Tricine Loading Buffer was added to washed Affigel 10 resin and 10pul of the sample was
loaded on the SDS-PAGE gel. Following electrophoresis the gel was dried and exposed
to autoradiography film.
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proteins to the mitochondria and/or ER. Bax and Bcl-x interacted with Bid and tBid in
both detergents (Figure 5 Bax and Bcl-xy).

These results show that all of the proteins tested (Bax, Bak, Bcl-x; and Bcl-2) can
bind to Bid and tBid. However, the binding of Bak and Bcl-2 with Bid/tBid was detergent
specific. This indicates that after exposure to Triton X-100 either Bak and Bcl-2, or Bid
and tBid, or all four proteins underwent a conformational change that inhibited the
heterodimerization of the proteins. Unfortunately, without the aid of conformation
specific antibodies it is hard to interpret these results further. Therefore a better system

was needed to monitor these interactions and their effect on apoptosis.

Using isolated mitochondria to monitor the interactions between Bcl-2, Bax and tBid
Assay Development

Despite numerous attempts by many different laboratories across the world, no
one has been able to purify functional full length Bcl-2. Therefore I developed a cell free
assay in which the mitochondria added were isolated from cells transfected with an
empty control vector or from cells overexpressing Bcl-2. In this way Bcl-2 function can
be examined in a relatively native context. A further benefit of using isolated
mitochondria to monitor the interactions between Bcl-2, Bax and tBid is that the extent of
apoptosis can be conveniently measured by assaying cytochrome c release from the
mitochondria.

Using mitochondria isolated from live animals to study the Bcl-2 family of

proteins is a well established assay (Li et al., 1998; Wei et al., 2000; Lutter et al., 2001).
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However, these mitochondria must be used within 4 hours of preparation and therefore an
animal must be killed for each experiment. Using mitochondria isolated from cultured
cells is less common, but Eskes et al have successfully used this technique.
Unfortunately, the mitochondria used in (Eskes et al., 1999) were isolated from HeLa
cells and these mitochondria were shown to have peripherally associated Bax (Desagher
et al., 1999). We needed mitochondria that would incorporate expressed exogenous Bcl-
2 but were free of Bax so that purified Bax could be added. Rat1-MycER™M cells were
chosen as the source of mitochondria for routine assays. Rat1-MycER™M cells are Rat-1
fibroblasts with a version of c-myc proto-oncogene which becomes activated after
addition of tamoxifen (Littlewood et al., 1995). In these cells the endogenous Bax is
located in the cytoplasm and translocates to mitochondria only after an apoptotic stimulus
(Annis et al., 2001). Therefore, it is possible to isolate mitochondria from these cells that
do not contain detectable amounts of Bax.

In the protocol described by Eskes ef al cells were broken by shear forces
generated by passing the cells six times through a 25 gauge needle using a syringe (Eskes
et al., 1999). We wanted to break the cells using nitrogen cavitation since the amount of
force is much more reproducible using nitrogen cavitation, as the pressure can be set the
same each time. Nitrogen cavitation therefore results in decreased rupture of outer
mitochondria membranes as compared to mechanical homogenization (Adachi et al.,
1998) and this meant amending the previous protocol. To ensure this modification did
not change the efficacy of the protocol, some of the previously published data (Eskes et

al., 1999) was repeated. As previously observed (Eskes et al., 1999) the addition of tBid
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to isolated heavy membranes enriched with mitochondria from HeLa cells induced
cytochrome c release (Figure 6A). Thus the modified protocol was validated in HeLa
cells.

Unfortunately, the addition of tBid and Bax to the heavy membranes isolated
from Rat1-MycER™M cells did not induce complete cytochrome c release (Figure 6B).
Even when membranes were solubilized by 1% Triton X-100, some of the cytochrome ¢
remained in the pellet fraction (Figure 6B).

Similar results were obtained using isolated rat liver mitochondria (Ott et al.,
2002). These authors showed that cytochrome c released from mitochondria involves a
two-step process. Their data suggested that there are two distinct pools of cytochrome ¢
in the mitochondria. The first pool is loosely bound to cardiolipin by electrostatic
interactions, and consequently is sensitive to alteration in ionic strength. The second pool
is partially embedded in the membrane via hydrophobic interactions. Therefore the

R™M cells was

cytochrome c that was released from the mitochondria of the Rat1-MycE
from the second pool that was detached because of disturbances in membrane structure,
but the first pool remained bound to the cardiolipin. To perturb the electrostatic
interaction between cytochrome ¢ and cardiolipin, heavy membranes were incubated in a
buffer containing 150 mM KCl, an ionic composition previously used to detach loosely
bound cytochrome ¢ from the inner membrane (Figure 6C) (Cortese et al., 1998). Thus

our cell free assay differs from that used by Eskes et a/ in that nitrogen cavitation was

used to rupture the outer cell membrane, and 150 mM KCl was added to disrupt the
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Figure 6 Development of the assay to isolate heavy membranes. Heavy membranes
isolated from A) HeLa and B) Rat-1MycER™" cells (as described in Eskes et al., 1999)
except lysed by nitrogen cavitation) were incubated with 1% Triton X-100 (TX), buffer
alone (-ve) or 6nM tBid (tBid). The reaction was fractionated into supernatant (S) and
pelleted mitochondria (P) by centrifugation and cytochrome c release was monitored by
immunoblotting with a sheep anti-cytochrome ¢ antibody. C) Heavy membranes
isolated from Rat-1MycER™" cells were incubated in MCB buffer without (-ve) and
with 150mM KClI (-ve KCI) with 1% Triton X-100 (TX) and 6nM tBid (tBid).
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electrostatic interactions between cytochrome ¢ and cardiolipin in the mitochondrial

membrane.

Bcl-2 can inhibit tBid induced cytochrome c release
To determine if Bcl-2 can inhibit tBid induced cytochrome c release, heavy

membranes were isolated from Rat1-MycER™M

cells overexpressing Bcl-2 or, as a
control, from cells transfected with an empty vector. These heavy membranes were
incubated with increasing amounts of purified tBid and Bax and monitored for the release
of cytochrome c. Because the regulation of cytochrome c release by Bcl-2 family
proteins is concentration dependent the effect of varying the amounts of tBid and Bax
was examined quantitatively (Figure 7).

Polster et al calculated that in neuronal cells 0.7-1.1 pg of cellular Bax was
present per milligram of mitochondrial proteins. However, Bax is up regulated in many
acute and chronic neurodegenerative diseases therefore Poster et al concluded that the
addition of 8 pg of Bax /mg of mitochondrial protein is within the range of
concentrations that exist in the cell under pathological conditions (Polster ef al., 2003).
In my assay, the heavy membranes were used at a concentration of 1mg of mitochondrial
protein/ml, the addition of 8 pg of Bax per mg of mitochondrial protein would result in a
concentration of 333 nM Bax. Hence, the upper limit of 521 nM Bax used in my
experiments with isolated heavy membranes agrees reasonably with the published data.

After the addition of 0.83 nM tBid and 260 nM Bax, over 50% of the cytochrome

¢ was released from the vector control mitochondria (Figure 7). A significant amount of
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Figure 7 Bel-2 inhibits tBid and Bax induced cytochrome c release. Heavy
membranes were isolated from Rat-1MycER™" cells transfected with an empty expression
vector (Vector) or expressing Bcl-2 (Bcl-2) and incubated with different amounts of
purified tBid and Bax. The reaction was fractionated into supernatant (S) and pelleted
mitochondria (P) by centrifugation. A) Cytochrome c release was monitored by
immunoblotting with a sheep anti-cytochrome c antibody B) and quantified by

densitometry (n > 3).
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cytochrome ¢ was not released from the mitochondria from Bcl-2 expressing cells until
8.33 nM tBid and 521 nM Bax were added (Figure 7). Therefore, Bcl-2 can inhibit tBid
and Bax induced cytochrome c release from the mitochondria.

The mitochondria isolated from Rat1-MycER ™M cells contain endogenous Bak
on the membrane. Oligomerization and activation of Bak induced by tBid also releases
cytochrome ¢ from mitochondria. Despite early reports suggesting that tBid alone can
trigger cytochrome c release from mitochondria (Zhai et al., 2000), experiments with
mitochondria from Bax and Bak double knock out cells clearly indicate that mitochondria
are resistant to tBid unless Bax or Bak are present (Wei ef al., 2001). Consistent with this
result, tBid will induce pore formation in membranes only at concentrations of tBid much
higher than observed in cells (Zhai et al., 2000). Since Rat1-MycER™M cells express
Bak it should be possible to trigger it to release cytochrome ¢ from mitochondria using
only tBid. In my experiments 4.17 nM tBid alone released 57% of the cytochrome c
from the vector control mitochondria and after addition of 8.33 nM tBid cytochrome ¢
was detected mainly in the supernatant fraction (Figure 7). In contrast, cytochrome ¢ was
not released from mitochondria isolated from cells expressing Bcl-2 until 16.6 nM tBid
was added, when approximately 50% of the cytochrome ¢ was located in the supernatant.
This shows that Bcl-2 can also inhibit tBid and Bak induced cytochrome c release from
mitochondria.

R™M cells are enriched in

The isolated heavy membranes from Rat1-MycE
mitochondria; however they may also contain ER. Recent investigations have shown that

Bax and Bak also affect ER Calcium (Ca’") levels (reviewed in Annis et al., 2004).
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Consequently tBid-activated Bax or Bak could cause the release of the Ca** from the ER
microsomes causing a corresponding increase in uptake of Ca*" into the mitochondria,
thereby leading to loss of mitochondrial membrane potential and release of pro-apoptotic
factors including cytochrome c. Alternatively, tBid may release Ca’* from the ER
directly. However, the buffer used in the cytochrome c release assays contains 0.5 mM
EDTA or 1mM EGTA - amounts that should be sufficient to chelate any Ca*" released
from the ER, preventing its entry into the mitochondria and inhibiting down stream
events. Cytochrome c is only located within the mitochondria and having eliminated the
possibility of Ca>* influx, the molecular interactions leading to the release of cytochrome
¢ are most likely to be between Bcl-2 family proteins on the mitochondria membrane.
These studies are consistent with the observation that Bcl-2 can prevent tBid and
Bax induced cytochrome c release (Figure 7) but are not sufficient to resolve the
mechanism of action of these proteins. For example, my results do not clearly distinguish
whether Bcl-2 inhibited tBid induced cytochrome c release by binding tBid to prevent its
interaction with Bax, or if Bcl-2 sequestered tBid-activated Bax inhibiting pore formation

by Bax or if Bcl-2 functioned through an indirect mechanism.

Quantification of Bcl-2 on the membrane

To further characterize the events leading to cytochrome c release in the cell free
assay and to begin to resolve the mechanism of action whereby Bcl-2 inhibits cytochrome
c release, it was necessary to determine the amount of Bcl-2 present on the membranes

used in these reactions. To date none of the cell free systems for apoptosis have used
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known amounts of Bcl-2, Bax and tBid; therefore, the stoichiometry of these interactions
has not been determined. The recombinant proteins tBid and Bax purified from E. coli
lysates can be quantified using a variety of assays. However full length recombinant Bcl-
2 cannot be purified as a functional protein. Therefore, to study Bcl-2 we took advantage
of the fact that Bcl-2 binds tightly to membranes and isolated mitochondria from cells
over expressing Bcl-2.

Quantitative immunoblotting was used to determine the amount of Bcl-2 present
on the isolated heavy membranes. Serial dilutions of known quantities of Bcl-2ATM
were used as standards to measure the amount of Bcl-2 on isolated heavy membranes
(Figure 8A). Using the Kodak Image station, net intensity readings for the standards as
well as the samples were obtained. The net intensity readings of the standards were used
to construct a standard curve (Figure 8B), from which the amounts of Bcl-2 in the
unknown samples could be calculated (Table 1). The amount of Bcl-2 on the heavy
membranes, determined for 15 individual samples was 20 +/- 6 nmoles/L of reaction
when the Bcl-2 enriched heavy membranes were used at a concentration of 1 mg of total

membrane protein/ml.

Quantification of Bax on the membrane

Known concentrations of Bax and heavy membranes were added to the cell free
reactions. As Bax is active only when it is bound to membranes, we measured this
fraction by quantitative immunoblotting. Serial dilutions of known quantities of Bax

were used as standards to determine the amount of Bax that had bound to the heavy
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Figure 8 Quantification of Bcl-2 in heavy membrane fractions. A) Serial dilutions of
purified Bcl-2ATM (ng Bcl-2ATM) were resolved and immunoblotted on the same SDS-
PAGE gel as samples containing isolated heavy membranes from Rat-1Myc ER™ cells
expressing Bcl-2 (10pg of total heavy membrane protein). B) The immunoblots were
visualized and captured using the Kodak Image Station system (440CF). A linear
regression analysis was performed on the net intensity reading of the standards and the
protein concentration of the unknown samples listed in Table 1 was determined using the
equation for the line of best fit of the standards.
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Table 1 Quantification of Bcl-2 on the heavy membranes isolated from Bcl-2
expressing Ratl-MchRTAM cells

nmoles/L
of the
reaction

28
26
22
18
14
20
23
27

9

9
22
30
19
23
17

Avg 20
Stdev 6
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membranes in a pelleting reaction (Figure 9A and 9B). The amount of Bax bound to the
membrane was compared for heavy membranes isolated from vector control and Bcl-2
expressing cells in the absence and presence of 0.83 nM or 8.33 nM tBid (Table 2 and 3,
pH 7.5). 0.83 nM tBid was the minimum concentration required to induce cytochrome ¢
release from mitochondria isolated from vector control cells in the presence of added
Bax. Incubation of 0.83 nM tBid plus 521 nM Bax with vector control mitochondria
caused the release of approximately 80% of cytochrome c, and 0.83 nM tBid plus 260
nM Bax caused 55% of cytochrome c to be released (Figure 7). To induce the release of
50% cytochrome c¢ from mitochondria isolated from Bcl-2 expressing cells, 8.33 nM tBid
plus 521 nM Bax was required (Figure 7). Table 4 showed there was virtually no
difference between the amount of Bax that bound to heavy membranes from vector
control cells compared those from cell expressing Bcl-2. This result demonstrates that
Bcl-2 does not inhibit Bax binding to the membrane. Surprisingly, the same amount of
Bax was found at the membrane in the presence or absence of tBid (10% of the added
Bax).

Although Bax is cytoplasmic in most healthy cells and cell lines, in some cell
lines a fraction of the Bax is constitutively bound to mitochondria (Goping ef al., 1997,
Desagher et al., 1999). In these cell lines Bax is peripherally bound to the membranes as
it can be released by alkaline extraction. To determine if tBid caused Bax integration into
membranes in our system, we performed alkaline extraction of the membrane pellets, and
measured the amount of Bax by quantitative immunoblotting (Table 2 and 3, pH 11.5).

To ensure that our conditions extracted peripheral but not integral membrane proteins, we
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Figure 9 Quantification of Bax targeted to heavy membranes. A) Serial dilutions of
purified Bax (ng Bax) were resolved and immunoblotted on the same SDS-PAGE gel as
samples containing isolated heavy membranes from Rat1-Myc ER™" cells after
incubation with 595nM, 298nM or 149nM Bax (loading 10pg of total heavy membrane
protein). B) The immunoblots were visualized and captured using the Kodak Image
Station system (440CF). A linear regression analysis was performed on the net intensity
reading of the standards and the protein concentration of the unknown samples listed in
Tables 2 and 3 was determined using the equation for the line of best fit of the standards.
C) To confirm the efficiency of alkaline extractions used in Table 2 and 3, the
supernatant (S) and pellet (P) were separated on an SPS-PAGE gel and immunoblotted
with anti-Bcl-2 or anti-Hsp-60 antibodies as indicated to the left of the panels.
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Table 2 Quantification of Bax targeted to the heavy membranes isolated from Bcl-2
overexpressing Ratl-MchRTAM cells

pH 7.5 nmoles of Bax on membrane/L of reaction
Avg Stdev
521 nM Bax 63 41 75 49 57 15
260 nM Bax 27 22 20 23 3
104 nM Bax 15 17 16 11 15 2
0.83 nM tBid + 521 nM Bax 64 58 48 56 8
0.83 nM tBid + 260 nM Bax 33 27 19 27 7
0.83 nM tBid + 104 nM Bax 21 21 19 20 1
8.33 nM tBid + 521 nM Bax 51 67 57 34 52 14
8.33 nM tBid + 260 nM Bax 26 42 31 33 8
8.33 nM tBid + 104 nM Bax 18 19 16 15 17 2
pH 11.5
Avg Stdev

521 nM Bax 3.8 5.1 4.7 4.5 0.7
260 nM Bax 25 22 2.5 2.4 0.2
104 nM Bax 1.0 1.1 1.3 1.1 0.1
0.83 nM tBid + 521 nM Bax 7.7 5.9 4.8 6.1 1.5
0.83 nM tBid + 260 nM Bax 2.6 3.6 25 2.9 0.6
0.83 nM tBid + 104 nM Bax 3.3 22 1.4 23 1.0
8.33 nM tBid + 521 nM Bax 19.8 19.2 17.3 18.7 1.3
8.33 nM tBid + 260 nM Bax 9.0 6.4 7.7 7.7 1.3
8.33 nM tBid + 104 nM Bax 2.0 2.7 2.0 23 0.4
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Table 3 Quantification of Bax targeted to the heavy membranes isolated from Rat1-

MchRTAM cells transfected with an empty vector

pH 7.5 nmoles of Bax on membrane/L of reaction
Avg Stdev
521 nM Bax 24 24 32 40 30 7
260 nM Bax 18 12 9 24 16 6
104 nM Bax 9 7 7 14 9 3
0.83 nM tBid + 521 nM Bax 50 36 48 48 45 7
0.83 nM tBid + 260 nM Bax 33 13 20 14 20 9
0.83 nM tBid + 104 nM Bax 18 6 18 11 13 6
8.33 nM tBid + 521 nM Bax 59 41 71 76 62 15
8.33 nM tBid + 260 nM Bax 33 21 30 38 31 7
8.33 nM tBid + 104 nM Bax 16 9 13 25 15 7
pH 11.5
Avg Stdev

521 nM Bax 5.2 8.6 4.3 6.4 6.1 1.8
260 nM Bax 2.2 2.0 2.1 2,5 2.2 0.2
104 nM Bax 1.0 0.8 1.5 1.2 1.1 0.3
0.83 nM tBid + 521 nM Bax 4.9 5.2 6.5 4.2 5.2 1.0
0.83 nM tBid + 260 nM Bax 3.7 1.9 26 21 2.6 0.8
0.83 nM tBid + 104 nM Bax 1.5 1.5 2.0 2.0 LT 0.3
8.33 nM tBid + 521 nM Bax 6.0 12.8 7.5 6.5 8.2 3.1
8.33 nM tBid + 260 nM Bax 4.7 4.4 4.0 5.3 4.6 0.6
8.33 nM tBid + 104 nM Bax 23 3.7 21 4.1 31 1.0
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Table 4 Comparison and summary of the quantification of Bax targeted to the
heavy membranes isolated from Rat1-MycER™M cells transfected with an empty
vector or expressing Bcl-2

Bcl-2 Vector

nmoles of Bax on membrane/L of reaction
pH7.5

Avg Stdev Avg Stdev
521 nM Bax 57 15 30 7
260 nM Bax 23 3 16 6
104 nM Bax 15 2 9 3
0.83 nM tBid + 521 nM Bax 56 8 45 7
0.83 nM tBid + 260 nM Bax 27 7 20 9
0.83 nM tBid + 104 nM Bax 20 1 13 6
8.33 nM tBid + 521 nM Bax 52 14 62 15
8.33 nM tBid + 260 nM Bax 33 8 31 7
8.33 nM tBid + 104 nM Bax 17 2 15 7
pH 11.5

Avg Stdev Avg | Stdev
521 nM Bax 4.5 0.7 6.1 1.9
260 nM Bax 2.4 0.2 2.2 0.2
104 nM Bax 1.1 0.1 1.1 0.3
0.83 nM tBid + 521 nM Bax 6.1 1.5 5.2 1.0
0.83 nM tBid + 260 nM Bax 2.9 0.6 2.6 0.8
0.83 nM tBid + 104 nM Bax 2.3 1.0 1.7 0.3
8.33 nM tBid + 521 nM Bax 18.7 1.3 8.2 3.2
8.33 nM tBid + 260 nM Bax 7.7 1.3 4.6 0.6
8.33 nM tBid + 104 nM Bax 2.3 0.4 3.1 1.0
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monitored the mitochondrial matrix protein Hsp 60 and the integral membrane protein
Bcl-2 as positive and negative controls, respectively (Figure 9C). Interestingly 1% of the
added Bax (which represents 10% of the membrane bound Bax) was alkaline resistant,
regardless of the presence of tBid or Bcl-2 (Table 4). There was one exception to this
observation: after the addition of 8.33 nM tBid to Bcl-2 expressing membranes, 3% of the
Bax added (which represents 30% of the membrane bound Bax) was alkaline resistant. A
possible explanation for this apparently discordant result is that at these concentrations of
tBid and Bax the structural integrity of the vector control membranes is compromised,
causing Bax to ‘leak out’ during the alkaline extraction. Because the membranes are
protected from pore formation when Bcl-2 is present, the same loss of membrane
integrity is not evident. This is consistent with the fact that 100% of cytochrome c is
released from vector control mitochondria in the presence of 8.33 nM tBid and 521 nM
Bax, while under the same conditions only 50% of cytochrome c is released from Bcl-2
enriched mitochondria. To determine if the heavy membranes isolated from vector
control cells are compromised in the presence of 8.33nM tBid and 521nM Bax, the
integrity of the membranes should be tested by alkaline extraction of an unrelated
mitochondrial integral membrane protein. If the membrane protein is released into
solution, this would suggest that the membranes are compromised and alkaline extraction
experiments should be carried out using lower tBid concentrations in which the vector
control heavy membranes are not disrupted. However, if this membrane protein is found
exclusively in the membrane pellet, then the membranes would be intact as far as can be

determined by this assay, and other explanations would have to be tested.
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The data presented in Table 4 shows that Bax bound and inserted into the
mitochondrial membranes without inducing cytochrome c release. The addition of 521
nM Bax to vector control or Bcl-2 enriched mitochondria did not cause cytochrome ¢
release (Figure 7). By the results described above, we can infer that in this case 5 nM
Bax (or 1%) was integrated into the heavy membranes (Table 4). Despite the presence of
membrane integrated Bax, cytochrome c release was not observed until either 0.83 nM or
8.33 nM tBid was added mitochondria from control or Bcl-2 expressing cells,
respectively. These results are consistent with a model in which tBid is required to
activate Bax integrated in outer mitochondrial membrane, and if the amount of activated
Bax exceeds a threshold, then cytochrome ¢ was released. Presumably Bcl-2 at the
mitochondria inhibited the activation of Bax by tBid and thereby prevented the release of

cytochrome c (Figure 7).

Bcl-2 inhibits the oligomerization of tBid-activated Bax

In some forms of apoptosis Bid is cleaved to tBid by caspase 8, and the tBid
translocates to mitochondria. In this system Bcl-2 does not influence the amount of tBid
binding to mitochondria (Gross et al., 1999). However, tBid binds directly to Bcl-2
(Figure 5) (Wang et al., 1996), and one hypothesis for Bcl-2 function is that it sequesters
tBid thereby preventing it from activating Bax/Bak. To test this hypothesis in our
system, the pellet fraction of mitochondria from which cytochrome c has been released
was probed for the presence of tBid. No tBid was detected, suggesting that tBid is not

sequestered by Bcl-2 on the membrane (Figure 10).

68



M.Sc. Thesis — PJ Dlugosz McMaster- Biochemistry and Biomedical Sciences

- tBid

S PSP

42nM 16.7 nM tBid
520nM 520 nM Bax

Figure 10 tBid is not found on the mitochondria. Heavy membranes isolated from
Rat-1MycER™" cells overexpressing Bcl-2 were incubated with 4.2nM tBid plus
520nM Bax or 16.7 nM tBid plus 520nM Bax. The reactions were fractionated into
supernatant (S) and pelleted mitochondria (P) by centrifugation and tBid assayed by
immunoblotting with mouse SC8 Bid antibody.
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Detecting small amounts of tBid is a problem. To overcome this, researchers
have used radioactively labeled tBid (Lutter et al., 2001; Wei et al., 2000; Zha et al.,
2000; Grinberg et al., 2002), GST-tagged tBid (Hu et al., 2003), or large amounts of
protein (Eskes ef al., 2000). In order to use physiologically relevant amounts of untagged
tBid a new anti-tBid antibody (5C8) was generated that is sensitive enough to detect
small amounts of tBid (Figure 4). The lower limit of detection of tBid by the 5C8 Bid
antibody is 0.5 ng tBid (Figure 4), which is equivalent to the amount of tBid at 0.83 nM
in our system. However, even at 10ng of tBid (equivalent to 16.7 nM) which is well
above the detection limit of the 5C8 antibody, no tBid was detected in the pellet fraction
(Figure 10). This data suggests that tBid sequestration is not the mechanism by which
Bcl-2 inhibited cytochrome c release.

Another way that Bcl-2 might inhibit cytochrome c release is by inhibiting the
activation of Bax. Activated Bax oligomerizes to form a channel/pore allowing the
release of cytochrome ¢ from the mitochondria (Antonsson ef al., 2000). Bcl-2 binds to
Bax directly under some circumstances (Oltvai et al., 1993), and may interfere with the
oligomerization of Bax. To test the hypothesis that Bcl-2 sequesters activated Bax the
heavy membranes were solubilized in 2% CHAPS and the oligomeric status of the
proteins was determined by gel filtration chromatography (Superdex 200). This detergent
was chosen because higher molecular weight complexes of Bax are stable under these
conditions (Antonsson et al., 2000). The eluted fractions were immunoblotted using
antibodies specific for Bax and Bcl-2. Molecular weight complexes larger than 600 kDa

are excluded from the matrix of the column and hence eluted in fractions 1 and 2,
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whereas complexes between 10-600 kDa are efficiently sieved by the resin and elute in
later fractions.

When heavy membranes containing Bcl-2 were isolated and incubated with 520
nM Bax, Bcl-2 eluted in fractions 16-22 corresponding to Bcl-2 monomers and dimmers
(Figure 11, 520nM Bax). The membrane bound Bax eluted predominantly in fractions
22-24 in the presence or absence of Bcl-2 (Figure 11, 520 nM Bax) suggesting that Bax
remains monomeric even when bound to membranes containing Bcl-2. When heavy
membranes from vector transfeced control cells were incubated with 4.2 nM tBid and 520
nM Bax cytochrome c was released indicating that Bax had formed pore-forming
oligomers. Consistent with this interpretation higher molecular weight complexes were
detected (fractions 2-12) as well as Bax monomers (fractions 22-24) (Figure 11, 4.2 nM
tBid + 520 nM Bax). However, most of the Bax is still monomeric, suggesting that only
a small proportion of membrane integrated Bax is required to form functional oligomers
or that Bax oligomers are not stable in CHAPS.

These amounts of tBid and Bax were not sufficient to cause cytochrome c release
from Bcl-2 enriched mitochondria (Figure 7), and Bcl-2 prevented the formation of large
Bax oligomers (Figure 11, 4.2 nM tBid + 520 nM Bax). However, when Bcl-2 was
unable to prevent cytochrome c release (16.7 nM tBid and 520 nM Bax), high molecular
weight oligomers of Bax were detected in fractions 2-6 and 10-12. Furthermore, Bax and
Bcl-2 eluted together in fractions 14-18 (Figure 11, 16.7 nM tBid + 520 nM Bax).
Fractions 14-18 correspond to an approximate molecular weight range of 66 to 31 kDa,

and may be due to Bcl-2/Bax heterodimers or low molecular weight Bax oligomers
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Figure 11 Bel-2 inhibits the oligomerization of tBid-activated Bax. Isolated heavy
membranes from Rat1-MycER™" cells transfected with an empty expression vector
(Vector) or overexpressing Bcl-2 (Bcl-2) were incubated with increasing amounts of
purified tBid and 520nM Bax. After an incubation of 1 hour at 30°C, the membrane
fractions were solubilized in 2% CHAPS and subjected to gel filtration chromatography.
Twenty-four fractions were collected (0.4ml) and proteins in every other fraction were
precipitated with trichloroacetic acid and immunoblotted for Bcl-2 and/or Bax. Fraction
numbers are indicated below the immunoblots and the elution positions of calibrated
strandards are shown blow the fraction numbers of the immunoblot at the lower left.

72




M.Sc. Thesis — PJ Dlugosz McMaster- Biochemistry and Biomedical Sciences

(homodimers or homotrimers) that are incapable of forming pores. A third possibility is
that the complex is formed by Bcl-2 (26kDa), tBid (15kDa) and Bax (21kDa); however
as mentioned above, tBid could not be detected. Direct binding of Bcl-2 to Bax was
assayed by co-immuno-precipitation. Mitochondria from vector transfected (control) and
Bcl-2 expressing cells were incubated with tBid alone or tBid and Bax and then
solubilized in 2% CHAPS. Immunoprecipitation with a Bcl-2 antibody followed by
Western blotting with Bax antibody showed an interaction between Bcl-2 and Bax only
after incubation with tBid (Figure 12). Taken together these results suggest that Bcl-2
inhibits cytochrome c release by binding directly to activated Bax thereby suppressing the
formation of large molecular weight Bax oligomers, and that this inhibition can be
overcome by forming more activated Bax when increasing amounts of tBid are added.

tBid is a BH3 only protein for which a direct interaction with Bax and Bak has
been published (Wang et al, 1996). The interaction of tBid with Bax and Bak induces
conformational changes in Bax and Bak associated with exposure of a previously cryptic
amino terminal epitopes in both cases (in Bax this epitope is recognized by the antibody
6A7 and encompasses amino acids 13-19). tBid does not remain bound to Bak after it
has been activated, and a “kiss and run” model for activation of Bax/Bak by tBid has
been postulated (Wang et al, 1996). Consistent with this model, tBid has not been
detected in Bax and Bak oligomers. A variation of this basic model is suggested by the
observation that a modified Bak protein can induce the exposure of the amino-terminus
of endogenous Bak in the absence of an apoptotic stimulus, thereby propagating this

conformational change (Ruffolo et al., 2003). Since Bax and Bak proteins are very
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Figure 12 Bel-2 immunoprecipitates with tBid-activated Bax. To determine if Bcl-2
and Bax interact heavy membranes isolated from Bcl-2 overexpressing cells, 100pg of
total mitochondrial protein were incubated with purified recombinant tBid and/or Bax for
1 hour at 30 °C. Heavy membranes were pelleted by centrifugation and solubilized in 2%
CHAPS. A) The samples were immunoprecipitated with a sheep anti-Bcl-2 antibody,
analyzed by SDS-PAGE and immunoblotting with a mouse anti-Bax antibody and B) a
rabbit anti-Bcl-2 antibody. * denotes a cross-reacting band.
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similar it is possible that tBid-activated Bax is the physiologic trigger for a Bax
conformational change that leads to auto-oligomerization. In this case, a small amount of
tBid might remain bound to the Bak or Bax oligomer but not be detectable by current
techniques. Our results (Figure 11) cannot distinguish between these models, but do
strongly suggest that Bcl-2 preferentially interact with tBid-activated Bax blocking
formation of large pore-forming multimers, thereby preventing the release of

cytochrome c.

Summary

A cell free assay for apoptosis was developed to investigate the interactions
between tBid, Bax and Bcl-2. Recombinant, in vitro cleaved Bid (tBid) activated
recombinant Bax to form oligomers that release cytochrome ¢ from the intermembrane
space of isolated mitochondria. Because full length recombinant Bcl-2 is not soluble,
mitochondria from cell expressing Bcl-2 were used. By using well defined amounts of
the recombinant proteins and quantitative immunoblotting of membrane fractions using
internal standards, the exact amount of each of these three proteins was measured in
different experimental conditions. This system allowed me to test models of Bcl-2
function that would not be easily distinguished using experiments with whole cells where
it is difficult to express controlled amounts of different proteins. The data I obtained
using this cell free assay, combined with findings in the published literature suggested the

model for Bax activation shown in Figure 13, in which tBid binding to Bax on the
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Figure 13 Model for Bcl-2 inhibition of tBid and Bax induced cytochrome c release.

NO Cytochrome c Release
A) tBid binds to Bax on the membrane and activates the protein, leading to Bax
oligomerization and cytochrome c. B) Bcl-2 inhibits the formation of Bax oligomers by
sequestering tBid-activated Bax and antagonizing the release of cytochrome c.
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membrane causing it to oligomerize and form a pore through which cytochrome c is
released (Figure 11).

Bcl-2 inhibits the formation of Bax oligomers by sequestering tBid-activated Bax
(Figure 11, 12) which prevents oligomerization of Bax, and possibly also the activation
of other Bax monomers. The result of this interaction(s) is to prevent the release of
cytochrome c and other factors from the intermembrane space of mitochondria, that

otherwise would activate downstream effectors of apoptosis.
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Chapter Four

Monitoring the membrane topology of Bcl-2

78



M.Sc. Thesis — PJ Dlugosz McMaster- Biochemistry and Biomedical Sciences

INTRODUCTION:

Although the cellular functions of the Bcl-2 family of proteins are well
recognized, the precise molecular mechanisms by which these proteins determine cell
fate remains unclear. Bcl-2 is an anti-apoptotic transmembrane protein found at both the
ER and mitochondria (Krajewski ef al., 1993); however, the exact topology of Bcl-2 at
the membrane is controversial. Bcl-2 contains a carboxyl-terminal trasmembrane (TM)
domain that may confer a tail-anchored topology (Figure 1A). The three dimensional
structure of Bcl-2 has two central, relatively hydrophobic helices (helix 5 and 6)
surrounded by amphipathic helices (Figure 13). Helix 5 and helix 6 of Bcl-2 have been
proposed to be membrane spanning domains based on the structural similarity of Bcl-2 to
diptheria toxin, a pore forming protein. Thus, Bcl-2 may have a multispanning
transmembrane topology in which helix 5 and 6 are transmembrane sequences (Figure
1A). We have shown that Bcl-2 is in a tail-anchored topology in the cell and upon the
induction apoptotis undergoes a conformational change that is consistent with a
multispanning transmembrane topology (Kim et al., 2004). This conformational change
was monitored by 4-acetamido-4’-iodoacetly-amino stilbene-2,2’-disulfonic acid (IASD)
labeling.

IASD is a cysteine specific, lipid impermeable reagent (Figure 2A). IASD has
been used to determine the topology of several proteins (Krishnansastry et al., 1994;
Grundling et al., 2000 and Kim ef al/, 2004). Protein labeling by this reagent can be

detected by a shift in the migration of the protein on a 16% SDS-PAGE gel (Figure 2B).
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Figure 1 Models for the topology of membrane bound Bc¢l-2 and NMR solution
structure of Bel-2. A) Two predicted membrane topologies for Bcl-2. Tail-anchored
topology is typical of proteins with carboxyl-terminal transmembrane (TM) regions. The
multispanning transmembrane topology is based on the similarity of Bcl-2 to pore
forming Diptheria toxin. In this topology the TM and the putative pore forming domains
(&-helix 5 and G-helix 6) are inserted into the lipid bilayer of the membrane. B) Model
of the NMR structure of Bcl-2 with helix 5 and 6 shown in blue and cysteine 158 in helix
5 highlighted in red. Residues equivalent to those in Bcl-x, that have been shown to be
important for heterodimerization with other Bcl-2 family members are shown in yellow.
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Figure 2 The structure of IASD and schema for interpreting labeling reactions for
aqueous and membrane inserted cysteine residues. A) The chemical structure of
IASD. The reactive iodo-acetyl group is boxed and reacts with the thiol group of cysteins.
B) Protein labeling by IASD can be detected by a shift in the migration of the protein on a
SDS-PAGE gel. Samples are either untreated (0) or incubated with IASD for 10 or 15
minutes. An additional sample is solubilized in 1% Triton X-100 and labeled for 15
minutes (TX). The samples are then separated on a 16% SDS-PAGE gel and
immunoblotted for Bel-2. If Bel-2 is in a tail-anchor topology, cysteine 158 is in an
aqueous environment it will be readily modified by IASD and a gel shift in migration will
occur (*). If Bcl-2 adopts a multispanning transmembrane topology cysteine 158 will be
embedded into the lipid bilayer and protected from modification by IASD. Therefore a
shift in the migration of the protein will only occur when the protein is solubilized in
detergent (TX). Solibilization in 1% Triton X-100 causes a double shift in the migration as
both cysteine 158 and 229 accessible to m%diiﬁcation by IASD (**).
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Bcl-2 contains two endogenous cysteines (Figure 1A). Cysteine at position 229 is
located within the tail-anchor of Bcl-2 and the other cysteine residue (158) is located near
the base of helix 5. If Bcl-2 adopts a tail-anchored topology, only cysteine 229 would be
protected from IASD labeling (Figure 1A). In a multispanning transmembrane topology,
the TM and the putative pore forming domains (helix 5 and 6), would be inserted into the
bilayer of the membrane (Figure 1A). Therefore both cysteine residues would be
protected from IASD.

Recently we showed that Bcl-2 undergoes a conformational change on the
membrane upon induction of apoptosis (Kim et al., 2004). Dr. Peter Kim and Dr.
Matthew Annis showed that in untreated cells Bcl-2 cysteine 158 is accessible to labeling
by IASD indicating a tail-anchored topology. However, drug treatment of the cells
triggered a change in conformation of Bcl-2 such that cysteine 158 was protected from
modification by IASD. This suggests that Bcl-2 has undergone a conformational change
from a tail-anchored topology to a multispanning transmembrane topology with cysteine
158 inserted into the lipid bilayer, although we cannot rule out a conformational change
that protects only cysteine 158 from IASD modification and does not involve the
complete insertion of helix 5 and 6 into the bilayer. The cell free assay described in
chapter 3 combined with the IASD labeling results presented in this chapter show that
tBid and Bim peptide can provoke a change in conformation of Bcl-2 on the membranes
and that this conformational change is a necessary part of Bcl-2 function. These results
support the data acquired by Dr. Peter Kim and Dr. Matthew Annis, and were included in

the published manuscript (Kim et al., 2004).
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RESULTS AND DISCUSSION:
In the absence of membranes Bcl-2 cysteine 158 is accessible to IASD labeling, even
after incubation with tBid.

The structure of Bcl-2 shows that cysteine 158 is buried within the core of the
protein and predicts that this residue would be inaccessible to IASD in the absence of
denaturants (Figure 1B) (Petros et al., 2001). Therefore labeling reactions were carried
out in 4M urea which makes Bcl-2 cysteine 158 IASD accessible by unfolding the
protein. The BH1, BH2 and BH3 regions of Bcl-2 create an elongated hydrophobic cleft
to which the BH3 region amphipathic a-helix of a pro-apoptotic protein can bind (Petros
et al.,2001). Disruptions of the BH1 and BH2 regions of Bcl-2 have shown that these
regions are essential for its interaction with pro-apoptotic proteins (Yin et al, 1994).
Cysteine 158 of Bcl-2 is not located in these regions and therefore it is unlikely that the
direct binding of a pro-apoptotic protein like tBid to Bcl-2 would inhibit the labeling of
cysteine 158 (Figure 1B). Furthermore, since 4M urea was sufficient to unfold Bcl-2, it
is less likely that other proteins would remain bound to Bc¢l-2 in this altered
conformation. To show unequivocally that binding of tBid to Bcl-2 in 4M urea would
not mask cysteine 158, a control experiment was carried out in which the two proteins
were mixed together in the absence of membranes. To test this, we used Bcl2-cb5, which
is a functional mutant of Bcl-2 in which the carboxyl terminus tail-anchor (containing
cysteine 229) has been exchanged with the carboxyl terminus tail-anchor of the ER
specific isoform of rat cytochrome bS. The carboxyl terminus tail-anchor of cytochrome

b5 does not contain any cysteines (Figure 3A) and therefore Bcl2-cb5 only has the helix 5
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cysteine (cysteine 158) of Bcl-2. In cells the Bcl2-cb5 fusion protein is targeted
exclusively to the ER and inhibits cell death induced by apoptotic stimuli that perturb ER
function (Zhu et al., 1996; Hacki et al., 2000; Rudner et al., 2001; Thomenius et al;
2003). Because Bcl-cb5 is as effective as wild type Bcl-2 at preventing apoptosis in these
cases (Fiebig et al., submitted), it is likely that they adopt similar functional
conformations. Therefore if the binding of tBid to Bcl2-cb5 does not inhibit IASD
labeling of cysteine 158 in this mutant, it is unlikely that it would mask cysteine 158 in
wild type Bcl-2.

To test if the binding of tBid to Bcl2-cbS5 rather than membrane insertion prevents
the modification of cysteine 158 with IASD, S’ labeled Bcl2-cb5 protein was
synthesized in reticulocyte lysate and incubated with purified recombinant tBid at various
concentrations in the absence of membranes. To find the ratio of tBid to Bcl2-cb5 that
could be incubated together without the inhibition of IASD labeling of cysteine 158 the
amount of Bcl2-cb5 sythesized in a rabbit reticulocyte lysate was quantified. It was
determined that 2 + 0.2 fmole of Bcl2-cb5 was synthesized/ul of a translation reaction.
Bcl2-cb5 was used at a concentration of 10 nM. After 1 hour of incubation of Bcl2-cb5
with tBid the samples were treated with IASD for 15min in 4M urea. The
audioradiograph in figure 3 demonstrates that if tBid remains bound to Bc¢l-2 in 4M urea,
this binding does not inhibit the IASD labeling of Bcl-2 cysteine 158. Even when tBid
was present in 150-fold excess of Bcl2-cbS, which is a higher concentration then used in
the experiments described below, almost all of cysteine 158 was modified by IASD

(Figure 3, *).
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Figure 3 Direct binding of tBid to Bcl-2 does not result in the protection of cysteine
158 from IASD labeling. A) A schematic representation of the fusion protein Bcl2-cbS5.
Bcl2-cb5 is a version of Bel-2 in which the TM and carboxyl terminus (containing
cysteine 229) have been exchanged with the TM and carboxyl terminus of an ER
isoform of cytochrome b5 that is cysteineless, shown in green. B) An autoradiograph of
S* labeled Bcl2-cb5 protein synthesized in rabbit reticulocyte lysate, which was
incubated with various concentrations of purified tBid in the absence of membranes.
After 1 hour at 30°C of incubation the samples were treated with IASD for 15 minutes
and separated by SDS-PAGE. The single asterisk indicates that cysteine 158 has been
modified, as per schema shown in Figure 2.
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Bcl-2 changes conformation on the membrane in response to tBid

To determine if tBid induces a conformational change in Bcl-2 topology, tBid was
added to lysates of Rat1-MycER™M cells. After the addition of 1 uM tBid approximately
70% of cysteine 158 in Bcl-2 was inaccessible to IASD (Figure 4A), as shown by the
increase in intensity of the unlabelled band with a corresponding decrease in the shifted
band (*). As a control, when membranes were solubilized with detergent (1% Triton X-
100) both cysteines were modified by the IASD reagent, seen by the double shift on the
SDS-PAGE gel (Figure 4A, TX,**). This shows that the addition of tBid to whole cell
lysates triggered a change in Bcl-2 conformation that led to the protection of cysteine 158
from IASD. This protection is likely due to the insertion of cysteine 158 into the bilayer
of the membrane and not due to the binding of tBid to Bcl-2 (Figure 3). When the
membranes were solublized by 1% Triton X-100, protection of the cysteine was
abolished (Figure 4A, **). This corroborates the idea that protection of cysteine 158 was
due to membrane bilayer and not protein binding, as this concentration of detergent does
not interfere with the binding of pro-apoptotic family members to Bcl-2 (Hsu et al.,
1997).

These experiments were performed using whole cell lysates. Therefore, to
determine whether cytosolic proteins were required for the conformational change in Bcl-
2, tBid was added to the isolated membrane fraction. When the accessibility of cysteine
158 of Bcl-2 was examined using the membrane fractions isolated from Bcl-2 expressing

cells, cysteine 158 was labeled by IASD (Figure 4B control). In the presence of 521 nM
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Figure 4 Exposure to tBid triggers a conformational change in Bcl-2 monitored by
IASD labeling. A) Lysates of Rat-1MycER™" cells overexpressing Bcl-2 (175ug of total
protein) were incubated with tBid buffer (Control) or 5uM tBid for 30min at 24°C. B)
Isolated heavy membranes from Rat-1MycER™" cells overexpressing Bcl-2 (50pg of total
membrane protein) were incubated with increasing amounts of tBid and/or 521nM Bax for 1
hour at 30°C. The membranes from A and B were pelleted, resuspended in cell buffer and
incubated with IASD for the time indicated. The samples were separated by SDS-PAGE and
immunoblotted for Bel-2. Bcl-2 molecules with cysteine 158 modified by IASD are
indicated by (*), and (**) indicates labeling of both cysteine 158 and 229 in control reactions
containing 1% Triton X-100 (TX). C) The percentage of cysteine 158 protected from IASD
modification after 15 minutes of labeling was determined by densitometry of data obtained
from three individual experiments. Error bars indicate standard deviation, except for
samples 8.33nM tBid plus 521nM Bax and 16.6nM tBid plus 521nM Bax. For these
samples only two images were quantified and thus the range between the two numbers is
presented. 87
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Bax, Bcl-2 cysteine 158 was still accessible to modification by IASD (Figure 4B¥).
However, the addition of tBid to isolated heavy membranes triggered the insertion of Bcl-
2 cysteine 158 into the membrane, confirming that cytosolic proteins including Bax are
not required for the conformational change (Figure 4B, 4C).

After the addition of 0.83 nM tBid and 521 nM Bax a slight change in the amount
of cysteine 158 that was protected from IASD modification was observed. However,
59% of cysteine 158 was protected upon the addition of 4.2 nM tBid, and when the
concentrations was raised to 8.33 nM tBid or above more than 80% (16nM) of the Bcl-2
had undergone a conformational change (Figure 4C). The addition of Bax to tBid in the
reaction did not potentiate the Bcl-2 conformational change (Figure 4C). My data also
demonstrated that Bcl-2 inhibited tBid induced cytochrome c release up to 16.6 nM tBid
(Chapter 3 Figure 7). Only 50% of cytochrome ¢ was released after adding 8.33 nM tBid
and 521 nM Bax to the Bcl-2 enriched mitochondria compared to complete cytochrome ¢
release observed from vector control mitochondria at the same or lower concentrations of
tBid and Bax (Chapter 3 Figure 7). Hence even after Bcl-2 has changed conformation as
detected by IASD labeling of cysteine 158 (that we suggest corresponds to Bcl-2
adopting a multispanning transmembrane topology), it still inhibits apoptosis. This
suggests that either this change is required for function or that the conformational change

is a result of it having carried out its function.
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Bim BH3 peptide provokes a conformational change in Bcl-2

The results of an experiment performed by Dr. Mathew Annis indicated that in
Rat-1MycER ™M cells tBid is not the mediator of etoposide induced apoptosis or the
conformational change in Bcl-2. Inhibition of caspases in the cells did not prevent the
insertion of cysteine 158 into membranes. This suggests that insertion of cysteine 158
into the bilayer is independent of Bid activation by caspase 8. To extend these findings,
another well characterized inducer of apopotosis was used, a peptide corresponding the
BH3 region of the pro-apoptotic BH3 only protein Bim (Marani et al., 2002; Yamaguchi
et al., 2002; Letai et al., 2002). As a control, a peptide containing an inactivating Leu to
Ala mutation equivalent to position 94 in Bim (Bim Mut) was used.

Since Bim peptide binds to and antagonize the anti-apoptotic activity of Bcl-2,
control reactions were carried out (Letai et al., 2002). To determine whether binding of
Bim peptide to Bcl-2 would prevent the IASD labeling of cysteine 158 in 4M urea, 1 nM
S labeled Bcl2-cb5 protein synthesized in reticulocyte lysate was incubated with Bim
peptide at various concentrations in the absence of membranes. The audioradiograph in
figure SA demonstrates that the presence of Bim peptide does not protect cysteine 158 of
Bcl2-cb5 from IASD modification. The same ratios of Bim peptide to Bcl-2 were used in
subsequent reactions discussed below.

Similar to the results obtained with tBid, the addition of 40 uM Bim peptide to
cell lysates triggered a conformational change in Bcl-2 and led to the protection of
cysteine 158 from IASD (Figure 5B). Protection from labeling was not observed when

40 uM Bim Mut was added to the lysates (Figure 5B). To determine if cytosolic proteins
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Figure 5 Bim peptide triggers a confromational change in Bcl-2 on the membrane. A)
An autoradiograph of S* labeled, Bcl2-cb5 protein synthesized in rabbit reticulocyte lysate
which was incubated with Bim peptide at various concentrations in the absence of
membranes. After 1 hour of incubation samples were treated with IASD for 15 min. B)
Lysates of Rat1-MycER™" cells overexpressing Bcl-2 (175ug of total protein) were
incubated with 40uM of Bim or Bim Mutant (Bim Mut) peptide for 30min at 24°C. C)
Isolated heavy membranes from Rat1-MycER™" cells overexpressing Bcl-2 (50pg of total
membrane protein) were incubated with 5pl of Buffer as a negative control, purified Bax,
Bim Mut peptide, or Bim peptide as indicated for 1 hour at 30°C. The membranes were
pelleted, resuspended in cell buffer and incubated with IASD for the time indicated. The
samples were separated by SDS-PAGE and immunoblotted for Bcl-2. Bcl-2 molecules with
cysteine 158 modified by IASD are indicated by (*), and (**) indicates labelling of both
cysteine 158 and 229 in control reactions containing 1% Triton X-100 (TX).
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are required for the Bim peptide triggered Bcl-2 conformational change, Bim peptide was
added to isolated heavy membranes. Bcl-2 cysteine 158 was accessible to IASD
independent of the presence of either Bax or Bim Mut peptide. The addition of Bim
peptide to isolated heavy membranes triggered the protection of Bcl-2 cysteine 158 from
TIASD modification (Figure 5C), confirming that cytosolic proteins were not required for
Bcl-2 to undergo the conformational change. After the addition of 5 uM Bim peptide,
protection of Bcl-2 cysteine 158 from IASD was observed (Figure 5C), and at a
concentration of 10 uM Bim peptide or higher (18nM) ~90% of Bcl-2 cysteine 158 was
inserted into the membrane (Figure 5C and 6A).

To determine if Bcl-2 inhibited Bim induced cytochrome c release, heavy
membranes were isolated from Rat1-MycER ™M cells transfected with either control
vector or expressing Bcl-2 (as described in chapter 3) and incubated with increasing
amounts of Bim peptide. Cytochrome c release (~60%) was observed from vector
control mitochondria after the addition of 10 pM Bim peptide, while Bcl-2 expressing
mitochondria did not release cytochrome c after exposure to10 uM Bim peptide, with
significant inhibition still evident at even higher concentrations of Bim peptide (25 uM)
(Figure 6B). Even under conditions where almost all of the Bcl-2 (~90 % of total)
exhibited the altered conformation, Bim induced apoptosis was still repressed. This
result supports the hypothesis that Bcl-2 in a multispanning transmembrane topology

inhibits apoptosis.
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Figure 6 Bcl-2 topology change triggered by Bim peptide is evident in conditions in
which Bcl-2 is functional. A) The percentage cysteine 158 protected from [ASD
modification after 15 minutes of labeling was determined by densitometry of data
obtained from three individual experiments, error bars indicate standard deviation. B)
Bim peptide alone, or with 475nM Bax (Bim +Bax) were added to heavy membranes
isolated from Rat1-MycER™" cells overexpressing Bcl-2 (Bcl-2) or transfected with an
empty expression vector (Vector). Cytochrome c release was monitored by
immunoblotting the reaction supernatants (S) and pelleted mitochondria (P).
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Membrane proteins are needed for Bcl-2 to undergo a conformational change on the
membrane

Bcl-2 expressed in E. coli is not soluble and the isolated refolded protein does not
prevent apoptosis in the cell free assay, as described in Chapter 3. Therefore, we used
two approaches to obtain Bcl-2 that could be assayed in vitro. First we expressed Bcl-2
in cells and then isolated the mitochondria from these cells. By incubating tBid or Bim
peptide with the isolated mitochondria we were able to show cytosolic proteins are not
required for Bel-2 function and the conformational change observed. However, this
approach cannot be used to determine the importance of other identified (Bak) or
unidentified membrane proteins as partners in this process. Full length Bcl-2 can be
made in rabbit reticulocyte lysate. However, in this form Bcl-2 does not bind to
liposomes. Therefore, to determine if membrane proteins are required for the
conformational change Bcl2-cb5 was used. The cytochrome b5 (cb5) tail-anchor inserts
spontaneously into liposomes. Hence, S*’ labelled Bcl2-cb5 synthesized in reticulocyte
lysate was targeted to liposomes (Figure 7B). After binding to liposomes, Bcl2-cbS5 elutes
in fractions 3 and 4 of a gel filtration column (Figure 7). Therefore IASD labeling
reactions were carried out with the contents of fraction 3 (Figure 7E). Bcl2-cb5 was also
targeted to liposomes in the presence of Bim peptide (Figure 7C) or Bim peptide plus
purified recombinant Bax protein (Figure 7D).

In the absence of liposomes Bim does not prevent the IASD labeling of cysteine
158 of Bcl2-cb5 (Figure 7E and Figure 5A). After targeting Bcl2-cb5 to liposomes, a

fraction of the protein contained cysteine 158 which was protected from IASD labeling

93



M.Sc. Thesis — PJ Dlugosz McMaster- Biochemistry and Biomedical Sciences

A) - Liposomes C) +Liposomes
+Bim

A A A A
1234567891011121314 12345678 91011121314
vy vy

B) + Liposomes D) +Liposomes
+Bim + Bax

E)

0 15 TX 0 15 TX 0 15 TX 0 15
1 ] 1 J L I (]

+ Liposomes +Liposomes +Liposomes -ve
+Bim +Bim +Bax

Figure 7 Membrane proteins are need for the conformational change of Bcl-2. A)
Gel filtration of Bcl2-cb5 was synthesized in rabbit reticulocyte lysate or B) incubated
with liposomes, or C) lipsomes plus 20uM Bim peptide or D) liposomes plus 20uM Bim
peptide and 521nM Bax. The reactions were incubated for 1 hour at 30°C and applied to
a 2.5ml CL2B gel filtration column, and fourteen 200ul fractions were collected (listed
between the panels). 10ul of each fraction was separated by SDS-PAGE. Following
electrophoresis the gels were dried and exposed to autoradiography film. E)
Autoradiograph of IASD labelling of the contents of fraction 3 of samples A-D. Bcl2-
cb5 molecules IASD labelled at cysteine 158 are indicated by *.
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(Figure 7E, labeled Bcl-2). However, this fraction did not increase with the addition of
Bim peptide or Bim peptide and Bax protein (Figure 7E). This suggests that additional
membrane proteins are required for the Bcl-2 conformational change. It is interesting to
note that even after the liposomes were solubilized by 1% Triton X-100, not all of
cysteine 158 was modified by IASD (Figure 7E TX lanes). However the detergent control

shows a clear increase in IASD labeling.

Model for the function of Bcl-2 in a multispanning transmembrane topology

Previously published data does not distinguish whether the conformational change
in Bcl-2 is triggered directly by an interaction with an activated BH3 only protein (Bim
peptide or tBid) or indirectly via an interaction with activated Bax/Bak. Our data
suggests that Bcl-2 conformational change is due to the direct interaction of Bcl-2 with an
activated BH3 only protein. After the addition of tBid to the isolated heavy membranes
Bcl-2 changed conformation, and the addition of Bax did not potentiate this response
(Figure 4B). This strongly suggests that more Bax does not increase the amount of Bcl-2
in a multispanning transmembrane topology, but increasing tBid causes more Bcl-2 to
change conformation.

In the previous chapter it was determined that Bcl-2 interacts with Bid and tBid in
the presence of CHAPS, but when the detergent was switched to Triton X-100 the
interaction between the proteins was abolished (Chapter 3 Figure 5). One interpretation
of this data is that after Bcl-2 changes conformation, tBid is released from Bcl-2.

Therefore tBid interaction with Bcl-2 provoked a conformation change in Bcl-2, after
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Figure 8 Model for the function of Bcl-2 in a multispanning transmembrane
topology. A) tBid binds to Bax on the membrane and activates the protein, leading to
Bax oligomerization and cytochrome c¢. B) tBid interacts with Bcl-2, provokes a
conformation change in Bcl-2 from the tail-anchor topology to the multispanning
transmembrane topology after which the tBid is released. Bcl-2 in the multispanning
transmembrane topology inhibits the formation of Bax oligomers by sequestering tBid-
activated Bax and antagonizing the release of cytochrome c.
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which tBid was released. This “transient interaction” model would account for the
stoichiometry we observed: exposure to 8.33nM tBid changes the conformation of 16nM
Bcl-2. The fraction of Bcl-2 that has adopted the multispanning transmembrane topology
could then bind tBid-activated Bax (Chapter 3 Figure 12). Consistent with this
observation, Bcl-2 does bind to Bax in Triton X-100 and other non-ionic detergents (Hsu
et al., 1997; Mikhailov et al., 2001). Taken together my data from this and the previous
chapter suggest that the molecular mechanism for Bcl-2 inhibition of apoptosis is by Bcl-
2 adopting a multispanning transmembrane topology. The most likely explanation for
my data is that in the altered conformation Bcl-2 inhibits pore formation by binding pro-
apoptotic molecules Bax and Bak that have themselves been activated by a BH3 only

protein (Figure 8).
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Chapter Five

Myc expression affects tBid and Bax
induced cytochrome c release
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INTRODUCTION

The cellular myc gene (c-myc) is a oncogene first linked to human cancer in the
context of a chromosomal translocation in Burkitt’s Lymphoma (Dalla-Favera et al.,
1982). The c-myc gene encodes a basic helix-loop-helix leucine zipper transcription
factor, which can function as an activator or repressor of transcription (Reviewed in Patel
et al., 2004). Myc-responsive targets include representatives of virtually every major
biochemical and regulatory process in the cell.

Cells lacking Myc are impared for growth and proliferation, and Myc knockout
mice die during early embryogenensis (Davis et al., 1992). Deletion of Myc in Rat-1
fibroblasts results in the extension of both the G; and G, phases of the cell cycle
(Mateyak et al., 1997). Independent of its effect on cell proliferation, myc expression
also sensitizes cells to apoptotic stimuli (Wagner ef al., 1994; Soucie et al., 2001; Askew
etal., 1991; Evan et al., 1992, James et al., 2002).

To study the influence of Myc expression on apoptosis our lab has compared an
immortalized Rat-1 fibroblast cell line (HO15.19) in which both Myc alleles have been
deleted through homologous recombination with an isogenic line in which an exogenous
c-myc allele was reintroduced though retroviral infection (HOMyc3) (Mateyak et al.,
1997). The results indicate that Myc potentiates apoptosis by allowing Bax activation
after translocation to mitochondria. Thus, in both cell lines Bax migrated to mitochondria
after exposure to etoposide or taxol (apoptosis inducing drugs). However, Bax activation,
as monitored by the detection of a normally inaccessible amino-terminal epitope using a

monoclonal anitobody (6A7, Nechushtan ef al., 1999), was only evident in HOMyc3 cells
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(Soucie et al., 2001). Furthermore, release of cytochrome ¢ only occurred after Bax
activation (Soucie et al., 2001). In mitochondria from Myc expressing cells, Bax formed
higher molecular weight complexes following etoposide treatment, whereas in the
absence of Myc only Bax monomers were detected in cells (Annis et al., submitted). In
this chapter I extend these observations by showing that mitochondria isolated from
HO15.19 cells are resistant to tBid and Bax induced cytochrome c release in our purified
cell free system. The data in this chapter and together with these previous observations
demonstrate there may be an inhibitor of Bax oligomerization present on the HO15.19

mitochondria, and have been submitted for publication (Annis ef al., submitted).

RESULTS AND DISCUSSION
Myc expression sensitizes mitochondria to tBid and Bax induced cytochrome c
release

Heavy membranes were isolated from HOMyc3 cells and HO15.19 cells and
tested for sensitivity to tBid and Bax induced cytochrome c release to determine the role
of Myc in this process. There was no cytochrome c released by 0.42 nM tBid (Figure
1A,C). However, a small amount of cytochrome c was released from the HOMyc3
mitochondria after exposure to 0.83 nM tBid, and was increased when 1.67 nM tBid was
added (Figure 1A). Since these mitochondria do not contain detectable Bax but do
contain Bak, cytochrome c release was likely due to tBid activation of Bak. When 0.42

nM tBid was added with 104 nM Bax most of the cytochrome ¢ was released (Figure 1A,
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Figure 1 HOMyc3 mitochondria are more sensitive than HO15.19 mitochondria to
tBid induced cytochrome c release. HOMyc3 heavy membranes (40pg of total
membrane proteins) were incubated with A) increasing amounts of tBid with or without
104nM Bax and B) decreasing amounts of Bax in the presence and absence of 0.42nM
tBid. C) HO15.19 heavy membranes (40ug of total membrane proteins) were incubated
with tBid with or without Bax, as indicated. 1% Triton X-100 (TX) was used as positive
control to cause the release of cytochrome ¢ by detergent solubilization of the outer
mitochondrial membrane. Cytochrome c¢ (cyto c) release was monitored by
immunoblotting the reaction supernatants (S) and repelleted mitochondria (P).

101



M.Sc. Thesis — PJ Dlugosz McMaster- Biochemistry and Biomedical Sciences

B). Because 0.42 nM tBid released cytochrome ¢ only when Bax was added we conclude
that cytochrome c release was primarily due to activation of Bax (rather than Bak) by
tBid. In contrast, mitochondria isolated from HO15.19 cells were less sensitive, as 1.67
nM tBid with 104 nM Bax did not cause cytochrome c release (Figure 1C), and
cytochrome c¢ was only partially released after incubation with 8 nM tBid and 520nM
Bax. Complete release of cytochrome c required 80 nM tBid with 520 nM Bax (Figure
2B). The increased sensitivity of the HOMyc3 mitochondria to tBid and Bax induced
cytochrome c release is not due to increased Bak on the membrane as the amount of Bak
does not differ in the two cell lines (Matthew Annis, PhD thesis, Dept. of Biochemistry,
McMaster University). Surprisingly, HO15.19 cells were also more resistant to tBid
without added Bax. Even after 833 nM tBid was added to the isolated heavy membranes
no cytochrome c release was detected. Therefore Myc expression presumably sensitizes
mitochondria to endogenous activated Bak as well as activated Bax.

The Rat-1MycER™M cells used in chapter 3 contain a chimeric fusion of Myc to
the estrogen receptor (MycER™M) (Littlewood et al, 1995). This fusion protein has
minimal transcriptional activity until the addition of tamoxifen, which binds to estrogen
receptor moiety, changing the conformation of the fusion protein such that Myc becomes
functional. However, this is a ‘leaky’ system with continued expression of endogenous
Myc and partial activity of the MycER™M fusion protein even in the absence of
tamoxifen (Mateyak et al, 1997). The MycER™M cells are therefore intermediate
between the HO15.19 and HOMyc3 cells in expression of Myc. Exposure to 0.83 nM

tBid and 260 nM Bax induces the release of cytochrome ¢ from the Rat-1MycER ™M
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Figure 2 HO15.19 mitochondria are resistant to tBid induced cytochrome c release
even after 48 hour treatment with etoposide. Cytochrome c (cyto c) release was
monitored by immunoblotting the reaction supernatants (S) and pelleted mitochondria (P)
from A) HOMyc3 and B) HO15.19 heavy membranes that were incubated with tBid with
and without Bax, as indicated. The highest concentration of Bax'was added to the isolated
heavy membranes to determine its effect on the mitochondria. 1% Triton X-100 (TX) was
used as positive control. C) Mitochondria isolated from HO15.19 cells that had been
treated with etoposide for 48 hours were immunoblotted for the presence of endogenous
Bax. The isolated heavy membranes were incubated with tBid and Bax as indicated and
monitored for cytochrome c release (cyto ¢) by immunoblotting.
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mitochondria (Figure 7 in chapter 3), twice the amount of tBid and Bax required to
release cytochrome ¢ from the HOMyc3 mitochondria, but significantly less than for
HO15.19 mitochondria. Therefore, even in this cell line where there is relatively little
deregulated Myc expression, mitochondria are sensitized to tBid and Bax induced
cytochrome c release.

After HO15.19 cells have been exposed to etoposide for 48 hours, 40% of the
total amount of Bax in the cell has migrated to the mitochondria (Soucie et al, 2001).
Therefore mitochondria from these cells contain endogenous Bax (Figure 2C). Despite
the presence of Bak and Bax, these mitochondria were insensitive to tBid (and Bax)
induced cytochrome c release (Figure 2C) suggesting that Myc-controlled factor(s)

determine sensitivity to tBid and Bax induced cytochrome c release.

An inhibitor of Bax oligomerization is present on the HO15.19 mitochondria

To determine whether the factor(s) inhibiting cytochrome c release was present in
mitochondria or if either sensitization or inhibition was conferred by something in the
cytosol of either cell line I took advantage of the cell free system described in Chapter 3
to perform cytosol switching experiments. Exposure of HO15.19 mitochondria with
HOMyc3 cytosol to the combination of 1.67 nM tBid and 104 nM Bax did not release
cytochrome c (Figure 3A sample 3). Moreover, cytosol from HO15.19 does not inhibit
tBid and Bax induced cytochrome c release from HOMcy3 mitochondria (Figure 3B

sample 6). Therefore, either mitochondria from HOMyc3 cells contain an activator or
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Figure 3 HOMyc¢3 cytosol is unable to sensitize HO15.19 heavy membranes to tBid
and Bax induced cytochrome c release. Heavy membranes isolated from A) HO15.19 or
B) HOMyc3 cells were incubated with tBid, Bax and cytosol as indicated below the
immunoblots. Cytochrome c release was monitored by pelleting the mitochondria and
visualizing the cytochrome c in the supernatant (S) and pellet (P) fractions after SPS-PAGE
and immunoblotting. 1% Triton X-100 (TX-100) was used as a positive control to
solubilize the mitochondria.
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HO15.19 mitochondria contain one or more components that inhibit tBid and Bax
mediated cytochrome c release.

These results are consistent with in vitro observations made using the cell lines.

In Myc expressing cells Bax formed higher molecular weight complexes following
etoposide treatment, consistent with other reports in which oligomerization is required for
the cytochrome c releasing activity of Bax. In HO15.19 cells Bax oligomerization was
blocked and only Bax monomers were found on the mitochondrial membrane after
etoposide treatment (Annis ef al., submitted). The simplest interpretation of the results
obtained using cell lines and the cell free system is that an inhibitor was present on the
mitochondria of HO15.19 cells that was repressed in HOMyc3 cells, or that Myc
positively regulates the expression of a component necessary for Bax oligomerization.

In vitro, tBid-activated Bax has been shown to form large molecular weight
oligomers in liposomes (Kuwana et al., 2002; Yethon ef al., 2003) that permeabilized
liposomes to allow release of dextrans up to 2000 kDa (Kuwana et al., 2002). Thus in
this system other proteins are not required for tBid-activated Bax oligomerization or pore
formation. Therefore, the most likely explanation for the resistance of HO15.19
mitochondria to tBid and Bax induced cytochrome c release is the presence of an
inhibitor. As a transcription factor, Myc has been shown to both activate and repress the
transcription of many target genes both directly and indirectly. Thus, our current
interpretation of the results in Figures 2 and 3 is that Myc represses the transcription of an

inhibitor of Bax oligomerization.
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Chapter Six

Discussion
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Apoptosis is an essential process that plays a critical role in the normal
development and tissue homeostasis of multi-cellular organisms. The importance of
apoptosis is revealed when the normal regulation of the process is disrupted. Increased
apoptosis results in several neurodegenerative diseases such as Parkinson’s disease,
Huntington’s disease and muscular degeneration. In contrast, decreased cell death is a
contributing factor in propagating viral infections and cancers (Thompson, 1995). Thus
understanding the regulation of apoptosis has implications in several human diseases.

One potent regulator of apoptosis is the Bcl-2 family of proteins (reviewed in
Antonsson 2004). As demonstrated by the results presented in this thesis, the
antagonistic relationship between Bcl-2 family members is critical for the regulation of
cell death. Mitochondria are a central target for the activity of these proteins and
therefore a cell free assay was developed in which isolated heavy membranes from Rat1-

MycER™M cells were used to study the interactions between Bcl-2, Bax and tBid.

Assay Development

Due to the complexity and redundancy of a mammalian cell it is extremely
difficult to tease out the function of individual proteins within a live cell. Therefore, to
examine the function of Bcl-2 in preventing tBid and Bax induced apoptosis, a cell free
assay was needed. An assay based entirely on purified recombinant proteins would have
been ideal; however purification of functional recombinant full-length Bcl-2 protein is
problematic. As an alternate source of Bcl-2, mitochondria were isolated from cells

overexpressing Bcl-2. The use of isolated mitochondria also allowed a convenient
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measure of Bcl-2 function, as apoptosis can be monitored by assaying cytochrome c
release from mitochondria. Therefore a cell free assay was developed using isolated
energized mitochondria that are susceptible to physiologically relevant release of
cytochrome ¢ during apoptosis (Chapter 3) to monitor the interaction and function of Bcl-

2, Bax and tBid.

Bcl-2 inhibits tBid and Bax induced cytochrome ¢

Bax alone is unable to induce cytochrome c release from isolated mitochondria.
However, the addition of tBid and Bax together leads to complete cytochrome c release.
Bcl-2 can inhibit tBid and Bax induced cytochrome c release in this system (Chapter 3).
Examining the proteins separately showed that the addition of tBid resulted in the
oligomerization of Bax on the membrane and that Bcl-2 inhibited Bax oligomerization
and prevented Bax pore formation. Bcl-2 and Bax formed a complex after the addition of
tBid, suggesting that Bcl-2 prevents apoptosis by inhibiting the formation of Bax
oligomers through the sequesteration of tBid-activated Bax.

Activated Bak protein can induce oligomerization and activation of other Bak
molecules (Ruffolo ef al., 2003). Since Bax and Bak proteins are very similar, it is
possible that tBid activated Bax can also trigger Bax auto oligomerization. Therefore
Bcl-2 may preferentially interact with tBid-activated Bax by blocking oligomerization
and further activation of other Bax proteins, thereby preventing the release of cytochrome

C.
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Bcl-2 inhibition of Bax oligomerization and cytochrome c release can be
overcome by increasing the amount of tBid added. After the addition of tBid and Bax
under conditions where Bcl-2 was unable to prevent cytochrome c release, high
molecular weight oligomers of Bax were detected. These observations are consistent
with a threshold model of cell death regulation, in which Bcl-2 inhibits apoptosis until

there is an excess of tBid-activated Bax proteins.

Membrane topology of Bcl-2

Bcl-2 undergoes a conformational change on the membrane after exposure to
apoptotic stimuli. In healthy cells Bcl-2 adopts a tail-anchored topology with the
hydrophobic carboxyl-terminus in helix 9 inserted into the membrane. After induction of
apoptosis, Bcl-2 changes to a conformation in which cysteine 158 in helix 5 is inserted
into the lipid bilayer (Kim et al., 2004). Exposure of Bcl-2 in isolated heavy membranes
to either recombinant tBid or a peptide corresponding to the BH3 domain of Bim
triggered a similar conformational change. (Chapter 4). Bcl-2 proteins that have inserted
cysteine 158 into the membrane are competent to prevent cytochrome c release. This
suggests that either this change is required for the function of Bcl-2 or that the
conformational change is a result of Bcl-2 having carried out its function.

The changes in Bcl-2 membrane topology appear to be coincident with a Bcl-2-
Bax complex formation. (Chapter 3, Figure 11). This raises the intriguing possibility that
the interaction between Bcl-2 and Bax only occurs after Bcl-2 changes topology.

Consistent with this is the observation that non-ionic detergents artificially induce
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changes to Bax (making it 6A7 positive) and allow it to bind with Bcl-2 (Hsu ef al.,

1997) suggesting that conformational changes in both these proteins are required for
heterodimerization. Binding between the Bcl-2 family members is mediated by the BH
domains of these proteins. In the solution structure of Bax, the BH3 domain is buried and
therefore inaccessible to Bcl-2. However, after activation by tBid, the Bax BH3 domain
may be in a different orientation in which it is available to bind to Bcl-2. Bcl-2 may also
need to change membrane topology to bind activated Bax, thereby inhibiting Bax

oligomerization and preventing cytochrome c release.

Cytochrome c release in the absence of Myc

When Myc is not expressed in cells, the mitochondria contain one or more
components that inhibit tBid and Bax mediated cytochrome c release (Chapter 5)
compared to the response of mitochondria from Myc over-expressing cells. Cytosol
switching experiments confirmed that the defect in cytochrome c release after exposure to
apoptotic stimuli in cells lacking myec is inherent to the mitochondria and not conferred
by a factor in the cytosol of either cell line. Therefore it is possible that Myc expression
represses the transcription of a membrane bound inhibitor of Bax oligomerization.

In this thesis the development of a cell free assay is presented. This assay can be
used to study apoptosis and analyze the role of specific proteins in a controlled fashion.
The results obtained with this cell free assay have further elucidated the mechanism of
action of Bcl-2, Bax and tBid. I have shown that Bcl-2 inhibits the oligomerization of

tBid-activated Bax. In addition I have demonstrated that Bcl-2 changes topology on the
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membrane as part of its anti-apoptotic function. Finally, I have shown that the tBid/ Bax
induced cytochrome c release from mitochondria requires an organelle-intrinsic Myc-

dependent factor.
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