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Variability and Dynamics of Apoptotic Events in Single Cells

Patrick Bhola, Ph.D.

The Rockefeller University 2010

Apoptosis is a form of programmed cell death that is necessary for development and organism
homeostasis. The early stages of apoptosis are marked by the permeabilization of the
mitochondrial outer membrane, the release of cytochrome ¢ and Smac from mitochondria, and
the activation of the caspase family of proteases. The permeabilization of the mitochondria outer
membrane is thought to represent the commitment of a cell to an apoptotic fate, and the
subsequent release of mitochondrial proteins is an “all or none” phenomenon that is completed in
an individual cell within minutes. Although the cellular decision to commit to apoptosis is
important for organism homeostasis, there is considerable variability in the onset of apoptosis
between cells in culture, even in clonal populations. Here we developed a reporter (pmDEVD)
for caspase activation in single cells. The pmDEVD reporter relocalizes from the plasma
membrane to the cytoplasm after caspase activation. We find that the reporter has similar kinetic
properties but better fold-increase properties than existing reporters. Using the pmDEVD
reporter in single cells, we observe that the onset of caspase activity was tightly synchronized
between nearby cells. This synchrony was not a consequence of secreted factors and was not
correlated to the cell cycle. A similarity of apoptosis times was seen amongst sister and related

cells and was lost over successive generations. The times of apoptosis also diverged within a



generation, but this was blocked by inhibiting protein synthesis before triggering apoptosis.
These results suggest that the cell-cell variability of apoptosis times is due to the divergence of
the molecular composition of the cell, and that the decision to commit to apoptosis at the time of
drug addition has a deterministic component. We used the deterministic nature of apoptosis in
single cells to monitor the release of mitochondrial release at a rapid temporal resolution. At a
rapid time resolution, we find that the release of cytochrome ¢ propagates throughout the cell as
a spatially coordinated wave. The permeability of the outer membrane to Smac propagates with
the same spatial pattern as cytochrome c but lagging in time. This is followed by a wave of
increased permeability of the inner membrane to protons. Only afterward do the mitochondria
fission. The spatial dependence of the permeability wave was inhibited by thapsigargin, an
inhibitor of the endoplasmic reticulum calcium pumps, but buffering cytosolic calcium had no
effect. Altogether, these results demonstrate the organized dynamics of apoptosis. First the onset
of apoptosis in a single cell has a deterministic component, and second, the trigger for apoptosis
is spatially localized, initiating at one or only a few mitochondria and then propagating across the

cell.
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Chapterl: Introduction

Apoptosis is a form of programmed cell death which eliminates harmful or
unwanted cells in multi-cellular organisms (Ellis et al., 1991). Generally, apoptosis is
important for organism development and in the maintenance of organism homeostasis.
Below is an overview of some of the early observations of cell death and apoptosis, and
some of the organelles and molecules involved in apoptosis with an emphasis on aspects

relevant to this thesis.

Early Observations of Cell Death

Early reports of cell death date back to at least 1842 with experiments on cell
death in insect metamorphosis (Clarke and Clarke, 1996). Over the next decades, studies
on cell death focused on phagocytosis (the process where one cell engulfs another
otherwise healthy cell) (Tauber, 2003), and necrosis (the death of injured cells) (Majno
and Joris, 1995). Cell death was also observed in various developing organisms, and was
eventually proposed to play a vital role (and not a detrimental role) in organism
development (Glucksmann, 1951). Experimental manipulation of cell death in organisms
was reported in the 1950’s by Rita-Levi Montalcini and Viktor Hamburger on neuronal

cell death in the chick embryo. These experiments described cell death in response to

1



limb bud removal (Levi-Montalcini, 1987; Hamburger and Levi-Montalcini, 1949), and
they later identified the nerve growth factor (NGF) as a molecule that was preventing cell

death (Levi-Montalcini, 1987).

Morphological Characterization of Cell Death

The application of electron microscopy to biological specimens beginning in the
1940’s enabled more detailed observations of the morphology and organelles present
within cells (Porter et al., 1945). The application of electron microscopy to necrotic cell
death showed swelling of organelles and of the cell (Kerr, 1969; Kerr, 1970). A separate
type of cell death (autophagy) was characterized by the formation of lysosomes and
vacuolar vesicles (Arstila and Trump, 1968). Later studies on cell death in developing
tissues revealed the contraction of cells, and the condensation of chromatin which was in
contrast to the morphology of necrotic cell death (Kerr et al., 1972). This developmental
cell death was initially referred to as shrinkage necrosis (Kerr, 1971), and was later

renamed apoptosis (Kerr et al., 1972).

Genetic Evidence of Apoptosis
A genetic program underlying cell death was suggested by experiments showing
that blocking protein and RNA synthesis inhibited cell death in insects and the tadpole

tail (Lockshin, 1969; Tata, 1966). The identification of specific cell death genes was
2



initiated by the use of C. elegans as a model system for cell death. In these organisms
131 of 1090 cells undergo cell death (Sulston and Horvitz, 1977; Sulston et al., 1983). A
close analysis of the lineage and fates of individual cells showed that the same cells were
reproducibly eliminated (Sulston, 1976), indicating that the deaths were not only
regulated on the organism level, but are also programmed at the level of single cells.
Apoptosis genes were identified by mutagenizing somatic cells of C. elegans, and
screening for cell death abnormal (ced) mutants (Ellis and Horvitz, 1986). Several
mutants were found to have defects in apoptosis including ced-3 and ced-4, both of which

are absolutely required for cell death (Ellis and Horvitz, 1986).

A separate genetic analysis using insects as a model systems uncovered several
proteins involved in programmed cell death. In cells from the moth Spodoptera
frugiperda it was noted that mutations to the the baculovirus p35 gene could result in
apoptosis after viral infection which could be rescued by a homologous gene termed iap
present in another insect virus (Crook et al., 1993). Shortly afterwards, a genetic screen
identified a cluster of genes required for almost all programmed cell death in Drosophila
embryogenesis (White et al., 1994). The characterization of this locus resulted in the
identification of the apoptosis genes reaper, hid and grim (Chen et al., 1996; Grether et
al., 1995; White et al., 1994) which facilitate apoptosis. Later the physiological target of
the proteins encoded by these apoptosis inducing genes was identified (Drosophila
Inhibitor of Apoptosis Protein 1) which was shown to have homology to the apoptosis

repressing baculovirus p35 gene (Goyal et al., 2000). Subsequent analysis of these



molecules suggested a system repressing programmed cell death, and a mechanism to

relieve the repression (reviewed in (Kornbluth and White, 2005)).

Insights into the genetics of mammalian programmed cell death resulted from the
cloning and characterization of the Bcl-2 proto-oncogene. The Bcl-2 gene was identified
at the chromosomal breakpoint t(14;18) in human B cell lymphoma (Bakhshi et al.,
1985). Unlike most other oncogenes identified at the time, Bcl-2 did not induce
proliferation, but instead prevented cell death (Vaux et al., 1988). This was not only
demonstrated in cell culture, but also in mice over-expressing Bcl-2 along with c-myc -
which developed leukemia (McDonnell and Korsmeyer, 1991; Strasser et al., 1990), and
in Bcl-2 knockout mice developed excessive cell death of lymphocytes and melanocytes
(Veis et al., 1993). Importantly, the over-expression of Bcl-2 in C. elegans had had a
protective effect on cell death in C. elegans (Vaux et al., 1992). This not only
demonstrated a cell death defect in human pathology, but also that cell death components
in vastly different species is functionally conserved (Vaux et al., 1992). Since the
demonstration of an apoptotic genetic program, many apoptosis genes and molecules

have been characterized.

Molecular Components of Apoptosis Signaling

Below we give an overview of the molecules involved in mammalian apoptosis.

Two non-distinct apoptotic pathways have been defined based on whether the triggering



mechanism is internal to the cell (intrinsic apoptosis), or whether the apoptotic trigger is
external to the cell (extrinsic apoptosis) (Ow et al., 2008). Some intrinsic triggers include
DNA damage, endoplasmic reticulum (ER) stress, or microtubule stress. External stimuli
are often ligands which bind to receptors on the surface of the cells, and initiate signaling
that culminates in the death of the cell (Fulda and Debatin, 2006). Example ligands
include tumor necrosis factor a (TNFa) (Carswell et al., 1975), the TNF a related
apoptosis inducing ligand (TRAIL) (Wiley et al., 1995), and Fas Ligand (Suda et al.,
1993). Nonetheless, it is important to consider the overlap between molecules stimulated

by different triggers, and that these pathways may not actually be distinct.

Below is a description of some of the molecules and processes which occur in
response to apoptotic stimuli. These include the Bcl-2 family, mitochondrial associated

proteins (including cytochrome ¢ and Smac), and the caspase family of proteases.

Mitochondria Overview

Mitochondria play a central role in the oxidative phosphorylation cycle and thus
in the generation of cellular ATP (Slater, 1977). Electron microscopy studies of
mitochondria revealed the substructure of mitochondria which includes the outer
mitochondrial membrane (OMM), the intermembrane space (IM), the inner
mitochondrial membrane (IMM), and the mitochondrial matrix (Palade, 1953). The IMM

is organized in a manner that creates invaginations into the matrix called cristae spaces



(Palade, 1953; Frey and Mannella, 2000). Several membrane bound complexes exist on
the IMM which transport protons and other ions in or out of the mitochondrial matrix
(Schultz and Chan, 2001). The transport of protons creates a membrane potential (AY)
across the IMM which is required for the synthesis of ATP. The presence of a potential
across the IMM can be observed by the accumulation of lipophilic cations (such as
TMRE and TMRM), which preferentially accumulate actively respiring mitochondria

(Ehrenberg et al., 1988).

Mitochondria are highly dynamic organelles which fission and fuse with other
mitochondria (Bereiter-Hahn and Voth, 1994). The fission and fusion of mitochondria
are regulated by several proteins such as dynamin related protein 1 (Drpl), Fisl, Bax, and
many other proteins (Hoppins et al., 2007). Several human disorders are associated with
mutations in fission and fusion genes including Charcot-Marie-Tooth-subtype 2A and
dominant optic atrophy (Alexander et al., 2000; Pedrola et al., 2005). Notably some of

these fission/fusion proteins are also involved in apoptosis (Suen et al., 2008).

Mitochondrial Role in Apoptosis

The mitochondrial localization of Bcl-2 in mammals and ced-4 in C. elegans
suggested that the mitochondria play significant roles in apoptosis (Hockenbery et al.,
1990). Since then various proteins associated with the mitochondria have been

discovered to be involved in apoptosis. Some of these molecules include the Bcl-2



family of molecules, cytochrome ¢, Smac/DIABLO, and Omi, among many others (Ow
et al., 2008). Furthermore, modifications to the mitochondria structure occur during
apoptosis including mitochondrial fission and fragmentation (ROUILLER, 1957; Zhuang
et al., 1998), loss of mitochondrial intermembrane space potential (Goldstein et al.,
2000), and changes in the geometry of the mitochondria cristae spaces (Sun et al., 2007).
Below we discuss some of the mitochondrial associated molecules relevant to this thesis

and their involvement in apoptosis.

Bcl-2 Family

The Bcl-2 family of proteins play critical roles in the release of mitochondrial
proteins during apoptosis (Kluck et al., 1997; Yang et al., 1997). The expression and
concentration of specific Bcl-2 molecules have been proposed to determine the sensitivity
of cells to some apoptotic signals and some chemotherapies (Danial and Korsmeyer,
2004; Deng et al., 2007). Bcl-2 itself was identified at the chromosomal breakpoint of
t(14;18) in human B cell lymphoma (Bakhshi et al., 1985; Cleary and Sklar, 1985).
Further Bcl-2 related molecules were identified through protein-protein interactions or
based on sequence homology. At least 19 Bcl-2 molecules have been identified to play a
role in apoptosis (Wang and Youle, 2009). These molecules can be classified based on
the presence of four Bcl-2 Homology (BH) domains, and their presumptive role in

apoptosis (Table 1, Figure 1) (Danial and Korsmeyer, 2004).



TABLE 1: Bcl-2 molecules

BH3 Only Anti-Apoptotic Pro-Apoptotic
Bad Bcl-2 Bax

Bim Bel-XL Bak

Bid Mcll Bok

Noxa Al

Puma Bcl-W

Bik Bcl-Rambo

Hrk Bcl-L10

Bmf Bcl-10




Figure 1: Proposed roles of Bcl-2 and mitochondrial proteins during apoptosis.
Anti-apoptotic (blue) and BH3-only (orange) molecules control the activity of the
pro-apoptotic (yellow) Bcl-2 molecules. Oligomerization of pro-apoptotic molecules
results in the release of mitochondrial proteins such as cytochrome ¢ and Smac. The

diagram does not include all known Bcl-2 molecules.



Bcl-2 molecules have a variable number of the four distinct BH3 domains. The
number of domains roughly correlates with the apoptotic function of the molecule
(Danial and Korsmeyer, 2004). Pro-apoptotic molecules (such as Bax and Bak) possess
BH domains 1-3, and are directly involved in the release of apoptotic mitochondrial
proteins (Chittenden et al., 1995; Zha et al., 1996a). The BH3-only molecules enable the
apoptotic function of Bax and Bak either by direct or indirect stimulation (Boyd et al.,
1995; Lomonosova and Chinnadurai, 2008). The third category of Bcl-2 molecules
possesses BH1-4 domains, and inhibit the pro-apoptotic or the BH3-only molecules
(Muchmore et al., 1996; Danial and Korsmeyer, 2004). The subcategories of the Bcl-2
family are discussed in more detail below. Notably, there is significant controversy on
the interactions of the Bcl-2 molecules and how they permeabilize the mitochondrial

outer membrane (Antignani and Youle, 2006; Chipuk et al., 2010).

Bax/Bak

During apoptosis Bax and Bak undergo conformational changes and oligomerize
at discrete sites on the mitochondria (Nechushtan et al., 2001). The oligomerization of
Bax and Bak is proposed to result in the permeablization of the mitochondria and the
release of cytochrome ¢, Smac/DIABLO and other molecules involved in the execution
of apoptosis. A double knockout of Bax and Bak blocks the release and inhibits caspase-

3 processing and activity in response to intrinsic stimuli (Wei et al., 2001). While

10



extrinsic stimuli such as TNFa is still able to induce caspase activation in Bax/Bak
double knockout cell lines, it is not able to induce cytochrome c release (Wei et al.,

2001).

Bax is a monomeric protein that is localized in the cytoplasm and loosely
associated with mitochondria (Hsu et al., 1997). It is comprised of 9 a-helices which
form a hydrophobic pocket that is occupied by its C-terminal helix in its inactive state
(Suzuki et al., 2000). During apoptosis Bax translocates to the mitochondria, and inserts
into the outer membrane (Nechushtan et al., 2001; Gross et al., 1998), with liposomal
assays suggesting that a-helices 5, 6, and 9 insert into the outer mitochondrial membrane
(Annis et al., 2005). Bax then proceeds to oligomerize at discrete sites on the
mitochondria rather than uniformly throughout the mitochondria (Nechushtan et al.,
2001; Lovell et al., 2008). Although large Bax oligomers form on the mitochondria,
experiments on isolated mitochondria or on liposomes suggest that only a few molecules
are minimally required for permeabilization (Saito et al., 2000; Martinez-Caballero et al.,
2009). Furthermore, live cell imaging of Bax fused to the green fluorescent protein
(GFP) indicates that the majority of Bax accumulation at the mitochondria occurs after

the permeabilization of the mitochondrial outer membrane (Dussmann et al., 2010).

Unlike Bax, Bak is constitutively associated with the mitochondrial membrane
and the endoplasmic reticulum (Zong et al., 2003; Wei et al., 2000). Prior to apoptosis
Bak can associate with anti-apoptotic proteins such as Mcl-1 and Bcl-xL (Willis et al.,

2005), and also with VDAC (Cheng et al., 2003). However, co-immunoprecipitation

11



experiments suggest that Bax and Bak are not all be constitutively associated with anti-
apoptotic Bcl-2 proteins, and may exist as monomers (Hsu and Youle, 1997; Cheng et al.,
2001). The precise mechanism of how Bax/Bak is activated and regulated by other Bcl-2
members is unclear, though several models have been proposed to explain their
regulation (Chipuk and Green, 2008); these are discussed in more detail in a later section.
Nonetheless, during apoptosis Bak redistributes on the mitochondria and electron
microscopy images indicate that Bak is found at discrete sites after apoptotic stimuli
(Nechushtan et al., 2001). Bax and Bak double knockout lines also display altered
mitochondrial morphology and mitochondrial fusion (Karbowski et al., 2006) which may
suggest a link between mitochondrial morphology and apoptosis, or non-apoptotic

functions of Bax and Bak.

Various mechanisms have been proposed for how Bax and Bak mediate the
release of cytochrome c. These include the formation of a proteolipid pore or channel
(Basanez et al., 2001; Martinez-Caballero et al., 2009), and the modification of an
existing channel (Kroemer et al., 2007). Evidence supporting the role of a modified pore
is based on the ability of Bax to accelerate the opening of a voltage dependant ion
channel (VDAC) in liposomes (Shimizu et al., 1999). VDAC along with the adenine-
nucleotide translocase (ANT) was proposed to form the permeability transition pore
(PTP) which induces the swelling of the matrix, the rupturing of the mitochondria, and
the release of cytochrome c. However, knockouts of VDAC or ANT do not recapitulate

the phenotype of the Bax/Bak double knockout (Baines et al., 2007; Kokoszka et al.,

12



2004). Nonetheless it is possible that another modified channel is necessary for

cytochrome c release but has not been identified.

Some evidence support the existence of Bax/Bak protein pores. First Bcl-2
proteins are structurally similar to bacteria pore toxins suggesting Bax and Bak may
permeabilize the OM in a similar way (Muchmore et al., 1996). Furthermore, Bax can
permeabilize synthetic liposomes which lack the additional proteins present in the
mitochondrial membrane (Saito et al., 2000). However, while the existence of a channel
or a pore has been proposed with Bax or Bak as the major component, key structural and
biochemical evidence of a pore is lacking (Antignani and Youle, 2006; Chipuk and

Green, 2008).

Bcl-2 Inhibitors

Several Bcl-2 molecules inhibit the association of Bax and Bak into oligomers.
These include Bcl-2, Bel-xL, Bcl-W, MCL-1 and Al. Individual Bcl-2 anti-apoptotic
molecules are proposed to have specific interactions with Bax and Bak (Willis et al.,
2007) or with the BH3 only proteins (Chen et al., 2005; Letai et al., 2002; Kim et al.,
2006). However there is some disagreement on the interactions between anti-apoptotic
and pro-apoptotic proteins (Chipuk and Green, 2008). For example one
immunoprecipitation study found that Bcl-x, is associated with Bak prior to apoptosis

(Willis et al., 2005), whereas another study did not detect an interaction (Cheng et al.,

13



2001). Several possibilities explaining this difference could include an experimental
difference in cell types, expression levels or in purification processes. More generally,
the precise mechanism of inhibition, and the nature of these interactions remain unclear
and are discussed in detail below (see Models of Bax/Bak Activation). Several drugs
have been designed to inhibit Bcl-2 anti-apoptotic proteins to enable the progression of

apoptosis in tumors or tumor cells (Oltersdorf et al., 2005; Nguyen et al., 2007).

Bcl-2 Sensitizers and BH3-Only Proteins

The activation of Bax and Bak depends in part on the state of a subset of the Bcl-2
family called the BH3-only proteins (Wang et al., 1996). These include Bad, Bim, Bid
and Noxa/Puma among other proteins (Giam et al., 2008). The activity of the BH3-only
proteins can be modified post-translationally. These can include the inactivation of Bad
and the activation Bim by phosphorylation events (Harada et al., 1999; Lei and Davis,
2003). Additionally, the pro-apoptotic function of Bid results from the cleavage of the
amino terminal resulting in truncated Bid (tBid) (Zha et al., 1996b; Li et al., 1998;

Hubner et al., 2008).
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Models of Bax and Bak Activation

Two often cited models have been proposed to explain the mechanism by which
the Bcl-2 pro- and anti-apoptotic molecules proteins activate the Bax and Bak effector
molecules. One model proposes that Bax and Bak can be directly activated by a subset of
BH3 only molecules which interact with and structurally modify the effector proteins,
and that the remaining BH3 molecules can alter the apoptotic sensitivity of mitochondria
by inhibiting anti-apoptosis Bcl-2 proteins, but cannot themselves directly activate Bax or
Bak (Kim et al., 2006). For example, it is thought that tBid (an activated and cleaved
form of Bid) enables the association of Bax with mitochondria membrane based on in
vitro liposomal experiments in the absence of other proteins (Lovell et al., 2008). More
generally, of the BH3 peptides from BH3 only proteins, only Bid, Bim and Puma
peptides were able to induce Bax mediated liposomal or mitochondrial permeabilization
without the addition of other proteins (Letai et al., 2002). One of the objections to this
model is the poorly detected interaction between Bax/Bak and the direct activator
proteins (Willis et al., 2007) — which could indicate a transient interaction, but may also

indicate that a direct activation of Bax and Bak is not a physiologically relevant signal.

Alternatively, it is possible that the BH3 only proteins interact with the Bcl-2
inhibitors, there by disengaging Bax or Bak from the anti-apoptotic inhibitor . In these
models, Bcl-2 inhibitors would constantly keep Bax or Bak from being activated until
disengaged by the BH3 only molecules (Adams and Cory, 2007). In support of this
model is that while BH3 only peptides can engage Bax or Bak (Letai et al., 2002), there is
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little or no interaction between these BH3 proteins and Bax/Bak in cells (Willis et al.,
2007). Moreover, there is detectable interaction between over expressed anti-apoptotic
proteins with Bak (Willis et al., 2005). One of the objections to this model is that several
immunoprecipitation experiments indicate that Bax and Bak exist as monomers in vivo
(Hsu and Youle, 1997; Cheng et al., 2001). These unattached and yet inactive Bax/Bak
molecules are in apparent contradiction to this model — though one possibility is that
there are other forms of Bax/Bak sequestering and inhibition that is not fully understood.
Finally, another possibility is that both of these models are insufficient to explain the Bcl-

2 family interactions, and a newer model is needed.

Cytochrome ¢

Cytochrome ¢ was initially discovered for its role in the electron transport chain
and in the production of ATP (Slater, 1977). It is synthesized in the cytosol, and is
imported into the mitochondria where it acquires a heme group. The heme group consists
of an iron molecule which can covert between Fe2+ and Fe3+, thus enabling cytochrome
c to serve as an electron donor and acceptor. In the context of the electron transport
chain, cytochrome c transports electrons between Complex 111 and Complex 1V (Schultz
and Chan, 2001). Cytochrome c is predominantly localized to the intermembrane space
of mitochondria and is thought that 85% of mitochondrial cytochrome c resides in the
cristae spaces of the mitochondria (Bernardi and Azzone, 1981) where it associates with

cardiolipin (Ott et al., 2007).
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Early cell-free experiments indicated the depletion of mitochondria from Xenopus
extracts reduced caspase activity suggesting that a mitochondrial protein is required for
the activation of caspase-3 (Newmeyer et al.,, 1994). Using biochemical and
centrifugation techniques caspase activation was shown to require cytochrome ¢, ATP,
and another factor called the apoptosis protease activating factor-1 (Apaf-1) (Liu et al.,
1996). Cell lines derived from knockout cytochrome ¢ mice show reduced caspase-3
activation, however are able to undergo apoptosis in response to some stimuli (Li et al.,
2000). Knocking in a mutagenized cytochrome ¢ (K72A) that functions in the electron
transport chain, but does not bind to Apaf-1 results in mice in which the majority died
prenatally, but with a few that were able to survive for several weeks (Hao et al., 2005).
Furthermore, while K72A MEFs are resistant to apoptosis induced by UV irradiation,
K27A thymocytes display a similar apoptosis response as the wild-type cytochrome c
thymocytes (Hao et al., 2005). Thus, the survival of some of the K27A mice, along with
the similar apoptosis response of K72A thymocytes suggests that there may be

cytochrome c independent mechanisms required for apoptosis.

Once in the cytosol, cytochrome ¢ can interact with individual molecules of Apaf-
1 (Zou et al.,, 1997). These molecules then oligomerize into a complex called the
apoptosome which is able to induce caspase activity (Li et al., 1997; Zou et al., 1999).
Furthermore, once cytochrome c relocalizes from the mitochondria to the cytosol, it can
also interact with the inositol triphosphate receptor (IPsR) which is embedded in the
endoplasmic reticulum (ER) and controls calcium release (Boehning et al., 2003). The

cytochrome c- IP3R interaction is proposed to enable the release of calcium from the ER,
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which in turn can induce the release of cytochrome c¢ from other mitochondria, thus

amplifying the initial release cytochrome ¢ (Boehning et al., 2003; Boehning et al., 2005).

Cytochrome c-GFP fusions have been found to localize to mitochondria prior to
apoptosis, however this takes considerable time (>48 hours) to properly localize to
mitochondria (personal communication D. Boehning). The release of cytochrome ¢ GFP
from mitochondria is complete within minutes, and is proposed to occur in a spatially
invariant manner through the cell (Goldstein et al., 2000; Munoz-Pinedo et al., 2006).
Coincident with the release of cytochrome c, mitochondrial intermembrane potential
(AY) is also lost, though inhibitors of caspase activation can delay AY loss (Munoz-
Pinedo et al., 2006). Nonetheless, the acquisition frequency of the images in these
studies is similar to the phenomenon that is being imaged, thus potentially masking finer

dynamic behavior.

Smac/DIABLO

During apoptosis, Smac/DIABLO (second mitochondria-derived activator of
caspases / direct IAP-binding protein with low pl) is also released from the mitochondria
(Du et al., 2000; Verhagen et al., 2000). Smac is synthesized in the cytosol and when
imported into the mitochondria, the 55 N-terminal amino acids are cleaved resulting in
the 4 amino acids at the N-terminal AVPI (Burri et al., 2005). The processing of Smac

and the post-translocation AVPI amino terminal plays a role in promotion of caspase
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activity (Wu et al., 2000). The processed form of Smac resides in the intermembrane
space of mitochondria, with crystallography and biochemical data suggesting that it exists
as a homodimer (Chai 2000). Once released into the cytosol, Smac can interact with
Inhibitor of Apoptosis (IAP) proteins which themselves can directly inhibit or antagonize
caspase activity (Verhagen et al., 2000; Du et al., 2000). Smac is proposed to inhibit IAP
activity by substrate competition, direct IAP binding and inhibition or by inducing IAP
degradation (Lacasse et al., 2008). The precise mode of inhibition is somewhat unclear

and depends on the specific IAP; this is discussed in more detail in a later section.

Splice variants of Smac include Smac-beta, and Smac3. Smac-beta does not
localize to the mitochondria, and does not bind to I1APs, however, its overexpression can
predispose cells to certain apoptosis stimuli (Roberts et al., 2001). By comparison,
Smac3 does localize to mitochondria, is released during apoptosis, and can trigger
degradation of XIAP (Fu et al., 2003). Smac knockout mice are viable, and still undergo
apoptosis in response to a variety of stimuli (Okada et al., 2002). One possibility
explaining the viability of Smac knockout mice is the redundancy of Smac in apoptosis,

or alternatively, a splice variant may compensate for the Smac knockout.

Smac release is presumed to occur at the same time as cytochrome c release
(Munoz-Pinedo et al., 2006), and it has been suggested that they are released by the same
mechanism. However this order may depend on the apoptosis inducing drug and the
genetic background of the cell. For example in mouse embryonic fibroblasts (MEFs)

from Bid, Bad or Bak single knockout mice, in response to TRAIL treatment, Smac
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release is inhibited while cytochrome c release occurs (Kandasamy et al., 2003). This
suggests that different mitochondrial modifications may be needed for Smac or
cytochrome c release. Even more interesting is that Smac release is inhibited in
cytochrome ¢ KO mice (Hansen et al., 2006). This may indicate a feedback loop in

which cytosolic cytochrome c is required for Smac release in single cells.

Apaf-1

Apaf-1 forms a critical part of the apoptosome which activates the caspase-9, and
in turn caspase-3 (Li et al., 1997; Zou et al., 1997). While the majority of Apaf-1
knockout mice are embryonic lethal, (depending on the genetic background of the mice),
a small percentage can survive to adulthood (Yoshida et al., 1998; Honarpour et al.,
2000). MEFs isolated from Apaf-1 knockout mice undergo apoptosis, and are more
resistant to some apoptotic triggers than the cytochrome ¢ K72A knockin mice suggesting
that there may be cytochrome c independent but Apaf-1 dependant mechanisms to induce

apoptosis (Hao et al., 2005).

Apaf-1 consists of a caspase recruitment domain (CARD) and two WD40
domains (Hu et al., 1998; Li et al., 1997). Prior to cytochrome c release from the
mitochondria, Apaf-1 exists as a cytosolic monomer with its CARD domain bound to its
WD40 domain (Acehan et al., 2002; Li et al., 1997; Zou et al., 1999). When released into

the cytoplasm, cytochrome c binds to the Apaf-1 WD40 domain exposing the CARD
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domain. The presence of ATP enables the oligomerization of Apaf-1 into a wheel like
structure consisting of approximately 7 Apaf-1 proteins (Acehan et al., 2002; Li et al.,
1997), with the Apaf-1 CARD domains located in the center. The CARD domains bind
to caspase-9 thus forming the macromolecular complex called the apoptosome (Zou et
al., 1999). It is proposed that the proximity of caspase-9 at the center of the apoptosome
enables the activation of caspase-9 (Li et al., 1997; Rodriguez and Lazebnik, 1999;

Stennicke et al., 1999)

Other Mitochondrial Modifications during Apoptosis

During apoptosis, the structure of the mitochondria undergoes several changes.
Mitochondria cristae junctions become wider, and at a later time the cristae structure
changes from being long and tubular, to spherical and round (Sun et al., 2007). Opal —a
protein that is localized in a macromolecular complex at the cristae junction — is cleaved
during apoptosis enabling the widening of the cristae (Pellegrini and Scorrano, 2007).
This is proposed to allow the passage of cytochrome c out of the cristae space (Scorrano
et al., 2002). However, the temporal ordering of Opal cleavage and cytochrome c

relocalization within the mitochondria has yet to be directly measured.

Mitochondria also become fragmented during apoptosis, and in some instances
swell. This was initially thought to be a mechanism of release of cytochrome c, but direct

imaging shows that cytochrome c release occurs before significant swelling (Goldstein et
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al., 2005). Mitochondria also lose their membrane potential during apoptosis at a similar
time as cytochrome c release (Munoz-Pinedo et al., 2006). However, the addition of
caspase inhibitors delays loss of membrane potential, while still enabling cytochrome ¢

release (Goldstein et al., 2000).

Caspases

Caspases are a family of proteases that are involved in apoptosis, inflammation,
differentiation, and neuronal pruning, among other functions (Kumar, 2007). In
mammalian cells, at least fourteen caspases have been identified and are referred to as
caspase-1 through caspase-14 according to defined nomenclature (Alnemri et al., 1996).
The caspases are characterized by a cysteine nucleophile in their active site, and the
requirement for cleavage of substrates after aspartic acids (aspase) (Thornberry et al.,
1992). Caspases are translated as inactive precursors called zymogens or procaspases
which zymogens contain an inhibitory N-terminal prodomain of variable size, and a large
and small subunit (17-20 kDa and 10-12 kDa respectively) (Yan and Shi, 2005). The
activation of caspases represents a critical step in the progression of apoptosis resulting in
the cleavage of transcription factors, translation factors, cellular structures, among other

vital cellular components (Dix et al., 2008; Timmer and Salvesen, 2007).

Caspase-1 was the first identified mammalian caspase as the protease responsible

for the cleavage and activation of the precursor of IL-1B, and was accordingly named IL-
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1B Converting Enzyme (Cerretti et al., 1992). Shortly afterwards, the molecular
characterization of the protein encoded by the C. elegans ced-3 gene resulted in
identification of an enzyme with significant homology to the active region of caspase-1
(Yuan et al.,, 1993). Since these initial discoveries, families of caspases have been
discovered in various organisms identified and were found to play a role in apoptosis

(and other processes) (Vaux and Korsmeyer, 1999).

Caspases-2,-3,-6,-7,-8,-9 and -10 play roles in response to various apoptotic
stimuli. These are classified as initiator caspases or as executioner caspases based on the
length of their prodomains, and on their presumed function in apoptosis (Table 1) (Yan
and Shi, 2005). Initiator caspases are activated early in apoptosis and have prodomains
that are longer than 90 amino acids. These pro-domains enable the association with other
molecules required for caspase activation (Yan and Shi, 2005). In contrast executioner
caspases have significantly shorter prodomains (20-30 amino acids), are active late in
apoptosis, and when activated, cleave a large number of cellular substrates (Dix et al.,
2008; Timmer and Salvesen, 2007). The early/late involvement is largely based on
genetic evidence (Kumar, 2007) and immunodepletion of in vitro cultures (Slee et al.,
1999). Thus, these experiments do not preclude the existence of overlapping activities, or

of a synergistic relationship between initiator and executioner caspases.
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Table 2: Classification of Apoptotic Caspases

Initiator Executioner
Caspase-9 Caspase-3
Caspase-8 Caspase-6
Caspase-10 Caspase-7
Caspase-2

Caspase-9

Once released from the mitochondria, cytochrome ¢ and Apaf-1 associates with
caspase-9 to form the apoptosome which in turn processes and activates caspase-3 (Li et
al., 1997). After translation, caspase-9 is localized in the cytosol and exists as a
monomer (Stennicke et al., 1999; Renatus et al., 2001). It consists of an N-terminal pro-
domain with a caspase recruitment domain (CARD) which is responsible for the
association of caspase-9 with Apaf-1 (Li et al., 1997). Caspase-9 knockout mice reveal
excessive brain tissue resulting from decreased apoptosis, and are embryonic or perinatal

lethal depending on the genetic background (Hakem et al., 1998; Kuida et al., 1998).

While caspase-9 can be cleaved, the activation of caspase-9 does not require the
removal of its N-terminal prodomain (Stennicke et al., 1999). Two hypothesis exist for

the activation of caspse-9: the induced proximity model and the allosteric model
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(Boatright and Salvesen, 2003; Shi, 2004). The allosteric model proposes that caspase-9
monomers are activated directly (Rodriguez and Lazebnik, 1999), while the induced
proximity model proposed that the association of caspase-9 monomers in the apoptosome
brings caspase-9 close together which enables the multimerization of caspase-9 and thus

its activation (Boatright et al., 2003).

Caspase-3 and Caspase-7

In mammalian cells, caspase-3 is presumed to be the major executioner caspase
that cleaves the majority of cellular substrates. Caspase-3 can be processed and activated
by initiator caspases such as caspase-8, and -9, or by executioner caspases such as
caspase-7 and caspase-3 itself (Pop and Salvesen, 2009). Several substrates of caspase-3
include poly(ADP-ribose) polymerase (PARP), actin, and many other vital cellular
proteins (Dix et al., 2008; Timmer and Salvesen, 2007). Caspase-7 is highly similar to
caspase-3 based on sequence homology, and based on the cleavage of preferred
substrates (Fuentes-Prior and Salvesen, 2004; Thornberry et al., 1997). Furthermore,
their inactive and active structures show similar features (Chai et al., 2001; Mittl et al.,

1997; Riedl et al., 2001; Rotonda et al., 1996).

Shortly after translation, caspase-3 and caspase-7 zymogens form inactive dimers
in the cytosol (Yan and Shi, 2005). In this pre-apoptotic form, the activity of executioner

caspases is i