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Chapter 1

Involvement of caspases and caspase-like proteases in

programmed cell death

Gwénaél M.D.J-M Gaussand






PCD in animals and in plants

Abstract

Programmed cell death (PCD) plays an important role in development and maintenance of
tissue homeostasis, and in defense against pathogens and environmental stresses. The
molecular details of the signaling pathways underlying PCD, apoptosis in particular, have
been well studied in animals. Cells undergo apoptosis through two major pathways controlled
by complex regulatory networks: the extrinsic pathway (death receptor pathway) or the
intrinsic pathway (mitochondrial pathway). Caspases are the key executioners of apoptosis in
animals. In the past few years, the understanding of PCD mechanisms in plants has
deepened. In plants, PCD plays an important role in development, response to pathogens
and abiotic stress. The main question, still unanswered, is which proteases are the key

executioners of PCD in plants.

Introduction

Cell death is divided in animal species into programmed cell death (PCD) and necrosis. PCD
is an important process for multicellular organisms. As it removes superfluous, damaged or
infected cells in an organized manner, PCD plays an important role in development, in tissue
homeostasis, in defense against pathogens and to cope with adverse environmental stresses
(Steller et al. 1995; Meier et al. 2000; Lawen 2003; Jin & El-Deiry 2005). In the past decades,
PCD was held synonymous with apoptosis. The term apoptosis is derived from the Greek
word for the process of leaves falling from trees or petals falling from flowers. It was
introduced in the 1970s to differentiate a morphologically distinctive form of cell death
associated with normal physiology (Kerr et al. 1972). Apoptosis is associated with activation
of caspases, executioners of cell destruction. There are four mechanistic classes of
proteases that have been recognized by the International Union of Biochemistry and
Molecular Biology in 1984, including serine, cysteine, aspartic and metallo proteases (Table
1). Caspases belong to an evolutionary conserved family of cysteine proteases (Kroemer &
Martin 2005). Necrosis is associated with acute injury to cells, leading to loss of membrane
integrity, swelling and disruption of the cells. During necrosis, cellular contents are released
uncontrolled into the cell's environment which results in damage of surrounding cells and a
strong inflammatory response in the corresponding tissue (Leist & Jaatela 2001). Since, other
types of PCD have been proposed for which cell death was found to occur in a programmed
fashion but in complete absence and independent of caspase activation. PCD has been

13



Chapter 1

classified into three main types according to Clarke’s classification based on lysosomal
involvement (Clarke 1990; Chipuk & Green 2004; Kim 2005):

- apoptosis (or type | cell death),

- autophagic cell death (also known as cytoplasmic, or type Il cell death),

- necrosis-like cell death (also known as type lll or non-lysosomal cell death).

Type | cell death, apoptosis, is a form of PCD morphologically defined by condensation of the
nucleus and cytoplasm, association of chromatin with the nuclear periphery, DNA
fragmentation, membrane blebbing, and engulfment and lysosomal degradation of the dying
cell by a phagocyte (Kerr et al. 1972). Biochemical evidence has indicated the caspase family
of cysteine protease as well as certain proteins of the mitochondria to be mediators of type |
PCD. Type Il, autophagic cell death, is characterized by sequestration of bulk cytoplasm and
organelles in double or multi-membrane autophagic vesicles and their delivery to and
subsequent degradation by the cell’s own lysosomal system before the nucleus is destroyed
(Bursch et al. 2000; Levine & Klionsky 2004). The sequestered cytoplasmic components may
be degraded prior to heterophagocytosis of cellular remains. Type Ill, non-lysosomal or
necrosis-like cell death, is characterized by breakdown of the plasma membrane, swelling of
organelles, lysosome-independent formation of ‘empty spaces’ in the cytoplasm and
disintegration of the cytoplasm (Gozuacik & Kimchi 2004).

Types | and |l cell death have been observed in many animal species during
development, whereas type |l cell death is common in pathological conditions. Types Il and
Ill cell death are genetically regulated and often have morphological features resembling
necrosis, yet their underlying molecular mechanisms are unclear. The various types of PCD
have in common that they are executed by active cellular processes that can be intercepted
by interfering with intracellular signaling. Those types can not be categorized because they
might overlap since they share the same activation intermediaries or they can be activating
each other (Lockshin & Zakeri 2004). The cellular components are safely isolated by
membranes, and then consumed by adjacent cells and/or resident phagocytes without
inflammation. The elimination of PCD debris may remain virtually unnoticed by the body
(Fietta 2006). This distinguishes them from “accidental” necrosis. The caspase-independent
cell death pathways - type Il and type Il cell death - are important safeguard mechanisms to
protect the organism against unwanted and potential harmful cells when caspase-mediated
routes fail but can also be triggered in response to cytotoxic agents or other death stimuli. In
the case of accidental necrosis, cytosolic constituents chaotically spill into extracellular space
through damaged plasma membrane and provoke an inflammatory response. The necrotic
cell removal induces and amplifies pathological processes.
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Mitochondria play not only a key role in cellular metabolism and in signal
transduction cascades but also an important role in the regulation of PCD (Ferri & Kroemer
2001). Mitochondrial alterations — following release of sequestered apoptogenic proteins, loss
of transmembrane potential, production of reactive oxygen species (ROS), disruption of
electron transport chain, and decreases in ATP synthesis - have been shown to be
responsible for the different types of cell death (Bras et al. 2005). Thus, the mitochondria can
be viewed as a central regulator of the decision between cellular survival and cell death.

During cell death, the ATP levels are determinant in directing toward PCD or
necrosis (Leist al. 1997; Nicotera et al. 1998; Formigli et al. 2000). The disruption of the
mitochondrial electron transport chain would result in diminished ATP production and
consequently in a striking perturbation of the bioenergetic state of the cell. The inhibition of
ATP production has been observed in both type | and type Ill cell death. However, this
phenomenon occurs relatively late in type | cell death, as the complete apoptotic program
involves the energy-dependent formation of the apoptosome (cytochrome c/ Apaf-1 / dATP
complex) and hydrolysis of macromolecules. By contrast, type lll cell death is characterized
by an early loss of ATP synthesis and seems to proceed in conditions of low cytosolic ATP
levels (Kim et al 2003). ATP dependency has been observed for the autophagic type Il
pathway, apparently at the lysosomal level (Plomp et al. 1989). Moreover, intracellular
nucleotides can regulate apoptosis. They can directly block the cytochrome c initiated
apoptosome formation and the caspase activation by interfering with Apaf-1 (Chandra et al.
2006).

Calcium is a key regulator of mitochondrial function and acts at several levels within
the organelle to stimulate ATP synthesis. Mitochondrial matrix Ca®* overload can lead to
enhanced generation of reactive oxygen species (ROS). ROS will trigger the opening of the
mitochondrial permeability transition pore (MPTP). If the pore remains open, cells cannot
maintain their ATP levels and this will lead to cell death by necrosis. When cells experience a
less severe insult, the MPTP may open transiently. The resulting mitochondrial swelling may
be sufficient to cause release of cytochrome c and activation of the apoptotic pathway rather
than necrosis (Forte & Bernardi 2005; Green & Kroemer 2004).

The efflux of cytochrome ¢ from mitochondria is also a pivotal event in apoptosis, as
it drives the assembly of the apoptosome in the cytoplasm (Adrain & Martin 2001). Afterwards
the activation of a proteolytic cascade involving caspase proteases is an irreversible step
(Abraham et al. 2004). Caspases cleave a variety of proteins after specific aspartate
residues, ultimately leading to cell death. The contents of dead cells are packaged into
apoptotic bodies, which are recognized by neighboring cells or macrophages and cleared by
phagocytes.
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Table 1: Protease classification according to their catalytic mechanisms (IUBMB, 1984). The inhibitors
described here are just some examples which are commercially available from several companies.
Those inhibitors may be used separately or in inhibitory cocktails to identify the class of a protease.

Protease classes Examples of proteases Protease inhibitors
serine proteases chymotrypsin Trypsin inhibitor
trypsin TPCK (does not inhibit trypsin)
elastase TLCK (does not inhibit chymotrypsin)
kallikrein PMSF
thrombin Leupeptin-hemisulfate
plasmin Hirudin (inhibits thombin)
urokinase Elastatinal (inhibits elastase)
subtilisin DFP
DCI
Chymostatin
Benzamidine-HCI (inhibits thrombin and
trypsin)
AEBSF-HCI
Antipain-HCL
Antithrombin [lI

(alpha)1-Antitrypsin
APMSF-HCI (does not inhibit
chymotrypsin and acetylcholine
esterase)

Aprotinin (does not inhibit subtilisin and

thrombin)
cysteine proteases Papain TPCK
Actinidin TLCK
bromelain, E-64
cathepsins B, L, S, PMSF (inhibits papain)
calpains Leupeptin-hemisulfate
Chymostatin

Cathepsin Inhibitor (inhibits papain and
Cathepsins B, L and S)

Calpain Inhibitor | (inhibits calpain I,
cathepsins B and L)

Calpain Inhibitor Il (inhibits calpain I,
cathepsins B and L)

CA-074 (inhibits cathepsin B)
Antipain-HCL
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Table 1: continued

aspartic proteases pepsin Pepstatin
chymosin
cathepsin D
renin
metallo proteases Aminopeptidases 1,10-Phenanthroline
Leucine aminopeptidase Phosphoramidon
EGTA
EDTA-Na,
Bestatin-HCI

Leuhistin (inhibits aminopeptidase M)
Phebestin (inhibits aminopeptidase N)
Amastatin-HCI (does not inhibit
aminopeptidase B)

Arphamenine A or B (inhibits

aminopeptidase B)

De-regulation of apoptosis may lead to pathological disorders such as developmental
defects, autoimmune diseases, neurodegeneration or cancer (Thompson 1995).

In plants, PCD plays normal physiological roles in a variety of processes in plants,
including deletion of cells with temporary functions such as the aleurone cells in seeds and
the suspensor cells in embryos; removal of unwanted cells, such as the root cap cells found
in the tips of elongating plant roots and the stamen primordia cells in unisexual flowers;
deletion of cells during sculpting of the plant body and formation of leaf lobes and
perforations; death of cells during plant specialization, such as the death of TE cells which
creates channels for water transport in vascular plants; leaf senescence; and responses to
plant pathogens and abiotic stresses (Pennell & Lamb 1997; Danon et al. 2004; Kuriyama &
Fukuda 2002). PCD in plants is an active suicidal process that removes unwanted or severely
damaged cells (Dangl & Jones 2001; Kuriyama & Fukuda 2002). PCD in plant cells mostly
resembles that of type Il or autophagic cell death in animals (van Doorn & Woltering 2005;
Liu et al. 2005). Some common features of type | cell death or apoptosis are conserved in
both plants and metazoa (Danon & Gallois 1998; Yao et al. 2004). These include cytoplasm
shrinkage, cytochrome c leakage out of mitochondria, chromatin condensation, altered
nuclear morphology, DNA fragmentation in large fragments and DNA laddering. While the
signalling events and cell death cascades have been well studied in animals, little is known

about the regulation and execution of PCD in plants (Hoeberichts & Woltering 2003a). After
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the elucidation of the complete Arabidopsis genome, it has become clear that no genes for
the caspases and for the apoptotic regulators of the IAP and Bcl-2 families are present in
plants. However, animal Bcl-2 members have been found to modify cell death processes in
plants (Lam et al. 1999; Baek et al. 2004), indicating a possible identical apoptotic machinery
in plants. Caspase-like activities have been measured in plant extracts and they seem to be
involved in PCD processes, even though no sequence homologues have been found at the
molecular level. Caspase-like activities cannot be inhibited by protease inhibitors other than
animal caspase-specific ones (Korthout et al 2000; Lockshin & Zakeri 2002; Bozhkov et al
2004). Identification of such proteases is essential to reveal the molecular mechanism that
operates in plant PCD and to provide some insights into differences between plant and
animal PCD. The identification in plants of a class of putative proteases related to animal
caspases and termed metacaspases (Uren et al. 2000) has stimulated research in this
protein family. Two recent studies identified new types of substilisin-like proteases (named
saspases-A and -B) from oats and a vacuolar processing enzyme (VPE) from tobacco that
may play important roles as caspase-like proteases in the execution of PCD in plants
(Coffeen & Wolpert 2004; Hatsugai et al. 2004; Hatsugai et al. 2006).

The aim of this review is to provide an overview of the molecular and cellular events
that characterize PCD in animals and in plants. In addition, the recent developments
concerning the possible involvement of proteases with caspase-like specificity in plant PCD

will be described.

Caspases and programmed cell death in animals

The apoptotic cascade: discovery

The development of multicellular organisms involves an important balance between cell
growth, cell division and cell death. The coordination of these cellular programs ensures
appropriate organ and body size. Apoptosis has an important role in all animals, by forming
and deleting structures, controlling cell numbers and eliminating abnormal damaged cells
(Baehrecke 2002). Programmed cell death is a genetically encoded form of cell suicide that is
central to the development and homeostasis of multicellular organisms.

The molecular mechanisms of apoptosis were discovered after intensive efforts (Jin
& El-Deiry 2005). An early discovery was made in genetic studies of the nematode
Caenorhabditis elegans which contains the basic components of the cell death machinery (as

shown in figure 1). In C. elegans, cell death relies on the presence of CED-3 (ced, cell death
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abnormal), CED-4, CED-9 and EGL-1 (egg-laying abnormal 1) (Liu & Hengartner 1999). The
regulator of cell death in C. elegans, CED-3, was found to be related to the mammalian
cysteine protease, interleukin-If converting enzyme, also named ICE or caspase-1 (Yuan et
al. 1993). This finding suggested that the mechanism of cell death is conserved across
species and that proteases are integral to the death program.

Gene interaction studies have defined a genetic pathway in C. elegans and have
ordered the functions of egl-1, ced-9, ced-3 and ced-4 (Liu & Hengartner 1999). Homologues
of the nematode core apoptotic pathway genes have been identified and have been shown to
be conserved throughout evolution, along with additional activators, effectors and inhibitors of
cell death (Putcha & Johnson 2004; Chinnaiyan 1999; Ried| & Shi 2004). In C. elegans, CED-
4 (Apaf-1 homologue) binds to and activates CED-3 (caspase homologue). In healthy cells,
CED-4 remains inactive by its association with CED-9 (antiapoptotic Bcl-2 homologue). The
protein EGL-1 is a trigger of cell death and is expressed in response to certain developmental
cues. EGL-1 binds to CED-9, displacing CED-4, which in turn activates CED-3 to induce
apoptosis (Liu & Hengartner 1999). Activation and regulation of apoptosis in higher
organisms depends on components such as those found in C.elegans, but more complex.
The first caspase, caspase-1, was identified due to its ability to convert the precursor of
interleukin-1p (IL-1B) to its mature form, a potent mediator of inflammation (Cerretti et al.
1992; Thornberry et al. 1992). Subsequent cloning of ced-3, a pro-apoptotic gene in C.
elegans, revealed that it encodes a protein highly homologous to caspase-1 (Yuan et al.
1993).

C. elegans Mammals
Anti-apoptotic Bcl-2 Family
— -

CED-9
J_ EGL-1 J_ Pro-apoptotic
Bcl-2 Family
Q CED-4 Q Apaf-1
l Cytochrome C
l CED-3 Caspase-9
[T | | [ 1 [ |
l Effector caspases l Effector caspase
[ | [ |
Cell death Cell death

Figure 1: Evolutionary conserved cell death pathways in C. elegans and mammals. Functional
homologues of caspases and their regulators across species are indicated by the same shape and
shading.
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A human sequence was identified, cloned and was shown to encode a 32 KDa cysteine
protease, called CPP32 (Fernandes Alnemri et al. 1994). This identification was done with
the DNA sequence encoding the active site of caspase-1 and CED-3 which was used to
search an expressed sequence tag (est) database. Independently, two other groups identified
a related caspase that was called caspase-3, one group naming it Yama (the Hindu god of
death) and the other group Apopain (Tewari et al. 1995; Nicholson et al. 1995). Caspases
(cysteine-dependent aspartate-specific proteases) are the key executioners of apoptosis and
they belong to an evolutionary conserved family of cysteine proteases (Kroemer & Martin

2005). After discovery of caspase-1 and caspase-3 other caspases were found.

The apoptotic cascade: description

The apoptotic cascade can be initiated via two major pathways (figure 2). These pathways
involve either the activation of death receptors in response to ligand binding (death receptor
pathway), or the release of cytochrome ¢ from the mitochondria (mitochondria pathway)
(Ashkenazi & Dixit 1998; Hengartner 2000; Broker et al. 2005).

PCD can be triggered by the two pathways mentioned before. Both pathways
involve a specific family of cysteine proteases, the caspases, that are activated to execute
PCD. The execution of PCD results in the typical morphologic changes (Degterev et al.
2003).

In mammals, the cell surface death receptor-mediated pathway (figure 2, left)
involves cell surface death receptors such as Fas, Tumor Necrosis Factor (TNF), or TRAIL
receptors (Ashkenazi & Dixit 1998). Death ligand stimulation, via a series of protein-protein
interactions, results in oligomerization of the receptors and recruitment of an adaptor protein
and caspase-8 or -10, forming a death-inducing signalling complex (DISC). Autoactivation of
caspase-8 at the DISC is followed by activation of other caspases, including caspase-3, -6
and -7. These activated caspases function as downstream effectors of the cell death
program.

The other caspase activation pathway in mammals is the mitochondria pathway
(figure 2, right). This pathway is characterized by a depolarization of the mitochondrial
membrane and a release of mitochondrial proteins (Danial & Korsmeyer 2004) including pro-
apoptotic proteins, such as cytochrome c, into the cytosol. A cytosolic complex, the
apoptosome, is then formed. This complex consists of oligomerised Apaf-1 (apoptotic
protease-activating factor 1), ATP/dATP, cytochrome ¢ and the initiator caspase, pro-
caspase-9 (Chinnaiyan 1999; Riedl & Shi 2004). Oligomerisation of Apaf-1 allows the
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recruitment and autocatalytic activation of caspase-9, and consequently the propagation of a

death signal by proteolytic processing and activation of effector caspases (Li et al. 1997).

O Death Receptor Ligand

Death Receptor

....Q.l‘ ’l.......Q............0.0............Q.............O.............Q.....
0000000 6060600606060 600606060060606060060606006060606006060606606060600606060)

Anti-apoptotic 5 i
pop! | Pro-apoptotic

- Bcl-2 Family Bcl-2 Family
Procaspase-8, -10 J_

Adaptor protein [ |

Mitochondrion

U \ Apaf-1 /

O Cytochrome C

Active caspase-8, -10 Procaspase-9

Y

/ Active caspase-9

Active effector caspases-3, -7, -6

Figure 2: Apoptotic pathways leading to mammalian cell death. The extrinsic apoptotic pathway (left) is
induced by a death receptor ligand (TNF, TRAIL, FasL etc) which results in the recruitment and formation
of a multiprotein complex DISC that includes the death receptor, intracellular adaptor proteins (TRADD,
FADD, RAIDD) and initiator caspases (procaspase-8 or -10). The complex leads to autocatalytic
processing and activation of the initiator caspase. The intrinsic pathway (right) is initiated by the majority
of apoptotic stimuli, including irradiation, cytotoxic drugs, DNA damage etc. Loss of mitochondrial
membrane potential and release of pro-apoptotic cell death proteins results in the formation of another
multiprotein complex, the apoptosome, that includes Apaf-1, cytochrome ¢, ATP/dATP and the initiator
caspase, procaspase 9. That complex leads to autocatalytic activation of caspase-9 and subsequent
effector caspases. Pro- and anti-apoptotic bcl-2 homologues regulate the release of pro-cell death
mitochondrial proteins.

Apart from the pathways now described, there is another cell death pathway. That pathway
involves the endoplasmic reticulum (ER), and it is known as the apoptotic pathway of ER
stress-mediated cell death (Momoi 2004). The endoplasmic reticulum (ER) is the site of
assembly of polypeptide chains that are destined for secretion or routing into various
subcellular compartments. The ER-initiated PCD pathway comprises the activation of

caspase-12 and/or the cytochrome c-dependent apoptotic pathway.
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The caspases

Caspases are present in the cytosol of most cells. Caspases are expressed as inactive
single-chain zymogens of 30-50 kDa (figure 3) with three domains: a pro-domain, a large
subunit domain (ca. 20 kDa), and small subunit domain (ca. 10 kDa). The domains are
separated by aspartate cleavage sites in interdomain linkers (Chang & Yang 2000). The pro-
domain is important for the regulation of activation, which results in proteolytic cleavage of
the linkers, usually accompanied by loss of the pro-domain. Activation can be by

autoactivation, transactivation, or proteolysis by other peptidases (Wolf & Green 1999).

Prodomain Protease domain

Group |

N — I — S COOH Caspase-t (CE)
N ] cooH Caspase-4 (ICE gl ICH-2, TX)
N,=— {1 oot Caspase-5 (ICEg-Ill, TY)
NH,, =l COOH Caspase-11 (murine)
Nty — I — - OO Caspase-12
NH= - COOH  Caspase-13
~NH, —{ - cooH Caspase-14 (MICE)

Group Il

NHy={ |——]T - coOH Caspase-2 (ICH-1)
N H {0 cooH Caspase-8 (FLICE, MACH, Mchs)
N {1 cooH Caspase-9 (ICE, LAPS, Mch6)
NH=—{ M - COOH Caspase-10 (Mchd)

Group Il
NH, —{HE cooH Caspase-3 (Yama, CPP32, apopain)
——J CARD
[ DED NH, ——— - COOH  Caspase-6 (Mch2)

[ Large catalytic subunit
EEEm Small catalytic subunit NH, —{ I cooH Caspase-7 (ICE-LAP3, Mch3, CMH-1)

Figure 3: Mammalian caspase family. Al mammalian caspases shown are of human origin except for
murine caspase-11 and -12. Three major groups of caspases are presented. Group |: inflammatory
caspases; group ll: apoptosis initiator caspases; group lll: apoptosis effector caspases. The CARD, the
DED, the large (p20) and small (p10) catalytic subunits are indicated.

Based on their function, caspases can be classified into three groups (figure 3, Thornberry &
Lazebnik 1998). The first group consists of inflammatory caspases. This group includes
caspase-1, -4, -5, -11, -12, -13 and -14, which are involved in inflammation. The second
group consists of apoptotic initiator caspases. Initiator caspases possess long pro-domains
that contain either a death effector domain (DED) (caspase-8 and -10) or a caspase
activation and recruitment domain (CARD) (caspase-2 and -9). Both domains interact with

upstream adaptor molecules. The third group consists of effector caspases. This executioner
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class (caspase-3, -6 and -7) is characterized by the presence of a short pro-domain. These
caspases are processed and activated by upstream caspases. The caspases of the
executioner class perform the downstream execution steps of apoptosis by cleaving multiple
cellular substrates such as regulators of apoptosis, housekeeping and structural proteins
(reviewed in Cohen 1997; Nunez et al. 1998; Thornberry & Lazebnik 1998; Wolf & Green
1999).

Initiator but not effector caspases have long pro-domains that contain modules
which mediate protein-protein interactions between the caspases themselves and with
regulatory adaptor molecules. Two types of modules have been defined: death effector
domains (DEDs) and caspase recruitment domains (CARDs). These modules allow for the
assembly of proteins into oligomeric structures, and this assembly induces autoprocessing
and activation of the initiator caspases (reviewed in Nunez et al. 1998; Wolf & Green 1999;
Stennicke & Salvesen 2000).

The other members of the apoptotic cascade

The caspase-cascade signalling pathway is regulated by various molecules, receptors,
enzymes and gene regulating proteins such as the Bcl-2 family proteins and the inhibitor of
apoptosis protein (IAP) (Launay et al. 2005; Fan et al. 2005). A few of them are here
described.

Bcl-2 derives its name from B-cell lymphoma 2, a tumor which was the consequence
of a reciprocal gene translocation in chromosomes 14 and 18 in follicular lymphomas
including the Bcl-2 gene (Vaux et al. 1988). The members of the Bcl-2 family are a group of
regulatory factors crucial in apoptosis. According to functional and structural criteria, the
members can be divided into two groups:

. Group | proteins are all anti-apoptotic proteins, including A1/Bfl1, Bcl-2, Bcl-w, Bcl-
xL, Boo/Diva, Mcl-1, NR-13 and Nrf3 in mammals, BHRF-1, E1B19K, Ks-Bcl-2, LMWS5-HL,
and Ced-9 in C. elegans (Fu & Fan 2002; Milosevic et al. 2003; Gross et al. 1999). They all
have four short Bcl-2 homology (BH) domains: BH1, BH2, BH3 and BH4. Their function is to
inhibit pro-apoptotic proteins of the Bcl-2 family by binding to them.

= Group |l proteins are all pro-apoptotic proteins, including Bad, Bak, Bax, Bcl-rambo,
Bcl-xS, Bid, Bik, Bim, Blk, BNIP3, Bok/Mtd, Hrk and Nip3 in mammals, and Egl-1 in C.
elegans (Milosevic et al. 2003). Bax and Bak, originally localized in the cytoplasm, can
translocate to the mitochondrial outer membrane after an apoptotic program starts. Following

the translocation, they will undergo conformation changes, oligomerization and insertion into
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the mitochondrial outer membrane to elevate the permeability of mitochondrial permeability
transition pores (MPTPs).

Group | proteins bind to the active conformation of Bax to prevent it from inserting
into the mitochondrial outer membrane. The binding maintains the normal permeability of
MPTPs, and it prevents the release of mitochondrial pro-apoptotic factors such as
cytochrome ¢, AIF and Smac/DIABLO (LU et al. 2003; Fan et al. 2001). Through cytochrome
¢, AIF, and others, the Bcl-2 family proteins indirectly regulate the activity of caspases in
related apoptotic pathways (Fan et al. 2001). There are a number of theories concerning how
the Bcl-2 family proteins exert their pro- or anti-apoptopic effect. According to one such
theory, the effect depends on activation or inactivation of an inner MPTP, which is involved in
the regulation of matrix ca®, pH, and voltage. It is also thought that some Bcl-2 family
proteins induce (pro-apoptopic members) or inhibit (anti-apoptopic members) the release of
cytochrome c in to the cytosol which, once there, activates caspase-9 and caspase-3, leading
to apoptosis. Zamzami et al. (1998) suggest that the release of cytochrome c is in fact
mediated by effects of the permeability transition pore on the inner mitochondrial membrane,
linking the theories. The site of action for the Bcl-2 family is mostly on the outer mitochondrial
membrane (OMM). There are apoptogenic factors (cytochrome c, Smac/DIABLO, Omi) within
the mitochondria. If these factors are released, they activate the executioners of apoptosis:
the caspases. Depending on their function, once activated, Bcl-2 proteins either promote the
release of these factors, or keep them sequestered in the mitochondria.

The Inhibitor of Apoptosis Protein (IAP) was first identified in insect cells infected by
baculovirus. Encoded by a viral gene, IAP can inhibit infected host cells from executing the
apoptotic program. So far, in humans, the identified members of the IAP family include clAP1,
clAP2, XIAP (X-linked mammalian inhibitor of apoptosis protein), NAIP (neuronal apoptosis
inhibitory protein), survivin and livin (Fan et al. 2005). The activity of mammalian IAP can be
inhibited by Smac/DIABLO released from mitochondria (Costantini et al. 2002). IAP family
proteins may also have other functions besides caspase inhibition. As reported by Uren et al.
(1998), IAP family members in yeast could neither unite caspases nor induce apoptosis.
Caspases are suppressed by IAP (Fesik & Shi 2001). When a cell receives an apoptotic
stimulus, IAP activity is relieved after SMAC (Second Mitochondria-derived Activator of
Caspases), a mitochondrial protein, is released into the cytosol. SMAC binds to IAPs,

effectively preventing them from arresting the apoptotic process.
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The death substrates

The list of putative proteins that are cleaved by caspases either in vivo or in vitro is growing
(Earnshaw et al. 1999; Nicholson 1999; Fischer et al. 2003). However, only a few of these
proteins have been established as biologically relevant death substrates, and many others
may just represent ‘innocent bystanders’ (Hengartner 2000).

Caspases are synthesized as proenzymes that are activated through cleavage at
internal aspartate residues by other caspases or by autoactivation. The proteolytic cleavage
of a caspase can induce a dramatic conformational change that exposes the catalytic pocket
of the enzyme, and therefore results in the enzyme’s activation. The proteolytic activation of
caspases can be achieved either by autocatalysis or by an upstream protease. A caspase
that cleaves and activates itself is called an initiator caspase. Once an initiator caspase is
activated, it triggers a cascade to activate downstream executioner caspases. Subsequently,
the activated executioner caspases cleave numerous cellular targets to destroy normal
cellular functions, activate other apoptotic factors, inactivate anti-apoptotic proteins, and
eventually lead to apoptotic cell death. The executioner caspases recognize specific tertiary
motifs in their substrates and cleave their substrates after specific aspartate residues,
ultimately leading to cell death. The cleaved substrates are cytoskeletal proteins including
lamins, a-fodrin and actin, proteins involved in DNA repair and cell-cycle regulation such as
poly(ADP-ribose) polymerase (PARP) and retinoblastoma protein (Launay et al. 2005;
Ruchaud et al. 2002; Zhivotovsky 2003).

Table 2: the substrate specificity of caspases

Caspase Substrate specificity
Group | Caspase-1 WEHD YVAD

Caspase-4 (W/L)EHD

Caspase-5 (W/L)EHD

Caspase-13 WEHD
Caspase-14 WEHD

Group Il Caspase-2 DEHD
Caspase-8 I/LETD
Caspase-9 LEHD
Caspase-10 LEXD

Group llI Caspase-3 DEVD
Caspase-6 VE(H/1)D
Caspase-7 DEVD
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The specificity requirements of the caspases were derived from studies with short synthetic
peptides. The abundant nuclear enzyme PARP catalyses the attachment of poly (ADP-
ribose) to several acceptor proteins, including itself, in response to DNA strand breaks. PARP
cleavage by caspases-3 and -7 bisects a bipartite nuclear localization signal (Schreiber et al.
1992), and results in a form that cannot attach ADP-ribose polymers in response to damaged
DNA (Lazebnik et al. 1994). PARP was one of the first identified examples of a substrate
processed by an effector caspase much more efficiently than by either the inflammatory
caspase-1 (Gu et al. 1995) or the initiator caspase-8 (Nicholson et al. 1995). Based on the
cleavage site of PARP (DEVD|G), a synthetic model substrate was developed: Ac-DEVD-
AMC. Ac-DEVD-CHO and its biotinylated derivative (biotin-DEVD-CHO) were synthesized as
specific inhibitors of PARP cleavage and as affinity ligands for purification of the protease.

Caspase-3 turned out to be one of the key executioners of apoptosis; this caspase
bears either full of partial responsibility for the proteolytic cleavage of many key proteins,
each of which contains an Asp-Xaa-Xaa-Asp (DXXD) motif that is similar to the one in PARP.
Because all substrates of caspase-3 contain DEVD sequences, artificially synthesized tetra
peptides Ac-DEVD-AMC and Ac-DEVD-CHO are used as the specific substrate and inhibitor
of caspase-3, respectively. The inhibitors described in table 1 are used individually or in
inhibitory cocktails to inhibit specific protease or protease classes. Caspases can only be
inhibited with specific caspase inhibitors. Most of the synthetic peptide caspase inhibitors
were developed based on the tetrapeptide caspase recognition motif. Therefore, the
selectivity of inhibitors matches the caspase substrate specificities described above (Table
2). The introduction of an aldehyde group at the C terminus of the tetrapeptide results in the
generation of reversible inhibitors (Graybill et al. 1994), whereas a fluoromethyl ketone (fmk),
a chloromethyl ketone (cmk) (Estrov et al. 1995), or a diazomethyl ketone (dmk) (Thornberry

et al. 1992) at this position irreversibly inactivates the enzyme.

Developmental defects, autoimmune diseases, neurodegeneration or cancer

Balance between cell division and cell death is of utmost importance for the development and
maintenance of multicellular organisms. Deregulation of apoptosis may lead to pathological
disorders such as developmental defects, autoimmune diseases, neurodegeneration or
cancer (Broker et al. 2005). Understanding of cell death signaling pathways is relevant to
understanding cancer and to developing more effective therapies.

Numerous diseases have been attributed to apoptotic machinery malfunction.
Altered expression and / or activity of pathway components - including receptors, ligands,

adaptors, caspases and substrates - contribute to several neurodegenerative diseases, some
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types of autoimmune disorder and cancer. Alzheimer’'s disease, Parkinson’s disease and
Huntington’s disease are associated with excessive cell death that involves defective
regulation of caspase activity (Ho & Hawkins 2005). Increased activities of caspases-8 and -9
have been observed in brain tissues (Rohn et al. 2001; Yew et al. 2004; Rohn et al. 2002)
and in peripheral blood mononuclear cells of Alzheimer's disease patients (Tacconi et al.
2004). The activities of caspases-8 and -9 were reported to be elevated in brain tissue from
Parkinson’s disease patients (Hartmann et al. 2001; Viswanath et al. 2001). Huntington’s
disease, another neurodegenerative disorder, is caused by the abnormal expansion of
polyglutamine repeats in the Huntington protein, which recruits and activates caspase-8
(Sanchez et al. 1999). Caspase-10 has also been proposed to play a role in the pathological
development of Huntington’s disease, in a fashion similar to that of caspase-8 (U et al. 2001).
The Bcl-2 gene has been implicated in a number of cancers, including melanoma, breast,
prostate and lung carcinomas. It is also thought to confer cellular resistance to chemotherapy
(Pusztai et al. 2004). Carcinogenesis has been linked to abnormalities in the apoptotic
pathway, and many drugs that are targeted at different parts of this pathway are being
developed.

Many promising drugs target the extrinsic death receptor pathway as well as the
intrinsic mitochondrial apoptotic pathway. There are also developments in targeting initiator
and effector caspases, as well as the death domains that are involved in transducing the
apoptotic signals (Dlamini et al. 2005).

Caspase-like proteases and programmed cell death in plants

Observation of plant PCD

In plants, PCD plays an important role in development and in the responses to pathogens
and abiotic stress (Wang et al. 1996a, 1998, 1999; Pennell & Lamb 1997; Beers & McDowell
2001; Jones 2001; Danon et al. 2004; Kuriyama & Fukuda 2002). Several examples
demonstrate that PCD is an important process occurring in plants during gamete and embryo
formation or during plant development or in response to pathogen attack.

The tapetum plays a crucial role in pollen development. This secretory tissue
produces numerous nutritive proteins that are necessary for pollen maturation. The tapetum
also produces exine that is the main structural component of the pollen wall (Ku et al. 2003;
Kawanabe et al. 2006). The tapetum undergoes PCD during the later stages of pollen
development (Wu & Cheung 2000; Papini et al. 1999; Wang et al. 1999). Premature PCD of
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the tapetum causes failure in pollen development and is associated with male sterility (Ku et
al. 2003).

During pollination, plants enforce self-incompatibility (SI) as an important means to

prevent self-fertilization. Research on the corn poppy (Papaver rhoeas) has revealed that
proteins in the pistil on which the pollen lands interact with pollen, and triggers PCD in
incompatible (self) pollen. Thomas & Franklin-Tong (2004) found that the response involves
rapid inhibition of pollen-tube growth, followed by PCD.
PCD is involved in the elimination of certain cells during plant embryogenesis, as was shown
in Norway spruce somatic embryogenesis. Two successive waves of PCD are implicated in
the transition from proliferating proembryogenic masses (PEMs) to somatic embryos and in
correct embryonic pattern formation, respectively (Filonova et al. 2000). The first wave of
PCD ftriggers the degradation of PEMs when they give rise to somatic embryos. The second
wave of PCD eliminates terminally differentiated embryo-suspensor cells during early
embryogenesis.

In barley androgenesis, PCD takes place during the transition from multicellular

structures to globular embryos (Maraschin et al. 2005, chapter 3). PCD takes place in the
small cell domain of the multicellular structures. The cell death of this domain marked the site
of exine wall rupture. Chromatin condensation and DNA degradation preceded cell
detachment and cytoplasm dismantling. This PCD was characterized by the formation of
vesicles and vacuoles that contained cytoplasmic material. PCD was accompanied by an
increase of activity of caspase-3-like proteases.
The endosperm of cereals functions as a storage tissue in which the majority of starch and
seed storage proteins are synthesized (Young & Gallie 2000). During seed maturation, the
endosperm degradation process is accompanied by typical PCD-related changes of cell
morphology and internucleosomal DNA cleavage (Wojciechowska & Olszewska 2003).

The perforations in the leaf blades of Monstera obliqua (Araceae) arise through PCD
early in leaf development because a subpopulation of cells undergoes PCD simultaneously
(Gunawardena et al. 2005). DNA cleavage was demonstrated by TUNEL but was found to be
randomly degraded but not as multiples of internucleosomal units. Cells were found to be
misshapen with densely stained nuclei with condensed chromatin, disrupted vacuoles, and
condensed cytoplasm.

During post-germinative seedling growth, the white spruce (Picea glauca)
megagametophyte undergoes PCD (He & Kermode 2003a and 2003b). The death process is
accompanied by internucleosomal DNA cleavage, activation of several nucleases and

proteases.
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During germination of barley grains, DNA fragmentation was observed in the
aleurone by TUNEL staining accompanied by activation of hydrolytic enzymes such as alpha-
amylase (Wang et al. 1996a).

During vascular development, xylem precursor cells give rise to tracheary elements
(TE), xylem parenchyma cells and xylem fibres, which together form xylem. For maturition TE
are emptied by the loss of all cell contents, including the nucleus, to form hollow xylem tubes.
Several enzymes - such as cysteine proteases, serine proteases, RNases, S1-type
nucleases, acid phosphatases and lipases (Demura et al. 2002) - are synthesized and then
transported to the vacuole where they are activated (Funk et al. 2002). The autolysis of TE
starts with the rupture of the vacuole (Groover et al. 1997; Kuriyama 1999; Obara et al.
2001).

Plants can recognize certain pathogens and activate defenses, called the resistance
response, that result in the limitation of pathogen growth at the site of infection. One hallmark
of the resistance response is the induction of a localized cell death response, called the
hypersensitive response or HR, at the site of the infection. HR limits the pathogen's nutrient
supply, since the dying tissue rapidly becomes dehydrated. The induction of HR by some
pathogens and elicitors (molecules secreted by pathogens) is similar to apoptosis in animals,
since apoptotic features - such as DNA breaks with 3'OH ends, blebbing of the plasma
membrane as well as nuclear and cytoplasmic condensation - are present in some cells
undergoing HR (Levine et al. 1996; Wang et al. 1996b; Ryerson & Heath 1996, Heath 2000).
Many researchers have identified genes involved in the control and execution of HR. They,
for example, identified mutant lines in which cell death is deregulated. These mutants (acd2
for accelerated cell death 2 and /sd lesions simulating disease) are called lesion mimics
because their phenotypes resemble pathogen-inducible HR cell death. They were classified
into two groups: initiation mutants and feedback or propagation mutants (Pontier et al. 1998;
Lorrain et al. 2003). This classification is based upon the assumption that two different
mechanisms are involved in controlling cell death: a pathway to initiate PCD and a pathway
to suppress PCD.

The examples given so far concern PCD during gamete, embryo or post embryo
development. In natural environments plants are subjected to many environmental stresses -
such as cold stress, light stress, mechanical stress and also stresses caused by bacterial and
fungal pathogens - which in turn can cause secondary oxidative stress (Hippeli et al 1999).
The excessive formation of reactive oxygen species (ROS) in response to the primary,
environmental stress activates a signal transduction pathway that may be independent of or
additive to the signals induced by the primary stress (Levine et al. 1996). The intensity of the

secondary oxidative stress may vary from very mild to extreme, depending on the severity of
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the primary stress. During mild stress, plants activate the antioxidant responses; more severe
stress activates the PCD pathway, while extreme stress causes necrosis (Levine et al. 1994;
Willekens et al. 1997).

Many examples demonstrate that PCD occurs in plant cells following abiotic stimuli.
Heat-shock treatment triggers PCD as demonstrated in tobacco (Vacca et al. 2004), and in
rice (chapter 4). DNA laddering was found in cucumber (Balk et al. 1999), nuclear
condensation and cytoplasm shrinkage were found in carrot (Mc Cabe et al. 1997), and
caspase-like activity was detected in tobacco (Tian et al. 2000) and in oat (Coffeen & Wolpert
2004) after heat-shock induction.

The apoptotic pathway

Concerning animals, the term apoptosis (Kerr et al. 1972) refers to a morphological
type, often observed in PCD, that involves nuclear shrinkage and fragmentation, cellular
shrinkage, DNA fragmentation, membrane blebbing, formation of apoptotic bodies, and
digestion by macrophages (Wyllie 1980). Some elements of the same cell suicide
mechanisms used in animal cells may be functionally conserved in plants. Though the
biochemical mechanisms responsible for cell suicide in plants are largely unknown, a variety
of reports suggest similarities to apoptosis that occurs in animal species. The morphological
characteristics of plant cells undergoing PCD also bear some striking similarities to apoptosis
in animals, though the presence of a cell wall around plant cells imposes certain differences.

Akin to animal cells, PCD in plants is associated with cytochrome c release, cell
shrinkage, cytoplasmic condensation, chromatin condensation, and internucleosomal DNA
fragmentation (DNA ladders). DNA fragmentation is a PCD hallmark. Salt stress, for instance,
induces nuclear fragmentation and DNA degradation into oligonucleosomal fragments in
barley roots (Katsuhara & Kawasaki 1996; Katsuhara 1997). Another example is DNA
laddering in Arabidopsis roots and maize cultured cells induced by mannose (Stein & Hansen
1999). Ito and Fukuda (2002) reported nuclear degradation triggered by the collapse of the
vacuole in tracheary elements of the xylem.

In various plant systems, the release of cytochrome ¢ from mitochondria into the
cytosol precedes cell death (Sun et al. 1999; Hansen 2000; Balk et al. 1999; Balk & Leaver
2001; Curtis & Wolpert 2002; Krause & Durner 2004; Tiwari et al. 2002). In vivo, cytochrome
c release into the cytosol was observed as an early event during PCD in cucumber (Balk et
al., 1999), maize suspension culture cells (Stein & Hansen 1999), tobacco protoplasts (Sun
et al., 1999), and Arabidopsis suspension cells (Krause & Durner 2004).
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In addition, evidence of the existence of a mitochondrial permeability transition
(MPT) during PCD is accumulating in isolated plant mitochondria in vitro and plant tissue in
vivo (Arpagaus et al. 2002; Curtis & Wolpert 2002; Tiwari et al. 2002; Yao et al. 2004). These
findings indicate that mitochondrial function may be shared in a very similar way during PCD
in both animals and plants.

Calcium is an almost universal intracellular messenger, controlling a broad range of
cellular processes, including animal apoptosis. In plant PCD, Ca” has also been recognized
as a ubiquitous signal. Elevated Ca®" levels have been observed during tracheary element
differentiation (Yu et al. 2002), aerenchyma formation (Bouranis et al. 2006), wheat aleurone
differentiation (Kuo et al. 1996), HR (Mittler et al. 1999), and leaf senescence (Oh et al.
1996).

Ectopic expression of certain animal anti-apoptosis genes in transgenic plants has
been demonstrated to provide protection from pathogens and other insults as a result of cell
death suppression (Dickman et al. 2001; Mitsuhara et al. 1999). Conversely, expression of
animal pro-apoptotic proteins such as Bax in plants can induce cell death mechanisms similar
to endogenous programs for cell suicide (Lacomme & Santa Cruz 1999; Yoshinaga et al.
2005). Heterologous Bax induces PCD in a predominantly ROS-dependent manner and
localizes to Arabidopsis mitochondria in vivo (Baek et al., 2004). Bax Inhibitor-1 (BI-1) is an
anti-apoptotic protein which is conserved in both animal and plant species - including rice,
Arabidopsis, barley, oilseed rape and tobacco - (Bolduc et al. 2003; Huckelhoven et al. 2003;
Kawai et al. 1999; Kawai-Yamada et al. 2001; Lam et al. 2001; Sanchez et al. 2000;
Watanabe & Lam 2006). Arabidopsis BI-1 has been shown to protect transgenic plants
against cell death induced by ectopic expression of mammalian Bax (Kawai-Yamada et al.
2001; Baek et al. 2004), indicating an in vivo role for BI-1 in cytoprotective pathways in planta
and suggesting that the biochemical mechanism regulated by BI-1 is evolutionary conserved.
Bl-1 overexpression also regulates resistance to fungal pathogens in barley, probably due to
its cell death-suppressive effects (Huckelhoven et al. 2003). Antisense-mediated
downregulation of BI-1 in tobacco BY-2 cells results in accelerated cell death upon carbon
starvation (Bolduc & Brisson 2002). Endogenous expression of Bl-1 is induced during wound-
healing responses and upon exposure to certain pathogens in plants (Huckelhoven et al.,
2001; Sanchez et al., 2000), suggesting that Bl-1 may play a role in host defense
mechanisms during times of stress. Thus, Bl-1 represents the first endogenous gene to be
identified that regulates cell death in both plant and animal cells.

As described previously, some common features of type | cell death or apoptosis are
conserved in both plants and metazoa (Danon & Gallois 1998; Yao et al. 2004). Apoptosis,

as it is in animals, apparently does not occur in plants. Plants do not have an immune system
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with phagocytosis. For example, engulfment of apoptotic bodies and degradation in another
cell is not found during plant PCD and the rigid and thick cell walls of plant cells do not help
engulfment and degradation. PCD in plant cells mostly resembles that of type Il or autophagic
cell death in animals (van Doorn & Woltering 2005; Liu et al. 2005). Vacuolization of the
cytoplasm through autophagy and vacuole disruption are observed in most cases of plant
PCD: somatic embryogenesis, xylem differentiation, aleurone layer elimination during
germination, and HR. The vacuole contains many of the hydrolytic activities that carry out
PCD - including proteases, RNases and DNases - physically separated from their targets
(Lam 2004; Ito & Fukuda 2002). The tonoplast (the vacuolar membrane) collapses by a
mechanism that is still not understood, initiating the massive degradation of cellular contents.

The enzymes involved in plant PCD

In view of the strong conservation of the regulators and the executioners in animals, it was
initially expected that the same actors would be involved in plant PCD. Indeed, caspase-like
enzymatic activities were detected in plant tissues undergoing PCD. Different proteases were
found to be associated with plant PCD, including senescence (Delorme et al. 2000; Schmid
et al. 2001), oxidative stress (Solomon et al. 1999), seed development (Schmid et al. 1998,
1999; Wan et al. 2002), tracheary element development (Runeberg-Roos & Saarma 1998;
Groover & Jones 1999), and the HR (Vera & Conejero 1988; D’Silva et al. 1998; Kruger et al.
2002). These proteases may be involved in the terminal decomposition of the dying cell, but
not in the initiation or progression of PCD (Rotari et al. 2005).

Caspase-like activity associated with PCD was mentioned in several studies (del Pozo & Lam
1998; Lam & del Pozo 2000; Sun et al. 1999; Tian et al. 2000; de Jong et al. 2000; Mlejnek &
Prochazka 2002; Danon et al. 2004; Belenghi et al. 2004; Maraschin et al. 2005; see also
chapters 2, 3 and 4). Table 3 lists the various caspase-like activities detected in plants.
Researchers who used synthetic caspase substrates and inhibitors have reported on different
caspase-like proteases, such as -1, -3 and -6 (Chen et al. 2000; Bozhkov et al. 2004).
Caspase-like activity was found during HR induced by a pathogen attack of tobacco leaves
(del Pozo & Lam 1998), and during chemical and stress induced cell death of tobacco
suspension cells and protoplasts (de Jong et al. 2000).

Caspase-like activities were measured with the caspase-specific substrate (Ac-
DEVD-AMC) in the megagametophyte before seed germination (He & Kermode 2003a).
These activities gradually increased after germination, until a certain length of the seeds
radicle, hypocotyl and cotyledons was obtained. The activities were inhibited by the specific
caspase-3 inhibitor (Ac-DEVD-CHO). Camptothecin-induced PCD in tomato suspension cells
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can be inhibited with caspase-specific peptide inhibitors, which suggests that caspase-like

proteases are involved in the death process (de Jong et al. 2000). Caspase-3 like activity has

been detected in tobacco suspension cells after heat shock-induced apoptosis (Tian et al.

2000), and in embryonic suspension cells of barley (Hordeum vulgare) (Korthout et al. 2000).

Both caspase-1 and caspase-3 like activities were observed in tomato suspension cells after

chemically induced apoptosis (de Jong et al. 2000). Caspase-1 like activity has been

detected in Arabidopsis suspension cultured cells after nitric oxide-induced cell death (Clarke

et al. 2000), and in tobacco BY-2 cells after isopentenyladenosine-induced apoptosis
(Mlejnek & Prochazka 2002).

Table 3: List of caspase-like activities in plants cells, adapted from Rotari et al. (2005).

Activity Tissue Buffer Literature
Caspase-1 Tobacco leaf tissue 50mM HEPES, pH 7,5, 20% del Pozo & Lam
like glycerol, 1ImM EDTA, ImM DTT, 1%  (1998)
(YVADase) BSA, 1mM PMSF
Barley embryonic 25mM HEPES -KOH, pH7.5, 10% Korthout et al.
suspension cells sucrose,1mM DTT, 0.1% Triton X- (2000)
100, 1mM PMSF
Arabidopsis thaliana 50mM sodium acetate, pH5.0, 20% Danon et al. (2004)
seedlings glycerol, 0.1% Triton, 10mM EDTA,
3mM DTT, 2mM PMSF
Germination of white 50mM sodium acetate pH5.5, 20% He & Kermode
spruce seeds glycerol, 1mM EDTA, 1mM DTT, (2003)a and b
0.2% BSA and 1mM PMSF
Tobacco (BY2) 50mM HEPES, pH7.2, 1mM EDTA, Mlejnek &
suspension cells 0.2% CHAPS, 5mM DTT, protease Prochazka (2002)
inhibitor cocktail (Roche)
Pisum sativum shoots 20 mM MES pH6.6, 0.25 mM DTT, Belenghi et al.
100 mM NaCl, 2.5 mM EDTA, (2004)
Caspase-3 Rice suspension cells  100mM HEPES, 10% sucrose, 0.1%  Chapters 2,3,4 and
like and Arabidopsis sns CHAPS, 5mM DTT, 10"°% Nonidet 5
(DEVDase) plant tissue P-40, pH7.0,

Barley microspores

Barley embryonic
suspension cells

Arabidopsis thaliana
seedlings

100mM HEPES, 10% sucrose, 0.1%
CHAPS, 5mM DTT, 10°°% Nonidet
P-40, pH7.0,

25mM HEPES -KOH, pH7.5, 10%
sucrose,1mM DTT, 0.1% Triton
X-100, 1TmM PMSF

50mM sodium acetate, pH5.0, 20%
glycerol, 0.1% Triton, 10mM EDTA,
3mM DTT, 2mM PMSF

Maraschin et al.
(2005, chapter 3)

Korthout et al.
(2000)

Danon et al. (2004)
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Table 3: continued

Caspase-3
like
(DEVDase)

Caspase-6
like (VEIDase)

Caspase-8
like (IETDase)

Saspase
(VKMDase)
TATDase

Germination of white
spruce (Picea glauca)
seeds

Tobacco (BY2)
suspension cells

Avena sativa leaves

Tobacco (BY2)
suspension cells

Embryogenic cell line
of Norway spruce

Papaver pollen

Rice suspension cells
and Arabidopsis sns
plant tissue

Embryogenic cell line
of Norway spruce

Arabidopsis thaliana
seedlings

Avena sativa leaves
Avena sativa leaves

Tobacco Xanthi,
leaves

50mM sodium acetate pH5.5, 20%
glycerol, 1mM EDTA, 1mM DTT,
0.2% BSA and 1mM PMSF

50mM HEPES, pH7.2, 1mM EDTA,
0.2% CHAPS, 5mM DTT, protease
inhibitor cocktail (Roche)

20mM MOPS, pH7, 1mM DTT

50mM HEPES, pH7.4, 100mM
NaCl, 0.1% CHAPS,1mM DTT,
0.1mM EDTA, 10% glycerol

100mM HEPES, 10% sucrose, 0.1%
CHAPS, 5mM DTT, 10°% Nonidet
P-40, pH7.0.

50mM HEPES pH7.4, 10mM NaCl,
0.1% CHAPS, 10mM DTT, 1mM
EDTA, 10% glycerol

100mM HEPES, 10% sucrose, 0.1%
CHAPS, 5mM DTT, 10°°% Nonidet
P-40, pH7.0,

100mM HEPES, 10% sucrose, 0.1%
CHAPS, 5mM DTT, 10°% Nonidet
P-40, pH7.0

50mM sodium acetate, pH5, 3mM
DTT

20mM MOPS, pH7, 1/mM DTT
20mM MOPS, pH7, 1mM DTT

Buffer (?) at PH6.8, 1TmM PMSF

He & Kermode
(2003)a and b

Mlejnek &
Prochazka (2002)

Coffeen & Wolpert
(2004)

Tian et al. (2000)

Bozhkov et al.
(2004)
Suarez et al.
(2004)

Thomas & Franklin-
Tong (2004)

Chapters 2, 3, 4
and 5

Bozhkov et al.
(2004)

Rotari et al. (2005)

Coffeen & Wolpert
(2004)

Coffeen & Wolpert
(2004)

Chichkova et al.
(2004)

YVADase and DEVDase, known from animal studies as caspase-1 and caspase-3, were

present in most plant PCD pathways (Woltering et al. 2002). Now research focuses on other

activities: VEIDase, IETDase and TATDase. The activation of a protease or a group of

proteases with the preferential cleavage of caspase-6 substrate Ac-VEID-AMC is associated

with the Norway spruce embryo development (Bozhkov et al. 2004). A TATDase proteolytic

activity was detected during the N gene-mediated HR in tobacco plants infected with the

tobacco mosaic virus (TMV). Here ectopically expressed Agrobacterium tumefaciens VirD2

protein was used as a target, because according to prediction it was a substrate for human
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caspase-3. A tetrapeptide aldehyde (biotinyl-TATD-CHO) was designed on the basis of the
VirD2 cleavage site for plant caspase. The tetrapeptide aldehyde prevented cleavage of
VirD2 by plant caspase, and it counteracted TMV triggered HR in vivo (Chichkova et al.
2004). To conclude, several caspase-like activities were measured in plants. Most of these
activities have been detected in several species, and in various tissues or cell types (as

shown in table 3).

Plant targets and caspase inhibitors

Animal caspases have many identified targets or ‘death substrates’ that are either
deactivated - such as PARP1, nuclear lamin, gelsolin, Bcl-2, p53, pRb, FAK, STAT-1 and -
catenin - or activated - such as MEKK1, p21-activated kinase, protein kinase C and the
ICAD/CAD complex - (Lopez-Otin & Overall 2002). Some of these substrates have plant
orthologues, but at present, the only possible substrate for plant caspase-like activities is
PARP1. Tobacco PARP1 is cleaved during PCD in tobacco protoplasts after menadione
treatment (Sun et al. 1999), and in tobacco suspension cells after heat shock treatment (Tian
et al. 2000). This cleavage was blocked by caspase inhibitors. A bovine PARP was cleaved
in Thomas and Franklin-Tong’'s 2004 study of papaver pollen PCD during self-incompatible
pollination. A DSVD site was conserved with the Arabidopsis AtPARP1 that is orthologous to
the animal PARP1 (Doucet-Chabeaud et al. 2001). This would confirm AtPARP1 as a
possible substrate for a DEVDase activity.

To conclude, PARP1 has been shown to be one possible substrate. This has been
demonstrated in only a few studies. By contrast, many substrates have been found in animal
studies. The substrates of the caspase-like proteases are mostly not known for plants. The
substrates of plant caspase-like proteases are perhaps not similar to the substrates of animal
caspases (Rotari et al. 2005). This is important because knowledge of the substrates would
help to identify the plant caspase-like proteases. If it cannot be established that plant
caspase-like proteases and animal caspases have the same substrates, other similarities can
be taken into consideration. Do plant caspase-like proteases and animal caspases have
similar substrate- and site-specificities?

A number of cysteine and serine protease inhibitors (table 2) can partially suppress cell death
in plants or have no effect (Lam & Del Pozo 2000). In some cases, they block cell death but
this requires high concentrations (Sun et al.1999; de Jong et al. 2000; Woltering et al. 2002).
Animal caspase inhibitors have been found to inhibit cell death effectively at low
concentrations. Both caspase-1 and caspase-3 inhibitors prevent cell death in various plants
(del Pozo & Lam 1998; Clarke et al. 2000; de Jong et al. 2000; Korthout et al. 2000). PARP
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cleavage and DNA fragmentation could be inhibited in tobacco suspension cells. Here PCD
was induced by high concentrations of nicotinamide. PCD was inhibited by addition of the
caspase-3 inhibitor Ac-DEVD-CHO (Zhang et al. 2003). A cell free system was used in
another study. Here cytochrome c of animal origin was capable of activating plant caspase-
like proteases in carrot cytoplasm. The cytoplasm could then degrade rat liver nuclei (Zhao et
al. 1999). In this study, the formation of a DNA ladder was inhibited by the specific caspase-1
and caspase-3 inhibitors (Ac-YVAD-CHO and Ac-DEVD-CHO, respectively). Belenghi et al.
(2004) found that caspase-3 like proteases play an important role in the elimination of
secondary shoots of pea seedlings after removal of the epicotyl. The injection of the caspase-
3 like inhibitor into the remainder of the epicotyl strongly inhibited the death of the secondary
shoot, resulting in a seedling with two equal shoots. Bozhkov et al. (2004) found that during
plant embryogenesis, caspase-6 like activity was the essential caspase-like activity involved
in PCD. The study concerned embryonic pattern formation during shape remodeling. The
use of caspase-6 inhibitor blocked the embryo-suspensor differentiation, disturbing embryo
development. Sun et al (1999) found that with menadione-induced cell death in tobacco
protoplasts, Ac-DEVD-CHO inhibits DNA laddering. In another study, the heat-shock induced
cleavage of lamin-like proteins in tobacco protoplasts correlated with the proteolytic activity of
caspase-6 like proteases (Chen et al. 2000). In this study the use of the animal caspase-6
inhibitor (Ac-VEID-CHO) inhibited the lamin cleavage. Del Pozo and Lam (1998) prevented
tobacco mosaic virus—induced HR in Nicotiana tabacum leaves by a treatment with short
peptide inhibitors. These inhibitors preferentially inhibit caspase-1 and caspase-3 proteases.
De Jong et al. (2000) showed that PCD chemically induced by camptothecin in tomato
suspension cells can be inhibited by caspase inhibitors. Elbaz et al. (2002) obtained similar
results with caspase inhibitors that prevent or limit staurosporine-induced cell death. Mlejnek
and Prochazka (2002) performed this study with isopentenyladenosine to induce cell death,
with similar results. Korthout et al. (2000) demonstrated caspase-like activity in barley cell
extracts. Here the activity could be inhibited by a caspase-3 inhibitor, but not by cysteine
protease inhibitors. Most of the animal caspase inhibitors that were tested in plants are
remarkably effective at suppressing cell death. There are some exceptions, though.
Caspase-3 inhibitor had no effect on TMV-induced necrotic lesions in tobacco, whereas
caspase-1 inhibitor did have an inhibition effect (Chichkova et al. 2004; Hatsugai et al. 2004).
Caspase-1 inhibitor did not suppress cell death in papaver pollen tubes, in contrast to
caspase-3 inhibitor (Thomas & Franklin-Tong 2004). In chapter 4, a study is described in
which caspase-3 and caspase-6 like activities could be inhibited by animal caspase-3 and -6

inhibitors.
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In these studies, it was shown that animal caspase inhibitors can inhibit PCD in

plants. It can therefore be inferred that caspase-like proteases play a role in PCD in plants.

The other possible candidates

Although caspase-like activities seem to be involved in PCD in plants, it has become clear
that orthologs of the animal genes for caspases are not present in plants. In the search for
the proteases that are involved in plant PCD, other proteins have been found and described
as playing a role in plant PCD. Those proteins are described here. If there is a main
executioner of plant PCD with caspase-like activity, it could be one of those proteins.

Death signal

Plasma membrane

Mitochondrion

Vacuole

Other
Metacaspase protease

N\ /

Apoptotic cascade

/ N

Saspase VPE

Cell Death

Figure 4: Caspase-like activities and PCD in plant cells. There are several proteases known to play a
role during plant PCD. Those proteases are caspase-like candidates.
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Metacaspases
Uren et al. (2000) found a family of distantly related caspase-like proteases - named

metacaspases - in plants, fungi and Plasmodium. Depending on sequence similarities (within
their caspase-like regions) and domain structure, the plant metacaspases can be divided in
two classes (type | and Il). Whether these metacaspases possess caspase-like proteolytic
activity and are involved in plant PCD remains unknown (Woltering et al. 2002; Woltering
2004). Many investigations indicate that metacaspases can have a role in PCD.

Madeo et al. (2002) reported that the yeast metacaspase protein (YCA1) knockout is unable
to complete PCD in the presence of H2O2. Hoeberichts et al. (2003b) have shown that mMRNA
levels of LeMCA1 - a tomato (Lycopersicon esculentum) type |l metacaspase - increased
upon infection of leaves with the fungal pathogen Botrytis cinerea. This increase correlates
with the formation of primary necrotic lesions.

The protein mcll-Pa (plant metacaspase type Il) was expressed during PCD in
somatic embryogenesis in Norway spruce. In situ hybridization analysis showed mRNA
accumulation in the part of embryogenic tissues and structures committed to die (Suarez et
al. 2004). The activation of proteases cleaving the caspase-6 substrate (VEIDase activity) is
essential for PCD and embryogenesis in Norway spruce (Picea abies) (Bozhkov et al. 2004).
Silencing of the P. abies metacaspase gene mcll-Pa inhibited VEIDase activity, suppressed
PCD in the embryos and blocked suspensor differentiation (Suarez et al. 2004).
Immunolocalization analyses and functional assays showed that mcll-Pa accumulates in the
nuclei of the suspensor cells and that it is directly involved in the execution of nuclear
disassembly (Bozhkov et al. 2005). Watanabe and Lam (2005) found that two type |
metacaspases (At5g64240 and At1g02170) were up-regulated in Arabidopsis plants after
infiltration with a bacterial pathogen, whereas type Il metacaspases were not significantly
affected.

The metacaspases could be involved in a plant PCD cascade. Such a cascade
occurs with caspase activation in animals. Thus, the metacaspases might activate the plant
caspase-like proteases, as was suggested by Rotari et al. (2005).

Vacuolar processing enzyme

The vacuolar processing enzyme (VPE) was originally identified as a processing enzyme that
is involved in the maturation of seed storage proteins (Hara-Nishimura et al. 1991; 1998;
2005). VPEs - VPE a, B, y and & - also promote the maturation and the activation of various
vacuolar proteins in plants (Yamada et al. 1999; Shimada et al. 2003; Rojo et al. 2003; Gruis

et al. 2004). Their counterpart in animals similarly activates lysosomal proteins (Shirahama-

38



PCD in animals and in plants

Noda et al. 2003). Recent data suggested that VPEs might be key factors in vacuolar
collapse-triggered cell death.

In vegetative tissues, the isoform VPEy is more expressed than the other three. In
those tissues, this isoform plays a role in protein degradation during senescence, a PCD
pathway in plants. VPEy is localized in precursor protease vesicles (PPVs), which are
hydrolase-containing organelles that are associated with PCD processes (Schmid et al.
1999). VPEy is also found in the vacuole, an organelle essential for cell dismantling during
plant PCD (Lam 2004; Rojo et al. 2004).

VPEs might convert the hydrolytic enzymes that are involved in the disintegration of
vacuoles from an inactive to their active forms. The enzyme conversion would initiate the
proteolytic cascade in plant PCD. Arabidopsis VPE genes are up-regulated in dying cells
during development and senescence of tissues (Kinoshita et al. 1999). There is no sequence
similarity between VPEs and caspases. However, VPEs have a proteolytic activity toward a
caspase-1 substrate, and VPE activity is inhibited by a caspase-1 inhibitor. Tobacco VPE
exhibits the caspase-1 like activity that is required for the completion of cell death during
TMV-induced HR in tobacco (Hatsugai et al. 2004).

Saspases
Substilisin-like proteases, named saspase-A and -B, belong to the class of serine proteases.

Subtilisin-like proteases were identified in several plant species (Beers et al. 2000). Saspase-
A and -B have been found to be involved in victorin-induced PCD in oat (Avena sativa)
(Coffeen & Wolpert 2004). They were found to cleave caspase specific substrates and they
were found to be inhibited by caspase-specific inhibitors. Coffeen and Wolpert (2004)
reported that caspase-specific inhibitors prevented rubisco proteolysis during victorin-induced
PCD. They also found that a caspase-like activity toward the pan-caspase substrate z-VAD-
AFC was present in extracts from victorin-treated A. safiva leaves. The two oat saspases
show hydrolytic activities for caspase-6, -8 and -9 substrates (VKMD, IETD, and LEHD,
respectively) but not for DEVD and VEID. It is important to determine how saspases
contribute to plant PCD and to the caspase-like activities.

Other protease(s)

By studying PCD in plants, still some other proteases were also found to be associated with
PCD. For many of them, their characterization was done on the basis of inhibitors. As
described in table 1, the inhibitors can help to determine the class of the protease that is

involved in a particular process. Some examples are here described.
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In soybean cells, some cysteine proteases are activated during oxidative stress-induced PCD
(Solomon et al. 1999) and the activation of these proteases is required for PCD. Ectopic
expression of cystatin, an endogenous cysteine protease inhibitor gene, prevented the
increase in cysteine protease activity and blocked PCD triggered either by an avirulent strain
of Pseudomonas syringae pv glycinea or directly by oxidative stress.

Xylogenesis in Zinnia elegans cell cultures can be prevented by the addition of
inhibitors such as E-64 and PMSF. This suggests the involvement of some cysteine or serine
proteases in this process of PCD (Minami & Fukuda 1995; Ye & Varner 1996; Beers &
Freeman 1997).

PCD of the megagametophyte during post-germinative seedling growth of white
spruce (Picea glauca) is associated with the induction of serine and cysteine proteases and
caspase-like activity (He & Kermode 2003a). When germinated seeds were treated with a
caspase-3 inhibitor, both the peak of the caspase-like activities and the death of
megagametophyte cells were delayed.

A matrix metalloproteinase Cs1-MMP was proposed as a candidate involved in
cucumber extracellular cell matrix degradation, and in PCD (Delorme et al. 2000). Cs1-MMP
activity was completely inhibited by a hydroxamate-based inhibitor that binds at the active site
of MMPs in a stereospecific manner. PCD in the corolla of tobacco (Nicotiana tabacum)
flowers was inhibited by leupeptin, but not by PMSF, suggesting that a cysteine protease was
important for this process (Serafini-Fracassini et al. 2002).

A barley vacuolar aspartic proteinase (phytepsin), highly homologous to mammalian
lysosomal cathepsin D, was expressed at a high level, both during formation of tracheary
elements and during autolysis of sieve cells (Runeberg-Roos & Saarma 1998). The
enzymatic activity was completely inhibited by pepstatin - a specific inhibitor of aspartic
proteinases (Sarkkinen et al. 1992). The protease may play a role in the active autolysis of
plant cells.

In the endosperm of castor bean (Ricans communis), PCD is associated with the
accumulation of papain-like propeptidase (Cys-EP) in ricinosomes during germination
(Schmid et al. 1999). This process of PCD is also associated with the release of the
peptidase from ricinosomes during cell collapse. In Brassica napus, a papain-like cysteine
protease is associated with PCD of the inner integument of seed coat during early stages of
seed development (Wan et al. 2002).

The proteases discussed above do not seem to be the main executioners of plant
PCD in general. They participate in PCD in specific tissues only. It may be possible that these
proteases are involved in the progression of PCD, but not in the initiation of PCD (Rotari et al.
2005).
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Outline of the thesis

The development of multicellular organisms involves an important balance between cell
growth, cell division and cell death. Programmed cell death (PCD) plays a key role in all
animals, by forming and deleting structures, controlling cell numbers and eliminating
abnormal damaged cells (Baehrecke 2002). Apoptosis is a genetically and morphologically
encoded form of PCD (Kerr et al. 1972). Caspases were found to be the executioners of the
apoptotic pathway.

In plants, PCD plays normal physiological roles in a variety of processes. Some
processes in which PCD plays a role are: (i) the deletion of cells with temporary functions,
such as the aleurone cells in seeds and the suspensor cells in embryos; (ii) the removal of
unwanted cells, such as the root cap cells found in the tips of elongating plant roots and the
stamen primordia cells in unisexual flowers; (iii) the deletion of cells during sculpting of the
plant body and formation of leaf lobes and perforations; (iv) the death of cells during plant
specialization, such as the death of TE cells which creates channels for water transport in
vascular plants; (vi) leaf senescence; (vii) responses to plant pathogens and abiotic stresses
(Pennell & Lamb 1997; Dangl & Jones 2001; Kuriyama & Fukuda 2002; Danon et al. 2004).

Some common features of apoptosis were found to be conserved in both plants and
animals (Danon & Gallois 1998; Yao et al. 2004). These include cytoplasm shrinkage,
cytochrome c leakage out of mitochondria, chromatin condensation, altered nuclear
morphology, DNA fragmentation and DNA laddering. After the elucidation of the complete
Arabidopsis genome, it has become clear that no genes for the caspases or for the apoptotic
regulators of the IAP and Bcl-2 families are present in plants. However, animal Bcl-2
members have been found to modify cell death processes in plants (Lam et al. 1999; Baek et
al. 2004). This indicates that a similar apoptotic machinery may still be present in plants.

At the start of the work described in this thesis, caspase-like activities had been
found to be involved in PCD processes in plants. These activities were measured with animal
caspase substrates and inhibited by animal caspase inhibitors. This suggested that a core
mechanism is conserved in both animal and plant PCD. However, orthologs of the caspase
genes turned out not to be present in the plant genomes. Thus, the researchers at that time
wondered which plant protease was responsible for the caspase-like activity in plant extracts.

The aim of the research described in this thesis was to describe PCD in different
plant systems (see below), and to identify the proteases in plant cells that show caspase-like
activities during PCD.

Chapter 2 describes the Arabidopsis spontaneous necrotic spot (sns) mutant. The

necrotic spots were visible on the mutant leaves after two or three weeks of growth,
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resembling the lesions that accompany the hypersensitive response after a pathogen attack.
The phenotype of the sns mutant plants was analyzed and evidence for the occurrence of
PCD in the necrotic spots was obtained.

Chapter 3 describes the transition from multicellular structures to globular embryos
during androgenesis in barley. In this plant system, the transition is possible since some cells
- part of the small generative domain - will die at the site of the exine wall rupture. Typical
features of plant PCD, in the transition process, were found.

Chapter 4 describes cell death in rice suspension cells after heat-shock. Evidence
for the occurrence of cell death by necrosis and PCD was found.

For chapters 2, 3 and 4, caspase-like activities during PCD were measured. This
confirmed that caspase-like proteases are involved in plant PCD. Chapter 5 describes the
development and implementation of the protocol to purify plant caspase-3 like activity. This
protocol was based on the one used to purify human caspase-3 with biotin-DEVD-CHO.

Chapter 6 comprises a summarizing general discussion.

Acknowledgments

For valuable discussion and critical reading of the manuscript | am grateful to Prof. Dr. Paul
Hooykaas (Institute of Biology Leiden, Leiden University) and to Dr. Wouter-Jan Oosten
(Sociotext Foundation). Mr Peter Hock was so friendly to finalize the figures. This work was

financed by the BVS Foundation (Binair Vector Systeem).

References

Abraham MC and Shaham S. (2004) Death without caspases, caspases without death. Trends Cell
Biol.14 (4): 184-193.

Adrain C, Martin SJ. (2001) The mitochondrial apoptosome: a killer unleashed by the cytochrome seas.
Trends Biochem Sci. 26 (6): 390-397.

Arpagaus S, Rawyler A, Braendle R. (2002) Occurrence and characteristics of the mitochondrial
permeability transition in plants. J Biol Chem. 277 (3): 1780-1787.

Ashkenaz A and Dixit VM. (1998) Death receptors: signaling and modulation. Science. 281 (5381): 1305-
1308.

Baehrecke EH. (2002) How death shapes life during development. Nat Rev Mol Cell Biol. 3 (10): 779-
787

Baek D, Nam J, Koo YD, Kim DH, Lee J, Jeong JC, Kwak SS, Chung WS, Lim CO, Bahk JD, Hong JC,
Lee SY, Kawai-Yamada M, Uchimiya H and Yun DJ. (2004) Bax-induced cell death of Arabidopsis
is meditated through reactive oxygen-dependent and -independent processes. Plant Mol Biol. 56
(1): 15-27.

42



PCD in animals and in plants

Balk J, Leaver CJ and McCabe PF. (1999) Translocation of cytochrome c from the mitochondria to the
cytosol occurs during heat-induced programmed cell death in cucumber plants. FEBS Lett. 463 (1-
2): 151-154.

Balk J and Leaver CJ. (2001) The PET1-CMS mitochondrial mutation in sunflower is associated with
premature programmed cell death and cytochrome c release. Plant Cell 13 (8): 1803-1818.

Beers EP and Freeman TB. (1997) Proteinase activity during tracheary element differentiation in Zinnia
mesophyll cultures. Plant Physiol. 113 (3): 873-880

Beers EP and McDowell JM. (2001) Regulation and execution of programmed cell death in response to
pathogens, stress and developmental cues. Curr Opin Plant Biol. 4 (6): 561-567.

Beers EP, Woffenden BJ and Zhao C. (2000) Plant proteolytic enzymes: possible roles during
programmed cell death. Plant Mol Biol. 44 (3): 399-415.

Belenghi B, Salomon M and Levine A. (2004) Caspase-like activity in the seedlings of Pisum sativum
eliminates weaker shoots during early vegetative development by induction of cell death. J Exp
Bot. 55 (398): 889-897.

Bolduc N and Brisson LF. (2002) Antisense down regulation of NtBI-1 in tobacco BY-2 cells induces
accelerated cell death upon carbon starvation. FEBS Lett. 532 (1-2): 111-114.

Bolduc N, Ouellet M, Pitre F and Brisson LF. (2003) Molecular characterization of two plant BI-1
homologues which suppress Bax-induced apoptosis in human 293 cells. Planta. 216 (3): 377-386.

Bouranis DL, Chorianopoulou SN, Kollias C, Maniou P, Protonotarios VE, Siyiannis VF and Hawkesford
MJ. (2006) Dynamics of Aerenchyma distribution in the cortex of sulfate-deprived adventitious
roots of maize. Ann Bot (Lond). 97 (5): 695-704.

Bozhkov PV, Filonova LH, Suarez MF, Helmersson A, Smertenko AP, Zhivotovsky B and von Arnold S.
(2004) VEIDase is a principal caspase-like activity involved in plant programmed cellc death and
essential for embryonic pattern formation. Cell Death Differ. 11 (2): 175-182.

Bozhkov PV, Suarez MF, Filonova LH, Daniel G, Zamyatnin AA Jr, Rodriguez-Nieto S, Zhivotovsky B,
Smertenko A. (2005) Cysteine protease mcll-Pa executes programmed cell death during plant
embryogenesis. Proc Natl Acad Sci USA. 102 (40): 14463-14468.

Bras M, Queenan B and Susin SA. (2005) Programmed cell death via mitochondria: different modes of
dying. Biochemistry (Mosc). 70 (2): 231-239.

Broker LE, Kruyt FA and Giaccone G. (2005) Cell death independent of caspases: a review. Clin Cancer
Res. 11 (9): 3155-3162.

Bursch W, Ellinger A, Gerner C, Frohwein U and Schulte-Hermann R. (2000) Programmed Cell Death
(PCD). Apoptosis, autophagic PCD, or others? Ann NY Acad Sci. 926: 1-12.

Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, Greenstreet TA, March CJ, Kronheim SR,
Druck T, Cannizzaro LA, et al. (1992) Molecular cloning of the interleukin-1 beta converting
enzyme. Science 256 (5053): 97-100.

Chandra D, Bratton SB, Person MD, Tian Y, Martin AG, Ayres M, Fearnhead HO, Gandhi V and Tang
DG. (2006) Intracellular nucleotides act as critical prosurvival factors by binding to cytochrome
C and inhibiting apoptosome. Cell. 125 (7): 1333-1346.

Chang HY and Yang X. (2000) Proteases for cell suicide: functions and regulation of caspases. Microbiol
Mol Biol Rev. 64 (4): 821-846.

Chen HM, Zhou J and Dai YR. (2000) Cleavage of lamin-like proteins in in vivo and in vitro apoptosis of
tobacco protoplasts induced by heat shock. FEBS Lett. 480 (2-3): 165-168.

Chichkova NV, Kim SH, Titova ES, Kalkum M, Morozov VS, Rubtsov YP, Kalinina NO, Taliansky ME and
Vartapetian AB. (2004) A plant caspase-like protease activated during the  hypersensitive
response. Plant Cell. 16 (1): 157-171.

Chinnaiyan AM. (1999) The apoptosome: heart and soul of the cell death machine. Neoplasia. 1 (1): 5-
15.

Chipuk JE and Green DR. (2004) Cytoplasmic p53: bax and forward. Cell Cycle. 3 (4): 429-431.

43



Chapter 1

Clarke A, Desikan R, Hurst RD, Hancock JT and Neill SJ. (2000) NO way back: nitric oxide and
programmed cell death in Arabidopsis thaliana suspension cultures. Plant J. 24 (5): 667-677.
Clarke PG. (1990) Developmental cell death: morphological diversity and multiple mechanisms. Anat

Embryol. 181(3):195-213.

Coffeen WC and Wolpert TJ. (2004) Purification and characterization of serine proteases that exhibit
caspase-like activity and are associated with programmed cell death in Avena sativa. Plant Cell. 6
(4): 857-873.

Cohen GM. (1997) Caspases: the executioners of apoptosis. Biochem J. 326 (1): 1-16.

Costantini P, Bruey JM, Castedo M, Metivier D, Loeffler M, Susin SA, Ravagnan L, Zamzami N, Garrido
C and Kroemer G. (2002) Pre-processed caspase-9 contained in mitochondria participates in
apoptosis. Cell Death Differ. 9 (1): 82-88.

Curtis MJ and Wolpert TJ. (2002) The oat mitochondrial permeability transition and its implication in
victorin binding and induced cell death. Plant J. 29 (3): 295-312.

Danial NN and Korsmeyer SJ. (2004). Cell death: critical control points. Cell. 116 (2): 205-219.

Dangl JL and Jones JD. (2001) Plant pathogens and integrated defence responses to infection. Nature.
411 (6839): 826-833.

Danon A, Rotari VI, Gordon A, Mailhac N and Gallois P. (2004) Ultraviolet-C overexposure induces
programmed cell death in Arabidopsis, which is mediated by caspase-like activities and which can
be suppressed by caspase inhibitors, p35 and Defender against Apoptotic Death. J Biol Chem.
279 (1): 779-787.

Danon A and Gallois P. (1998) UV-C radiation induces apoptotic-like changes in Arabidopsis  thaliana.
FEBS Lett. 437 (1-2): 131-136.

Degterev A, Boyce M and Yuan J. (2003) A decade of caspases. Oncogene. 22(53): 8543-8567.

De Jong AJ, Hoeberichts FA, Yakimova ET, Maximova E, Woltering EJ. (2000) Chemical-induced
apoptotic cell death in tomato cells: involvement of caspase-like proteases. Planta.211 (5): 656-
662.

Delorme VG, McCabe PF, Kim DJ and Leaver CJ. (2000) A matrix metalloproteinase gene is expressed
at the boundary of senescence and programmed cell death in cucumber. Plant Physiol. 123 (3):
917-927.

Del Pozo O and Lam E. (1998) Caspases and programmed cell death in the hypersensitive response of
plants to pathogens. Curr Biol. 8 (20): 1129-1132.

Demura T, Tashiro G, Horiguchi G, Kishimoto N, Kubo M, Matsuoka N, Minami A, Nagata-Hiwatashi M,
Nakamura K, Okamura Y, Sassa N, Suzuki S, Yazaki J, Kikuchi S and Fukuda H. (2002)
Visualization by comprehensive microarray analysis of gene expression programs during
transdifferentiation of mesophyll cells into xylem cells. Proc. Natl Acad. Sci. USA. 99 (24): 15794-
15799.

Dickman MB, Park YK, Oltersdorf T, Li W, Clemente T and French R. (2001) Abrogation of disease
development in plants expressing animal antiapoptotic genes. Proc Natl Acad Sci USA. 98 (12):
6957-6962.

Dlamini Z, Mbita Z and Ledwaba T. (2005) Can targeting apoptosis resolve the cancer saga? Future
Oncol. 1(3):339-349.

Doorn van WG and Woltering EJ. (2005) Many ways to exit? Cell death categories in plants. Trends
Plant Sci. 10(3): 117-122.

Doucet-Chabeaud G, Godon C, Brutesco C, de Murcia G and Kazmaier M. (2001) lonising radiation
induces the expression of PARP-1 and PARP-2 genes in Arabidopsis. Mol Genet Genomics. 265
(6): 954-963.

D’Silva |, Poirier GG, Heath MC. (1998) Activation of cysteine proteases in cowpea plants during the
hypersensitive response - a form of programmed cell death. Exp Cell Res 1998; 245 (2): 389-399.

44



PCD in animals and in plants

Earnshaw WC, Martins LM and Kaufmann SH. (1999) Mammalian caspases: Structure, activation,
substrates, and functions during apoptosis. Annu Rev Biochem. 68: 383-424.

Elbaz M, Avni A and Weil M. (2002) Constitutive caspase-like machinery executes programmed cell
death in plant cells. Cell Death Differ. 9 (7): 726-733.

Estrov Z, Black RA, Sleath PR, Harris D, Van Q, LaPushin R, Estey EH and Talpaz M. (1995) Effect of
interleukin-1 beta converting enzyme inhibitor on acute myelogenous leukemia progenitor
proliferation. Blood. 86 (12): 4594-4602.

Fan TJ, Xia L and Han YR. (2001) Mitochondrion and apoptosis. Acta Biochim Biophys Sin. 33 (1): 7-12.

Fan TJ, Han LH, Cong RS and Liang J. (2005) Caspase family proteases and apoptosis. Acta Biochim
Biophys Sin. 37(11): 719-727.

Fernandes-Alnemri T, Litwack G and Alnemri ES. (1994) CPP32, a novel human apoptotic protein with
homology to Caenorhabditis elegans cell death protein Ced-3 and mammalian interleukin-1 beta-
converting enzyme. J Biol Chem. 269 (49): 30761-30764.

Ferri KF and Kroemer G. (2001) Organelle-specific initiation of cell death pathways. Nat Cell Biol. 3 (11):
E255-63.

Fesik SW and Shi Y. (2001) Structural biology. Controlling the caspases. Science. 294 (5546): 1477-
1478.

Fietta P. (2006) Many ways to die: passive and active cell death styles. Riv Biol. 99 (1): 69-83.

Filonova LH, Bozhkov PV, Brukhin VB, Daniel G, Zhivotovsky B and von Arnold S. (2000) Two waves of
programmed cell death occur during formation and development of somatic embryos in the
gymnosperm, Norway spruce. J Cell Sci. 113 (24): 4399-4411.

Fischer U, Janicke RU and Schulze-Osthoff K. (2003) Many cuts to ruin: a comprehensive update of
caspase substrates. Cell Death Differ. 10(1):76-100.

Formigli L, Papucci L, Tani A, Schiavone N, Tempestini A, Orlandini GE, Capaccioli S and Orlandini SZ.
(2000) Aponecrosis: morphological and biochemical exploration of a syncretic process of cell
death sharing apoptosis and necrosis. J Cell Phys. 182 (1): 41-49.

Forte M, Bernardi P. (2005) Genetic dissection of the permeability transition pore. J Bioenerg Biomembr.
37 (3): 121-128.

Fu YF and Fan TJ. (2002) Bcl-2 family proteins and apoptosis. Acta Biochim Biophys Sin. 34 (4): 389-
394.

Funk V, Kositsup B, Zhao C and Beers EP (2002) The Arabidopsis xylem peptidase XCP1 is a tracheary
element vacuolar protein that may be a papain orthology. Plant Physiol. 128 (1): 84-94.

Gozuacik D and Kimchi A. (2004) Autophagy as a cell death and tumor suppressor mechanism.
Oncogene. 23 (16): 2891-2906.

Graybill TL, Dolle RE, Helaszek CT, Miller RE and Ator MA. (1994) Preparation and evaluation of
peptidic aspartyl hemiacetals as reversible inhibitors of interleukin-1 beta converting enzyme (ICE).
Int. J. Pept. Protein Res. 44 (2): 173-182.

Green DR, Kroemer G. (2004) The pathophysiology of mitochondrial cell death. Science. 305 (5684):
626-629.

Groover A, DeWitt N, Heidel A and Jones A. (1997) Programmed cell death of plant tracheary elements
differentiating in vitro. Protoplasma. 196: 197-211.

Groover A and Jones AM. (1999) Tracheary element differentiation uses a novel mechanism
coordinating programmed cell death and secondary cell wall synthesis Plant Physiol. 119 (2): 375-
384.

Gross A, McDonnell JM and Korsmeyer SJ. (1999) BCL-2 family members and the mitochondria in
apoptosis. Genes Dev. 13 (15): 1899-1911.

Gruis D, Schulze J and Jung R. (2004) Storage protein accumulation in the absence of the vacuolar
processing enzyme family of cysteine proteases. Plant Cell. 16 (1): 270-290

45



Chapter 1

Gu Y, Sarnecki C, Aldape RA, Livingston DJ and Su MS. (1995) Cleavage of poly(ADP-ribose)
polymerase by interleukin-183 converting enzyme and its homologs TX and Nedd-2. J. Biol. Chem.
270(32): 18715-18718.

Gunawardena AH, Sault K, Donnelly P, Greenwood JS and Dengler NG. (2005) Programmed cell death
and leaf morphogenesis in Monstera obliqua (Araceae). Planta. 221 (5): 607-618.

Hansen G. (2000) Evidence for Agrobacterium-induced apoptosis in maize cells. Mol Plant Microbe
Interact. 13 (6): 649-657.

Hara-Nishimura |, Hatsugai N, Nakaune S, Kuroyanagi M and Nishimura M. (2005) Vacuolar processing
enzyme: an executor of plant cell death. Curr Opin Plant Biol. 8 (4): 404-408.

Hara-Nishimura I, Inoue K and Nishimura M. (1991) A unique vacuolar processing enzyme responsible
for conversion of several proprotein precursors into the mature forms. FEBS Lett. 294 (1-2): 89-93.

Hara-Nishimura |, Kinoshita T, Hiraiwa N and Nishimura M. (1998) Vacuolar processing enzymes in
protein-storage vacuoles and lytic vacuoles. J Plant Physiol. 152: 668-674.

Hartmann A, Troadec JD, Hunot S, Kikly K, Faucheux BA, Mouatt-Prigent A, Ruberg M, Agid Y and
Hirsch EC. (2001) Caspase-8 is an effector in apoptotic death of dopaminergic neurons in
Parkinson’s disease, but pathway inhibition results in neuronal necrosis. J Neurosci 21 (7): 2247-
2255.

Hatsugai N, Kuroyanagi M, Nishimura M and Hara-Nishimura |. (2006) A cellular suicide strategy of
plants: vacuole-mediated cell death. Apoptosis. 11 (6): 905-911.

Hatsugai N, Kuroyanagi M, Yamada K, Meshi T, Tsuda S, Kondo M, Nishimura M and Hara-Nishimura I.
(2004) A plant vacuolar protease, VPE, mediates virus-induced hypersensitive cell death. Science.
305 (5685): 855-858.

He X and Kermode AR. (2003 a) Proteases associated with programmed cell death of megagametophyte
cells after germination of white spruce (Picea glauca) seeds. Plant Mol Biol. 52 (4): 729-744.

He X and Kermode AR. (2003 b) Nuclease activities and DNA fragmentation during programmed cell
death of megagametophyte cells of white spruce (Picea glauca) seeds. Plant Mol Biol. 51 (4): 509-
521.

Heath MC. (2000) Hypersensitive response-related death. Plant Mol Biol. 44 (3): 321-334.

Hengartner MO. (2000) The biochemistry of apoptosis. Nature. 407 (6805): 770-776.

Hippeli S, Heiser | and Elstner EF. (1999) Activated oxygen and free oxygen radicals in pathology: New
insights and analogies between animals and plants. Plant Physiol Biochem. 37 (3): 167-178.

Ho PK and Hawkins CJ. (2005) Mammalian initiator apoptotic caspases. FEBS J. 272 (21): 5436-5453.

Hoeberichts FA and Woltering EJ. (2003a) Multiple mediators of plant programmed cell death: interplay
of conserved cell death mechanisms and plant-specific regulators. BioEssay. 25 (1): 47-57.

Huckelhoven R, Dechert C and Kogel KH. (2003) Overexpression of barley BAX
inhibitor 1 induces breakdown of mlo-mediated penetration resistance to Blumeria graminis. Proc
Natl Acad Sci USA. 100 (9): 5555-5560.

Huckelhoven R, Dechert C, Trujillo M and Kogel KH. (2001) Differential expression of putative cell death
regulator genes in near-isogenic, resistant and susceptible barley lines during interaction with the
powdery mildew fungus. Plant Mol Biol. 47 (6): 739-748.

Ito J and Fukuda H. (2002) ZEN1 is a key enzyme in degradation of nuclear DNA during programmed
cell death of tracheary elements. Plant Cell 14 (12): 3201-3211.

Jin Z and El-Deiry WS. (2005) Overview of cell death signaling pathways. Cancer Biol Ther. 4 (2): 139-
163.

Jones AM. (2001) Programmed cell death in development and defense. Plant Physiol. 125 (1): 94-97.

Katsuhara K (1997) Apoptosis-like cell death in barley roots under salt stress. Plant Cell Physiol 38:
1091-1093.

Katsuhara K and Kawasaki T (1996) Salt stress induced nuclear and DNA degradation in meristematic
cells of barley roots. Plant Cell Physiol 37: 169-173.

46



PCD in animals and in plants

Kawai M, Pan L, Reed JC and Uchimiya H. (1999) Evolutionally conserved plant homologue of the Bax
inhibitor-1 (BI-1) gene capable of suppressing Bax-induced cell death in yeast. FEBS Lett. 464 (3):
143-147.

Kawai-Yamada M, Jin L, Yoshinaga K, Hirata A and Uchimiya H. (2001) Mammalian Bax-induced plant
cell death can be down-regulated by overexpression of Arabidopsis Bax Inhibitor-1 (AtBI-1). Proc
Natl Acad Sci USA. 98 (21): 12295-12300.

Kawanabe T, Ariizumi T, Kawai-Yamada M, Uchimiya H and Toriyama K. (2006) Abolition of the tapetum
suicide program ruins microsporogenesis. Plant Cell Physiol. 47 (6): 784-787.

Kerr JF, Wyllie AH and Currie AR. (1972) Apoptosis: a basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer. 26(4): 239-257

Kim JS, He L and Lemasters JJ. (2003) Mitochondrial permeability transition: a common pathway to
necrosis and apoptosis. Biochem Biophys Res Commun. 304 (3): 463-470.

Kim R (2005) Recent advances in understanding the cell death pathways activated by anticancer
therapy. Cancer 103 (8): 1551-1560.

Kinoshita T, Yamada K, Hiraiwa N, Kondo M, Nishimura M and Hara-Nishimura |. (1999) Vacuolar
processing enzyme is up-regulated in the lytic vacuoles of vegetative tissues during senescence
and under various stressed conditions. Plant J. 19(1):43-53.

Korthout HA, Berecki G, Bruin W, Van Duijn B and Wang M. (2000) The presence and subcellular
localization of caspase 3-like proteinases in plant cells. FEBS Lett. 475 (2): 139-144.

Krause M and Durner J. (2004) Harpin inactivates mitochondria in Arabidopsis suspension cells. Mol
Plant Microbe Interact. 17 (2): 131-139.

Kroemer G and Martin SJ. (2005) Caspase-independent cell death. Nat Med. 11 (7): 725-730.

Kruger J, Thomas CM, Golstein C, Dixon MS, Smoker M, Tang S, Mulder L and Jones JD. (2002) A
tomato cysteine protease required for Cf-2-dependent disease resistance and suppression of
autonecrosis. Science. 296 (5568): 744-747.

Ku S, Yoon H, Suh HS and Chung YY. (2003) Male-sterility of thermosensitive genic male-sterile rice is
associated with premature programmed cell death of the tapetum. Planta. 217 (4): 559-565.

Kuo A, Cappelluti S, Cervantes-Cervantes M, Rodriguez M, Bush DS. (1996) Okadaic acid, a protein
phosphatase inhibitor, blocks calcium changes, gene expression, and cell death induced by
gibberellin in wheat aleurone cells. Plant Cell. 8 (2): 259-269.

Kuriyama H and Fukuda H. (2002) Developmental programmed cell death in plants. Curr Opin Plant Biol.
5 (6): 568-573.

Kuriyama H. (1999) Loss of tonoplast integrity programmed in tracheary element differentiation. Plant
Physiol. 121 (3): 763-774.

Lacomme C and Santa Cruz S. (1999) Bax-induced cell death in tobacco is similar to the hypersensitive
response. Proc Natl Acad Sci USA. 96 (14): 7956-7961.

Lam E. (2004). Controlled cell death, plant survival and development. Nat. Rev. Mol. Cell Biol. 5 (4): 305-
315.

Lam E, Kato N and Lawton M. (2001) Programmed cell death, mitochondria and the plant hypersensitive
response. Nature. 411 (6839): 848-853.

Lam E and del Pozo O. (2000) Caspase-like protease involvement in the control of plant cell death. Plant
Mol Biol. 44: 417-428.

Lam E, del Pozo O and Pontier D. (1999) BAXing in the hypersensitive response. Trends Plant Sci.
4(11): 419-421.

Launay S, Hermine O, Fontenay M, Kroemer G, Solary E and Garrido C. (2005) Vital functions for lethal
caspases. Oncogene. 24 (33): 5137-5148.

Lawen A. (2003) Apoptosis-an introduction. Bioessays. 25 (9): 888-896.

Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG and Earnshaw WC. (1994) Cleavage of poly(ADP-
ribose) polymerase by a proteinase with properties like ICE. Nature. 371 (6495): 346-347.

47


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Kerr+JF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Currie+AR%22%5BAuthor%5D

Chapter 1

Leist M, Single B, Castoldi AF, Kuhnle S and Nicotera P. (1997) Intracellular adenosine triphosphate
(ATP) concentration: a switch in the decision between apoptosis and necrosis. J Exp Med. 185 (8):
1481-1486.

Leist M. and Jaattela M. (2001) Four deaths and a funeral: from caspases to alternative mechanisms.
Nature Rev Mol Cell Biol. 2 (8): 589-598.

Levine B and Klionsky DJ. (2004) Development by self-digestion: molecular mechanisms and biological
functions of autophagy. Dev Cell. 6 (4): 463-477.

Levine A, Pennell RI, Alvarez ME, Palmer R and Lamb C. (1996) Calcium-mediated apoptosis in a plant
hypersensitive disease resistance response. Curr Biol. 6 (4): 427-437.

Levine A, Tenhaken R, Dixon R and Lamb C. (1994) H,O, from the oxidative burst orchestrates the plant
hypersensitive disease resistance response. Cell. 79 (4): 583-593.

Li P, Nijhawan D, Budihardjo |, Srinivasula SM, Ahmad M, Alnemri ES and Wang X. (1997) Cytochrome
¢ and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease
cascade. Cell. 91(4): 479-489.

Liu QA and Hengartner MO. (1999) The molecular mechanism of programmed cell death in C. elegans.
Ann NY Acad Sci. 887:92-104.

Liu Y, Schiff M, Czymmek K, Talloczy Z, Levine B and Dinesh-Kumar SP. (2005) Autophagy  regulates
programmed cell death during the plant innate immune response. Cell. 121 (4): 567-577.

Lockshin RA and Zakeri Z. (2002) Caspase-independent cell deaths. Curr Opin Cell Biol. 14 (6): 727-
733.

Lockshin RA, Zakeri Z. (2004) Apoptosis, autophagy, and more. Int J Biochem Cell Biol. 36 (12): 2405-
2419.

Lopez-Otin C and Overall CM. (2002) Protease degradomics: a new challenge for proteomics. Nat Rev
Mol Cell Biol. 3 (7): 509-519.

Lorrain S, Vailleau F, Balague C and Roby D. (2003) Lesion mimic mutants: keys for deciphering cell
death and defense pathways in plants? Trends Plant Sci. 8(6): 263-271.

Lu CX, Fan TJ, Hu GB and Cong RS. (2003) Apoptosis-inducing factor and apoptosis. Acta Biochim
Biophys Sin. 35 (10): 881-885.

McCabe PF, Levine A, Meijer P-J, Tapon NA and Pennell RI. (1997) A programmed cell death pathway
activated in carrot cells cultured at low cell density. Plant J. 12: 267-280.

Madeo F, Herker E, Maldener C, Wissing S, Lachelt S, Herlan M, Fehr M, Lauber K, Sigrist SJ,
Wesselborg S and Frohlich KU. (2002) A caspase-related protease regulates apoptosis in yeast.
Mol Cell. 9 (4): 911-917.

Maraschin SF, Gaussand G, Pulido A, Olmedilla A, Lamers GEM, Korthout H, Spaink HP and Wang M.
(2005) Programmed cell death during the transition from multicellular structures to globular
embryos in barley androgenesis. Planta. 221 (4): 459-470.

Meier P, Finch A and Evan G. (2000) Apoptosis in development. Nature. 407 (6805): 796-801.

Milosevic J, Hoffarth S, Huber C and Schuler M. (2003) The DNA damage-induced decrease of Bcl-2 is
secondary to the activation of apoptotic effector caspases. Oncogene. 22 (44): 6852-6856.

Minami A and Fukuda H. (1995) Transient and specific expression of a cysteine
endopeptidase associated with autolysis during differentiation of Zinnia mesophyll cells into
tracheary elements. Plant Cell Physiol. 36 (8): 1599-1606.

Mitsuhara |, Malik KA, Miura M and Ohashi Y. (1999) Animal cell-death suppressors Bcl-x(L) and Ced-9
inhibit cell death in tobacco plants. Curr Biol. 9 (14): 775-778.

Mittler R, Lam E, Shulaev V and Cohen M. (1999) Signals controlling the expression of cytosolic
ascorbate peroxidase during pathogen-induced programmed cell death in tobacco. Plant Mol Biol.
39 (5): 1025-1035.

Mlejnek P and Prochazka S. (2002) Activation of caspase-like proteases and induction of apoptosis by
isopentenyladenosine in tobacco BY-2 cells. Planta. 215 (1): 158-166.

48



PCD in animals and in plants

Momoi T. (2004) Caspases involved in ER stress-mediated cell death. J Chem Neuroanat. 28 (1-2): 101-
105.

Nicholson DW. (1999) Caspase structure, proteolytic substrates, and function during apoptotic cell death.
Cell Death Differ. 6 (11): 1028-1042.

Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK, Gallant M, Gareau Y, Griffin PR, Labelle
M, Lazebnik YA, Munday NA, Raju SM, Smulson ME, Yamin TT, Yu VL and Miller DK. (1995)
Identification and inhibition of the ICE/CED-3 protease necessary for mammalian apoptosis.
Nature. 376 (6535): 37-43.

Nicotera P, Leist M, and Ferrando-May E. (1998) Intracellular ATP, a switch in the decision between
apoptosis and necrosis. Toxicol Lett. 102-103: 139-142

Nunez G, Benedict MA, Hu Y and Inohara N. (1998) Caspases: the proteases of the apoptotic pathway.
Oncogene. 17 (25): 3237-3245.

Obara K, Kuriyama H and Fukuda H. (2001) Direct evidence of active and rapid nuclear degradation
triggered by vacuole rupture during programmed cell death in Zinnia. Plant Physiol. 125 (2): 615-
626.

Oh SA, Lee SY, Chung IK, Lee CH and Nam HG. (1996) A senescence-associated gene of Arabidopsis
thaliana is distinctively regulated during natural and artificially induced leaf senescence. Plant Mol
Biol. 30 (4): 739-754.

Papini A, Mosti S and Brighigna L. (1999) Programmed-cell-death events during tapetum development of
angiosperms. Protoplasma 207: 213-221.

Pennell Rl and Lamb C. (1997) Programmed cell death in plants. Plant Cell 9 (7): 1157-1168.

Plomp PJ, Gordon PB, Meijer AJ, Hoyvik H and Seglen PO. (1989) Energy dependence of different steps
in the autophagic-lysosomal pathway. J Biol Chem. 264 (12): 6699-6704.

Pontier D, Balague C and Roby D. (1998) The hypersensitive response. A programmed cell death
associated with plant resistance. C R Acad Sci lll. 321 (9):721-734.

Pusztai L, Krishnamurti S, Perez Cardona J, Sneige N, Esteva FJ, Volchenok M, Breitenfelder P, Kau
SW, Takayama S, Krajewski S, Reed JC, Bast RC Jr and Hortobagyi GN. (2004) Expression of
BAG-1 and BcL-2 proteins before and after neoadjuvant chemotherapy of locally advanced breast
cancer. Cancer Invest. 22 (2): 248-256.

Putcha GV and Johnson EM Jr. (2004) Men are but worms: neuronal cell death in C. elegans and
vertebrates. Cell Death Differ. 11 (1): 38-48.

Riedl SJ and Shi Y. (2004) Molecular mechanisms of caspase regulation during apoptosis. Nat Rev Mol
Cell Biol. 5 (11): 897-907.

Rohn TT, Head E, Nesse WH, Cotman CW and Cribbs DH (2001) Activation of caspase-8 in the
Alzheimer’s disease brain. Neurobiol Dis. 8 (6): 1006-1016.

Rohn TT, Rissman RA, Davis MC, Kim YE, Cotman CW and Head E (2002) Caspase-9 activation and
caspase cleavage of tau in the Alzheimer’s disease brain. Neurobiol Dis. 11(2): 341-354.

Rojo E, Zouhar J, Carter C, Kovaleva V and Raikhel NV. (2003) A unique mechanism for protein
processing and degradation in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 100 (12): 7389-
7394.

Rojo E, Martin R, Carter C, Zouhar J, Pan S, Plotnikova J, Jin H, Paneque M, Sanchez-Serrano JJ,
Baker B, Ausubel FM, Raikhel NV. (2004) VPE gamma exhibits a caspase-like activity that
contributes to defense against pathogens. Curr Biol. 14 (21): 1897-1906.

Rotari VI, HE R and Gallois P. (2005) Death by proteases in plants: whodunit. Physiologia plantarum.
123 (4): 376-385.

Ruchaud S, Korfali N, Villa P, Kottke TJ, Dingwall C, Kaufmann SH and Earnshaw WC. (2002) Caspase-
6 gene disruption reveals a requirement for lamin A cleavage in apoptotic chromatin condensation.
EMBO J. 21 (8): 1967-1977.

49



Chapter 1

Runeberg-Roos P and Saarma M. (1998) Phytepsin, a barley vacuolar aspartic proteinase, is highly
expressed during autolysis of developing tracheary elements and sieve cells. Plant J. 15 (1): 139-
145.

Ryerson DE and Heath MC. (1996) Cleavage of nuclear DNA into oligonucleosomal fragments during
cell death induced by fungal infection or by abiotic treatments. Plant Cell. 8 (3): 393-402.

Sanchez P, de Torres Zabala M and Grant M. (2000) AtBI-1, a plant homologue of Bax inhibitor-1,
suppresses Bax-induced cell death in yeast and is rapidly upregulated during wounding and
pathogen challenge. Plant J. 21 (4): 393-399.

Sanchez |, Xu CJ, Juo P, Kakizaka A, Blenis J and Yuan J (1999) Caspase-8 is required for cell death
induced by expanded polyglutamine repeats. Neuron. 22 (3): 623-633.

Sarkkinen P, Kalkkinen N, Tilgmann C, Siuro J, Kervinen J and Mikola L. (1992) Aspartic proteinase from
barley grains is related to mammalian lysosomal cathepsin D. Planta. 186 (3): 317-323.

Schmid M, Simpson D and Gietl C. (1999) Programmed cell death in castor bean endosperm is
associated with the accumulation and release of a cysteine endopeptidase from ricinosomes. Proc
Natl Acad Sci USA. 96 (24): 14159-14164.

Schmid M, Simpson D, Kalousek F and Gietl C. (1998) A cysteine endopeptidase with a C-terminal
KDEL motif isolated from castor bean endosperm is a marker enzyme for the ricinosome, a
putative lytic compartment. Planta. 206 (3): 466-475.

Schmid M, Simpson DJ, Sarioglu H, Lottspeich F and Gietl C. (2001) The ricinosomes of senescing plant
tissue bud from the endoplasmic reticulum. Proc Natl Acad Sci USA. 98 (9): 5353-5358.

Schreiber V, Molinete M, Boeuf H, de Murcia G and Menissier-de Murcia J. (1992) The human poly
(ADP-ribose) polymerase nuclear localization signal is a bipartite element functionally separate
from DNA binding and catalytic activity. EMBO J. 11(9): 3263-3269

Serafini-Fracassini D, Del Duca S, Monti F, Poli F, Sacchetti G, Bregoli AM, Biondi S and Della Mea M.
(2002) Transglutaminase activity during senescence and programmed cell death in the corolla of
tobacco (Nicotiana tabacum) flowers. Cell Death Differ. 9 (3): 309-321.

Shimada T, Yamada K, Kataoka M, Nakaune S, Koumoto Y, Kuroyanagi M, Tabata S, Kato T, Shinozaki
K, Seki M, Kobayashi M, Kondo M, Nishimura M, Hara-Nishimura |. (2003) Vacuolar processing
enzymes are essential for proper processing of seed storage proteins in Arabidopsis thaliana. J
Biol Chem. 278 (34): 32292-32299.

Shirahama-Noda K, Yamamoto A, Sugihara K, Hashimoto N, Asano M, Nishimura M and Hara-
Nishimura |. (2003) Biosynthetic processing of cathepsins and lysosomal degradation are
abolished in asparaginyl endopeptidase-deficient mice. J Biol Chem. 278 (35): 33194-33199.

Solomon M, Belenghi B, Delledonne M, Menachem E and Levine A. (1999) The involvement of cysteine
proteases and protease inhibitor genes in the regulation of programmed cell death in plants. Plant
Cell. 11 (3): 431-444.

Stein JC and Hansen G. (1999) Mannose induces an endonuclease responsible for DNA laddering in
plant cells. Plant Physiol 121 (1): 71-80.

Steller H. (1995) Mechanisms and genes of cellular suicide. Science. 267 (5203): 1445-1449.

Stennicke HR and Salvesen GS. (2000) Caspase assays. Methods Enzymol. 322: 91-100.

Suarez MF, Filonova LH, Smertenko A, Savenkov El, Clapham DH, von Arnold S, Zhivotovsky B and
Bozhkov PV. (2004) Metacaspase-dependent programmed cell death is essential for plant
embryogenesis. Curr biol. 14 (9): R339-R340.

Sun YL, Zhao Y, Hong X and Zhai ZH. (1999) Cytochrome c release and caspase activation during
menadione-induced apoptosis in plants. FEBS Lett. 462 (3): 317-321.

Tacconi S, Perri R, Balestrieri E, Grelli S, Bernardini S, Annichiarico R, Mastino A, Caltagirone C and
Macchi B. (2004) Increased caspase activation in peripheral blood mononuclear cells of patients
with Alzheimer’s disease. Exp Neurol. 190 (1): 254-262.

50



PCD in animals and in plants

Tewari M, Quan LT, O'Rourke K, Desnoyers S, Zeng Z, Beidler DR, Poirier GG, Salvesen GS and Dixit
VM. (1995) Yama/CPP32 beta, a mammalian homolog of CED-3, is a CrmA-inhibitable protease
that cleaves the death substrate poly (ADP-ribose) polymerase. Cell. 81 (5): 801-809.

Thomas SG and Franklin-Tong VE. (2004) Self-incompatibility triggers programmed cell death in
Papaver pollen. Nature. 429 (6989): 305-309.

Thompson CB. (1995) Apoptosis in the pathogenesis and treatment of disease. Science. 267 (5203):
1456-1462.

Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ, Miller DK, Molineaux SM,
Weidner JR, Aunins J, Elliston KO, Ayala JM, Casano FJ, Chin J, Ding GJF, Egger LA, Gaffney
EP, Limjuco G, Palyha OC, Raju SM, Rolando AM, Salley JP, Yamin TT, Lee TD, Shively JE,
Maccross M, Mumford RA, Schmidt JA and Tocci MJ. (1992) A novel heterodimeric cysteine
protease is required for interleukin-1 beta processing in monocytes. Nature 356 (6372): 768-774.

Thornberry NA and Lazebnik Y. (1998) Caspases: enemies within. Science. 281 (5381): 1312-1316.

Tian R, Zhang G, Yan C and Dai Y. (2000) Involvement of poly (ADP-ribose) polymerase and activation
of caspase-3- like protease in heat shock-induced apoptosis in tobacco suspension cells. FEBS
Lett. 474 (1): 11-15.

Tiwari BS, Belenghi B and Levine A. (2002) Oxidative stress increased respiration and generation of
reactive oxygen species, resulting in ATP depletion, opening of mitochondrial permeability
transition, and programmed cell death. Plant Physiol. 128 (4): 1271-1281.

U M, Miyashita T, Ohtsuka Y, Okamura-Oho Y, Shikama Y and Yamada M. (2001) Extended
polyglutamine selectively interacts with caspase-8 and -10 in nuclear aggregates. Cell Death
Differ. 8 (4): 377-386.

Uren AG, Coulson EJ and Vaux DL. (1998) Conservation of baculovirus inhibitor of apoptosis repeat
proteins (BIRPs) in viruses, nematodes, vertebrates and yeasts. Trends Biochem Sci. 23 (5): 159-
162

Uren AG, O'Rourke K, Aravind LA, Pisabarro MT, Seshagiri S, Koonin EV, Dixit VM. (2000) Identification
of paracaspases and metacaspases: two ancient families of caspase-like proteins, one of which
plays a key role in MALT lymphoma. Mol Cell. 6 (4): 961-967.

Vacca RA, de Pinto MC, Valenti D, Passarella S, Marra E and De Gara L. (2004) Production of reactive
oxygen species, alteration of cytosolic ascorbate peroxidase, and impairment of mitochondrial
metabolism are early events in heat shock-induced programmed cell death in tobacco Bright-
Yellow 2 cells. Plant Physiol. 134 (3): 1100-1112.

Vaux DL, Cory S and Adams JM. (1988) Bcl-2 gene promotes haemopoietic cell survival and cooperates
with c-myc to immortalize pre-B cells. Nature. 335 (6189): 440-442.

Vera P and Conejero V. (1988) Pathogenesis-related proteins of tomato : P-69 as an alkaline
endoproteinase. Plant Physiol. 87 (1): 58-63.

Viswanath V, Wu Y, Boonplueang R, Chen S, Stevenson FF, Yantiri F, Yang L, Beal MF and Andersen
JK. (2001) Caspase-9 activation results in downstream caspase-8 activation and bid cleavage in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkinson’s disease. J Neurosci. 21 (24):
9519-9528.

Wan L, Xia Q, Qiu X and Selvaraj G. (2002) Early stages of seed development in Brassica napus: a seed
coat-specific cysteine proteinase associated with programmed cell death of the inner integument.
Plant J. 30 (1): 1-10.

Wang M, Oppedijk BJ, Lu X, van Duijn B and Schilperoort RA. (1996a) Apoptosis in barley aleurone
during germination and its inhibition by abscisic acid. Plant Mol Biol 32: 1125-1134.

Wang H, Li J, Bostock RM and Gilchrist DG. (1996b) Apoptosis: A functional paradigm for programmed
plant cell death induced by a host-selective phytotoxin and invoked during development. Plant Cell
8 (3): 375-391.

51



Chapter 1

Wang M, Oppedijk BJ, Caspers MPM, Lamers GEM, Boot MJ, Geerlings DNG, Bakhuizen B, Meijer AH
and van Duijn B. (1998) Spatial and temporal regulation of DNA fragmentation in the aleurone of
germinating barley. J Exp Bot 325: 1293-1301.

Wang M, Hoekstra S, van Bergen S, Lamers GE, Oppedijk BJ, van der Heijden MW, de Priester W and
Schilperoort RA. (1999) Apoptosis in developing anthers and the role of ABA in this process during
androgenesis in Hordeum vulgare L. Plant Mol Biol. 39 (3): 489-501.

Watanabe N and Lam E. (2005) Two Arabidopsis metacaspases AtMCP1b and AtMCP2b are
arginine/lysine-specific cysteine proteases and activate apoptosis-like cell death in yeast. J Biol
Chem. 280 (15): 14691-14699.

Watanabe N and Lam E. (2006) Arabidopsis Bax inhibitor-1 functions as an attenuator of biotic and
abiotic types of cell death. Plant J. 45 (6): 884-894.

Willekens H, Chamnongpol S, Davey M, Schraudner M, Langebartels C, Van Montagu M, Inze D and
Van Camp W. (1997) Catalase is a sink for H202 and is indispensable for stress defence in C3
plants. EMBO J. 16 (16): 4806-4816.

Wojciechowska M and Olszewska MJ. (2003) Endosperm degradation during seed development of
Echinocystis lobata (Cucurbitaceae) as a manifestation of programmed cell death (PCD) in
plants.Folia Histochem Cytobiol. 41 (1): 41-50.

Wolf BB and Green DR. (1999) Suicidal tendencies: apoptotic cell death by caspase family proteinases.
J Biol Chem. 274 (29): 20049-20052.

Woltering EJ, van der Bent A and Hoeberichts FA. (2002) Do plant caspases exist? Plant Physiol. 130
(4): 1764-1769.

Woltering EJ. (2004) Death proteases come alive. Trends Plant Sci. 9 (10): 469-472.

Wu H and Cheung AY. (2000) Programmed cell death in plant reproduction. Plant Mol Biol. 44: 267-281.

Wyllie AH. (1980) Glucocorticoid-induced thymocyte apoptosis is associated with endogenous
endonuclease activation. Nature. 284 (5756): 555-556.

Yamada K, Shimada T, Kondo M, Nishimura M, Hara-Nishimura |. (1999) Multiple functional proteins are
produced by cleaving Asn-GIn bonds of a single precursor by vacuolar processing enzyme. J Biol
Chem. 274 (4): 2563-2570.

Yao N, Eisfelder BJ, Marvin J and Greenberg JT. (2004) The mitochondrion — an organelle commonly
involved in programmed cell death in Arabidopsis thaliana. Plant J. 40 (4): 596-610.

Ye ZH and Varner JE. (1996) Induction of cysteine and serine proteases during xylogenesis in Zinnia
elegans. Plant Mol Biol. 30 (6): 1233-1246.

Yew DT, Ping Li W and Liu WK (2004) Fas and activated caspase 8 in normal, Alzheimer and multiple
infarct brains. Neurosci Lett 367 (1): 113-117.

Yoshinaga K, Arimura Sl, Hirata A, Niwa Y, Yun DJ, Tsutsumi N, Uchimiya H and Kawai-Yamada M.
(2005) Mammalian Bax initiates plant cell death through organelle destruction. Plant Cell Rep. 24
(7): 408-417.

Young TE and Gallie DR. (2000) Programmed cell death during endosperm development. Plant Mol Biol.
44 (3): 283-301.

Yu XH, Perdue TD, Heimer YM and Jones AM. (2002) Mitochondrial involvement in tracheary element
programmed cell death. Cell Death Differ. 9 (2): 189-198.

Yuan J, Shaham S, Ledoux S, Ellis HM and Horvitz HR. (1993) The C. elegans cell death gene ced-3
encodes a protein similar to mammalian interleukin-b-converting enzyme. Cell 75 (4): 641-652.

Zamzami N, Brenner C, Marzo |, Susin SA and Kroemer G. (1998) Subcellular and submitochondrial
mode of action of Bcl-2-like oncoproteins. Oncogene. 16 (17): 2265-2282.

Zhang X, Shan P, Sasidhar M, Chupp GL, Flavell RA, Choi AM and Lee PJ. (2003) Reactive oxygen
species and extracellular signal-regulated kinase 1/2 mitogen-activated protein kinase mediate
hyperoxia-induced cell death in lung epithelium. Am J Respir Cell Mol Biol. 28 (3): 305-315.

52



PCD in animals and in plants

Zhao Y, Jiang ZF, Sun YL and Zhai ZH. (1999) Apoptosis of mouse liver nuclei induced in the cytosol of
carrot cells. FEBS Lett. 448 (1): 197-200.
Zhivotovsky B. (2003) Caspases: the enzymes of death. Essays Biochem. 39: 25-40.

53









	Table 1: Protease classification according to their catalytic mechanisms (IUBMB, 1984). The inhibitors described here are just some examples which are commercially available from several companies. Those inhibitors may be used separately or in inhibitory cocktails to identify the class of a protease. 
	 
	serine proteases
	cysteine proteases
	aspartic proteases
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