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Programmed cell death (PCD) is an indispensible process in plant and animal
systems that serves to eliminate cells and/or tissues and recycle nutrients from these
tissues to the rest of the organism. In animals, PCD is referred to as apoptosis and is
performed by caspases, a family of aspartate-specific cysteine proteinases that serve to
perceive the cell death signal and execute the cell death phenotype. In 2000, Uren et al.
discovered a new family of cysteine proteinases in plants called metacaspases – distant
arginine/lysine-specific relatives of animal caspases – thought to be involved in plant
PCD. The goal of this study was to correlate SlMCA2 expression with PCD in tomato.
Polyclonal antibodies were obtained against the Type I metacaspase SlMCA2 in Solanum
lycopersicum and used for Western blot analyses. BY-2 cell biolistics and in-situ
hybridization were used to investigate where SlMCA2 protein and mRNA accumulate in
various tissues. Results produced were replicated a minimum of three times and correlate
SlMCA2 to PCD, but not initiation of PCD.
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1. CHAPTER ONE - INTRODUCTION
In both plants and animals, programmed cell death (PCD) is an indispensible,
non-inflammatory, highly regulated process occurring throughout development that
serves to eliminate unneeded cells and/or tissues by way of cellular suicide. Nutrients
from these cells/tissues are then recycled by mobilization to other parts of the organism.
This form of cell death is regulated by mechanisms endogenous to the cell, and is
executed by a class of enzymes known as proteinases (also referred to as proteases, endo, and exopeptidases). These proteinases cleave downstream protein substrates to elicit cell
death in response to a perceived cell death signal. While research into mechanisms of
cell death in animals has yielded conclusive evidence regarding the involvement of
caspases (a class of proteinases) in initiating and executing cell death, until recently plant
homologues of animal caspases – thought to be involved in executing cell death in plants
based on animal models – have eluded discovery. However in 2000, Uren et al.
published data outlining the discovery of the first metacaspases, thought to be distantly
related homologues of animal caspases (Uren et al., 2000). Since this discovery, research
into the structure, function, and abundance of metacaspases in plant systems has ensued
in an attempt to answer whether this newly discovered class of enzymes is indeed
involved in plant PCD.
1.1 Importance of PCD in animals and plants
In animals, the most common form of PCD is apoptosis, which is seen throughout
embryonic development and occurs during limb and digit formation (Chen and Zhao,
1998), fusion of bilateral tissues, formation of the nervous and immune systems, and
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during sculpting of the embryonic shape (Zakeri and Lockshin, 2002). In plants, PCD
occurs in response to a variety of factors including drought, flooding, embryogenesis,
female and male flower differentiation, anther dehiscence, leaf shape sculpting, seasonal
leaf senescence, and during the formation of xylem and phloem (Beers and Freeman,
1997; Bonner and Dickinson, 1989; Caporali et al., 2003; Gunawaredena et al., 2004; van
Doorn and Woltering, 2005; Trobacher et al., 2006). In response to localized infection,
PCD is observed as part of the hypersensitive response whereby the plant kills healthy
tissue surrounding the site of infection in order to halt the spread of infection (Levine et
al., 1996). In both plants and animals, absence of PCD results in a variety of
consequences.
1.1.1 Consequences of aberrant PCD
Various studies have found apoptosis to be crucial in development and disease
pathology. In animals, aberrant apoptosis – characterized by either more or less cell
death than is normal – can have disastrous consequences. Inadequate or absent apoptosis
has great implications in the advent and progression of cancer, as cancer is characterized
by proliferation of genetically mutated cells which would typically be eliminated by
apoptosis (Cohen, 1997), while inhibition of apoptosis in the brain during development in
mice results in lower birth weight and premature death (Kuida et al. 1996). Conversely,
excessive apoptosis was found to have great implications in degenerative diseases such as
Huntington’s and Alzheimer’s, and even AIDS progression (Alimonti et al., 2003).
Similarly in plants, the importance of PCD lies in the processes of embryogenesis,
growth, and the organism’s overall life cycle and development (Trobacher et al., 2006).
Abhorrent PCD in plants would in many cases result in death of the organism – for
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example, lack of PCD in the case of xylem production would result in a plant with no
xylem vasculature, which is absolutely vital for water conduction throughout the plant
(Trobacher et al., 2006).
1.1.2 The cell death phenotype
For quite some time hallmarks of programmed cell death were thought to be
radically different in plant and animal systems. However, relatively recent research has in
fact shown that the molecular phenotype of cell death in both plants and animals is
remarkably similar. Programmed cell death, which is different from necrosis as it does
not produce an inflammatory response, involves cytochrome c release from mitochondria,
along with shrinkage of the cytoplasm, chromatin condensation and DNA degeneration
by fragmentation, altered nuclear morphology including lobing of the nuclear envelope,
and nuclear pore complex degradation (Balk and Leaver, 2001; Bozhkov et al., 2005;
Rotari et al., 2005;). While the PCD phenotype does indeed appear to be conserved
between plant and animal cells, the molecular players and mechanisms involved in
executing the phenotype may not be as highly conserved. While the structure of the
nuclear envelope is conserved between plants and animals, the molecular composition is
not (Bozhkov et al. 2005; Rose et al. 2004) - thus it is quite likely that different
molecular players capable of interacting with the molecular composition of the nuclear
structure are required to perform PCD in plants compared to animals.
Indeed, while the molecular mechanisms and signal transduction cascades
involved in animal apoptosis have been elucidated in relative detail, the molecular
mechanisms involved in plant PCD have yet to be resolved to the same depth.
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1.1.3 Proteinase classification
Proteinases, a family of proteolytic enzymes involved in a variety of processes in
both plants and animal systems, have been directly implicated in animal apoptosis and
plant PCD. In general, proteinases are involved in numerous events within living
organisms, including but not limited to: cell death and senescence, food digestion,
enzyme processing, plant and animal defense responses, blood coagulation/healing, and
intracellular protein turnover (Jones, 1984; Konno et al., 2004; Powers et al., 2002;
Trobacher et al., 2006;). The amount of redundancy in regard to endogenous proteinase
function, coupled with the variety of post-translational modifications to which any
specific proteinase might be subjected, have made elucidation of the specific roles of
individual proteinases problematic.
Proteinases can be categorized into four main groups: serine- (the largest group
containing over 200 members), cysteine-, aspartic-, and metallo-proteases (each
containing approximately 100 members) (Powers et al., 2002). Proteinases in these
various categories are distinguished by the conserved residues in their active sites, and
these residues are required for their proteolytic activity (van der Hoorn et al., 2004).
Proteinases from each of the four categories can be found in the model plant Arabidopsis
thaliana (Powers et al., 2002).
An effective method of categorization has been developed in order to organize the
sheer plethora of proteinases that have been discovered to date. Proteinases are first
grouped into “clans” which are denoted by two letters based on their similarity in tertiary
structure and/or the conserved primary residues in their active site (i.e. “CD” for cysteine
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proteinases). From clans, proteinases are further sub-grouped into families, which
contain sets of homologous proteinases based on sequence similarity. Families of
proteinases are designated by the first letter of the catalytic type of proteinase, then with a
unique number and sometimes even unique letter depending on whether there is evidence
for evolutionary divergence in the family (i.e. “C14A” for caspases, a subclass of the
cysteine proteinases) (Rawlings et al., 2009).
Many proteinases are initially produced as inactive zymogens that require
processing to become active mature enzymes. This processing typically involves
proteolytic cleavage by either another enzyme or by autocatalysis (Vernet et al., 1995).
1.2 Cysteine proteinase involvement in apoptosis and PCD
1.2.1 Caspases and apoptosis
Caspases (cysteine-dependent aspartate-specific proteinases) are members of the
C14A family of the CD clan of cysteine proteinases and are responsible for initiation and
execution of apoptosis in animal systems upon perception of an endogenous or
exogenous cell death signal (Alnemri et al., 1996). Like all members of the cysteine
proteinase family, caspases contain an indispensible highly conserved cysteine amino
acid residue in their active site.
The caspase family can be further divided into initiator and effector/executioner
caspases, whereby executioner caspases are activated by initiator caspases, and once
activated, execute apoptotic signal transduction cascades. The cell’s decision to activate
the apoptotic signal transduction cascade may be in response to either exogenous proapoptotic ligands that interact with membrane-bound death receptors, or endogenous
stressors/signals such as cytochrome c release from mitochondria, irreparable DNA
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damage, or cell cycle disruption (Riedl and Salvesen, 2007; Scoltock and Cidlowski,
2004).
While activation of initiator caspase monomers requires dimerization and
conformational change (Boatright and Salvesen, 2003; Fuentes-Prior and Salvesen,
2004), activation of executioner caspases generally requires proteolytic separation of the
p20 (large) and p10 (small) domains and subsequent p10/p20 heterodimer complex
formation (Uren et al., 2000; Vercammen et al., 2007). Once activated, executioner
caspases target downstream cellular mechanisms to cause apoptotic morphology
(Trobacher et al., 2006).
1.2.2 Caspase-like activity in plants
As most of the collective knowledge surrounding cell death originates from
research performed on caspases using animal systems, researchers first looked for
indicators of similar processes in plants when investigating PCD.
For example, animal caspases are aspartate specific – the executioner caspase-3
has DEVD (aspartic acid, glutamic acid, valine, aspartic acid, respectively) amino acid
specificity – and recent studies have found DEVDase activity in corn poppy pollen
(Papaver rhoeas) in response to pollen self-incompatibility (Bosch and Franklin-Tong,
2007; Stone et al., 2003). This PCD process is incredibly important for removing selfincompatible pollen and preventing self-fertilization and thus inbreeding of the plant. In
another example of caspase-like activity, casepase-6-like VEIDase activity was found
during plant embryo development, and caspase-1-like YVADase activity was found
during vacuolar processing by VPE (vacuolar-processing enzyme) (Bozhkov et al., 2004;
Hatsugai et al., 2006).
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Despite this, the majority of caspase-like activity during PCD in plants has yet to
be attributed to specific enzymes.
1.2.3 Cysteine proteinases and PCD
Enzymes belonging to the cysteine proteinase family have been directly
implicated in PCD. Cysteine proteinases have a highly conserved cysteine residue in the
active site, which also typically contains a conserved histidine and asparagine residue.
The enzymes from this family are involved in PCD and can be further subcategorized
into papain-like and legumain cysteine proteinases, as well as the more recently
discovered subfamily of metacaspases, which are perhaps the most promising relatives of
caspases in terms of structure and role in PCD (Bozhkov et al., 2005; CarmonaGuitierrez et al., 2010; Trobacher et al., 2006; Uren et al., 2000).
The CD C1A cysteine proteinase papain was first purified from the latex of
Carica papaya in the 19th century and deemed to be proteolytically active, functioning as
a predation-deterring toxin (Wurtz and Bouchut, 1879). Since its discovery, other C1A
cysteine proteinases have been identified, all of which are secreted as pre-pro enzymes.
The 10-12 amino acid ‘pre’ region functions as an endoplasmic reticulum targeting signal
while the auto-inhibitory ‘pro’ region blocks the active site of the folded proteinase and
must be cleaved for activation of the proteinase (Trobacher et al., 2006). The size of the
active site among papain-like cysteine proteinases varies and can thus accommodate a
large variety of substrates. Human homologues of papain-like proteinases, called
cathepsins, do exist – however, while papain-like cysteine proteinases have been
implicated in PCD during a variety of processes including during natural senescence and

	
  

7	
  

senescence due to drought and salt stress, cathepsins have not been correlated to
apoptosis (Trobacher et al., 2006).
The asparagine-specific legumain cysteine proteinase enzymes, belonging to the
C13 family, are present in both plant and animal systems. In animals, these proteinases
are lysosomal while in plants they are vacuolar and are thus commonly referred to as
vacuolar processing enzymes, or VPEs (Kinoshita et al., 1999; Rawlings et al., 2009;
Trobacher et al., 2006). Legumain proteinases are required for proteolytic processing
and maturation of downstream protein storage proteins required for seed maturation, and
are also thought to be involved in seed storage protein degradation and mobilization of
said proteins during seed germination (Kinoshita et al.; 1999; Muntz and Shutov, 2003)
Despite their proposed roles in PCD, neither papain-like nor legumain proteinases
are closely related homologues of animal caspases, and neither function in the same way
as caspases, nor in homologous pathways.
1.2.4 Roles of Gibberellins and Abscisic Acid in PCD
Similarly to animals, hormones regulate a variety of processes in plants.
However, plant hormones have not been studied to the same depth as animal hormones.
Gibberelic Acid (GA) is a plant hormone with known implications in plant growth and
development. This hormone is essential in promoting germination and mobilization of
reserves from endosperm tissue to the growing embryo during germination and seedling
growth (Hooley, 1994). In endospermic seeds, it is thought that a GA signal is sent from
the growing embryo to the surrounding endosperm, which initiates PCD in the
endosperm prior to germination and during the growth of the seedling; this GA signal is
suspected to promote cellular hydrolase synthesis – including that of cysteine proteinases
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which have direct PCD implications – in non-endospermic seeds, this germination signal
is thought to be ethylene (Bethke et al., 1998, 1999; Bewley and Black, 1978; DeBono
and Greenwood, 2006; Dominguiez et al., 1994; Koehler and Ho, 1990).
While GA is known to promote PCD, Abscisic Acid (ABA) is known to inhibit
the effects of GA and thus the very process of PCD – in seed tissue, it is responsible for
regulating the induction and maintenance of seed dormancy (Bewley, 1997). Previous
experiments using endosperm seeds imbibed on water, GA, and GA and ABA by
Trobacher (2010) do indeed corroborate the known data that GA promotes and ABA
inhibits endosperm PCD.
1.3 Metacaspases: distant homologues of animal caspases
1.3.1 Discovery of metacaspases
Until the in silico discovery of metacaspases in 2000 by Uren et al., plant
homologues of animal caspases were proposed to exist but had eluded researchers to the
extent that some hypothesized that they did not to exist at all. Using a sequence
alignment search, Uren et al. discovered metacaspases in plants, fungi and protozoa, and
sequence analysis confirmed their similarity to caspases – hence the name metacaspase.
Metacaspases were introduced to the C14B family of cysteine proteinases alongside
caspases, however this designation did cause considerable uproar as the C14 family
requires that proteinases of this family are exclusively aspartate-specific, and
metacaspases were found to be arginine/lysine specific in the P1 position (Rawlings et
al., 2009).
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Figure 1.2.4.1
Illustration of a longitudinal section of a non-germinated tomato seed. The
embryo is surrounded by endosperm tissue, all of which is encapsulated in a seed coat.
While the micropylar endosperm surrounds the radicle (the embryonic root, which is the
first to emerge from the seed upon germination), the lateral endosperm surrounds the
remaining embryonic tissue, including the cotyledon. For some of the experiments, seeds
were dissected along the dissection plane (dotted line) to separate lateral endosperm from
micropylar endosperm (DeBono and Greenwood, 2006).
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Though metacaspases are similar to caspases in both sequence (including the conserved
catalytic dyad of cysteine and histidine; though sequence similarity is low and below
20% for most comparisons) and tertiary structure, this disparity in amino acid specificity
compelled some researchers to argue their hypothesized functional similarity to caspases
(Hoeberichts et al., 2003; Trobacher et al., 2006; Vercammen et al., 2004).
1.3.2 Type I and Type II metacaspases: sequence and structure
Metacaspases can be further categorized into Type I and Type II metacaspases,
which correspond in sequence and structure to initiator and executioner caspases,
respectively (Vercammen et al., 2007).
Like initiator caspases, Type I metacaspases frequently contain a proline-rich Nterminal prodomain region. In plants, this region also encodes a C2C2 zinc finger motif
that does not exist in Type II metacaspases, nor executioner caspases (Figure 1.3.2.1)
(Uren et al., 2000). In plants, zinc finger motifs are frequently found in proteins involved
in the PCD pathway responsible for the hypersensitive response – for example, the
A.thaliana lsd1 gene contains a zinc finger motif and lsd1 mutants are exceedingly
responsive to stressors promoting cell death (Dietrich et al., 1997). Type I and Type II
metacaspases each contain both p10 (small) and p20 (large) subunits, however in Type II
metacaspases (though not executioner caspases), these two units are connected with an
approximately 180 amino-acid linker region (Uren et al., 2000).
In A. thaliana, nine metacaspases have thus far been discovered, three that are
Type I (Atmc1, 2 and 3) and six that are Type II metacaspases (Atmc4-9). Vercammen et
al. (2004) found that overexpression of a recombinant Type II metacaspase in E. coli
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resulted in cysteine-dependent autocatalytic processing of the metacaspase into individual
p10 and p20 subunits – this processing is also seen with executioner caspases.
Overexpression of a Type I metacaspase in the same study did not result in the same
processing, perhaps implying that Type I metacaspases do not require this kind of
autocatalytic processing for activation, and may rather require a conformational change
resulting from dimerization, like initiator caspases. Of course, expression of eukaryotic
proteins in a prokaryotic system is not ideal as this expression may result in proteins
folding and thus behaving differently than when in their native organism.
Like all cysteine proteinases, metacaspases contain a conserved cysteine residue
in their active site without which proteolytic activity is abrogated.
1.3.3 Metacaspase substrate specificity
Despite their similarity to caspases, metacaspases do not exhibit the same
substrate specificity as caspases, which are aspartate-specific in the P1 position (Figure
1.3.3.1). In 2004, Vercammen and coworkers examined A. thaliana Type II
metacaspases Atmc4 and Atmc9 with enzymatic assays, and these metacaspases were
found to be arginine/lysine specific in the P1 position, whereby the activity could be
blocked by arginal inhibitors leupeptin and antipain and the P1 lysine inhibitors Z-FKtbmk and TLCK. Furthermore, they concluded that since these metacaspases did not
cleave any caspase-specific substrates, they could not be responsible for the caspase-like
activity previously identified in plants.
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Figure 1.3.2.1
A simplified structural comparison of initiator/inflammatory and executioner
animal caspases (C) to Type I and Type II plant metacaspases (M). Type I metacaspases
are most similar to initiator/inflammatory caspases, both of which contain a frequently
proline-rich prodomain (purple). Type II metacaspases lack this prodomain, like
executioner caspases, but also contain a linker region between the p10 and p20 subunits.
Highly conserved histidine (H) and cysteine (C) residues are found in both caspases and
metacaspases, and as such both are found in the family of cysteine proteinases. Figure
adapted from Vercammen et al. (2007)
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The results of the substrate specificity study on Atmc4 and 9 were generalized to
include all metacaspases: whereby the P1 specificity of caspases is dependent on
glutamine and arginine residues that facilitate positioning of the substrate aspartate
residue in the caspase active site, the P1 specificity of metacaspases may be due to the
conserved Asp32 and Asp145 (upstream of the active site cysteine residue) along with
Asp254 of Atmc9 (Vercammen et al., 2004).
1.3.4 Metacaspase implications and roles in PCD
After the initial discovery of metacaspases, primary research publications
investigating the potential role and function of metacaspases were few and far between.
Most publications were reviews that focused on the ongoing debate between two groups
of researchers: those who opposed the notion of metacaspases as relating closely and
functioning similarly to caspases (primarily due to their different substrate specificity),
and those who supported this notion (primarily due to sequence and structural
similarities). In due time, however, research into yeast and plant metacaspases began to
directly implicate metacaspases in a variety of PCD processes, and in some cases even to
caspase-like activity seen in plants.
1.3.5 Yeast metacaspase YCA-1 is required for some forms of PCD
Despite being single cell organisms, yeast (Saccharomyces cerevisiae) cells are
able to undergo programmed cell death with the same phenotypic markers as apoptosis –
yet the yeast genome does not contain any caspase genes (Madeo et al., 1997). The
yeastgenome does however contain Yeast Caspase-1 (YCA-1; which is a metacaspase
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Figure 1.3.3.1
Enzymatic substrate specificity and positioning required for proteolytic activity at
the active site. A schematic representation of substrate specificity: The P1 position on a
substrate molecule is defined as the first amino acid on the N-terminal side of the location
of substrate cleavage (red line; Schechter and Berger, 1967). While caspases have a P1
specificity for aspartate (D), metacaspases are arginine/lysine specific (Vercammen et al.,
2004). Figure adapted from Schechter and Berger (1967).
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having arginine/lysine specificity – despite its name) whose function is required for cell
death under certain experimental conditions. Exposing yeast cells to hydrogen peroxide
typically induces apoptosis, however apoptosis is inhibited in YCA-1 mutant cells when
exposed to hydrogen peroxide stress, and the caspase-like activity seen in yeast cells does
not occur in these mutants. Conversely, over-expressing YCA-1 results in an increase in
apoptotic activity in yeast stressed with hydrogen peroxide in comparison to controls and
an increase in proteolytic activity against the synthetic mammalian caspase-6 substrate
VEID-AMC is observed (Madeo et al., 2002).
Of course, the evidence produced from this study does not prove a causal
relationship between YCA-1 and apoptosis: it is entirely possible that YCA-1 is not
acting alone and is simply one player in a complex signal transduction cascade, requiring
other molecules to incite apoptosis. This is reinforced by the fact that over-expression of
YCA-1 alone was not sufficient to increase apoptosis – rather, cells had to be stressed
with hydrogen peroxide for an effect to be seen.
1.3.6 Metacaspase studies in Norway spruce
A number of publications investigating potential roles and connections of
metacaspases to plant PCD have been put forward by the Bozhkov group investigating
mcII-Pa, a Type II metacaspase in Norway spruce (Picea abies).
During Norway spruce embryogenesis, cytoplasmic mcII-Pa translocates to the
nucleus of embryo suspensor cells destined for PCD. This proteinase was found to
associate with nuclear pore complex and chromatin, and furthermore was proven to be a
causative factor in DNA degradation and nuclear envelope disassembly – both of which
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are two key components of the cell death phenotype. Mutation of the active site cysteine
residue in mcII-Pa stopped nuclear degradation (Bozhkov et al., 2005; Sundstrom et al.,
2009).
A year earlier however, Bozhkov et al. (2004) found VEIDase activity to be
absolutely essential for PCD during embryogenesis in Norway spruce, so much so that
inhibition of VEIDase activity completely abrogated this process. However, like all
metacaspases, mcII-Pa does not have caspase-like VEIDase activity but is arginine/lysine
specific. It is presumed, then, that mcII-Pa likely works upstream of an unknown
proteinase with caspase-like VEIDase activity, as inhibition of mcII-Pa and VEIDase
activity individually results in the same phenotype, and down-regulation of the mcII-Pa
gene results in a significant reduction in VEIDase activity and TUNEL-positive cells
(Terminal deoxynucleotidyl transferase dUTP nick end labeling; Suarez et al., 2004).
In 2009, Sundstrom and coworkers published perhaps the most promising
evidence to date promoting the notion that metacaspases are indeed functional relatives of
caspases. Tudor Staphylococcus Nuclease (TSN) functions as a transcription factor and is
responsible for activating transcription, regulating mRNA splicing, RNA silencing (as
part of the RNA-induced Silencing Complex: the RISC complex), and double-stranded
RNA degradation (Scadden, 2005). This protein is conserved in vertebrates, protozoa,
fungi and plants.
In silico analysis of human TSN (HsTSN) revealed a DAVD motif, which could
be used as a cleavage site by caspase-3-like proteinases. Experiments using functional
caspase-3 resulted in cleavage of HsTSN into large and small fragments at this site and
inhibition of caspase-3 function by the chemical DEVD-CHO prevented this cleavage
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(Sundstrom et al., 2009). To further confirm HsTSN as a downstream substrate of
caspase-3, the researchers stressed HCT116 colon carcinoma cells with 5-fluorouracil
which increased caspase-3-like activity and subsequent cleavage of HsTSN. This
cleavage of HsTSN was also detected in HeLa cells treated with camptothecin (CPT), and
the cleavage did not occur when the P1 position of the DAVD motif was mutated or if the
caspase inhibitor zVAD-fluoromethylketone was used (Sundstrom et al., 2009).
Sundstrom et al. (2009) then used HeLa and non-cancer HEK293 cells transfected
with non-cleavable TSN and observed that these cells had increased cell proliferation
compared with wildtype HsTSN cells. When stressing these mutant HeLa cells with
CPT, which would normally induce apoptosis, the researchers witnessed a 35% increase
in cell viability compared to wildtype, and they thus concluded that proteolytic cleavage
of HsTSN is in fact required for progression of apoptosis.
While TSN is conserved in vertebrates, protozoa, fungi and plants, the DAVD
caspase-3 cleavage site is only seen in vertebrates. Since protozoa, fungi, and plants do
not contain caspases but rather have metacaspases, Sundstrom et al. (2009) searched for
and found multiple potential metacaspase-cleavage sites and hypothesized that plant TSN
may be a downstream substrate of metacaspases. To investigate this hypothesis, they
created recombinant Norway spruce TSN (PaTSN) and found that mcII-Pa cleaved this
protein at four arginine/lysine locations, and chemical inhibition of mcII-Pa prevented
this fragmentation. During Norway spruce embryogenesis, PCD occurs in the temporary
organ of the embryo suspensor cells and proteolytic activity against PaTSN correlates to
mcII-Pa metacaspase activity. RNAi against mcII-Pa indeed did partially or completely
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prevent PaTSN processing, dependent on the remaining mcII-Pa activity after knockdown (Sundstrom et al., 2009).
Interestingly, despite the genetic divergence between aspartate-specific caspases
and arginine/lysine-specific metacaspases, in at least this particular case a downstream
substrate of a caspase has evolved in such a way that its plant homolog is a downstream
substrate of a metacaspase. Though PaTSN is cytoplasmic and thus not thought to have
the same role as its transcription-regulatory cousin HsTSN (Sundstrom et al., 2009), this
phenomenon is the first example of a conserved downstream substrate between caspases
and metacaspases. The role of PaTSN in P. abies is not known.
1.3.7 Metacaspase studies in tomato
Another study to link a plant metacaspase to PCD was performed by Hoeberichts
et al. (2003), whereby the group first discovered a Type II metacaspase in tomato
(Solanum lycopersicum, previously Lycopersicum esculentum), LeMCA1. This group
found that LeMCA1 is upregulated upon infection of tomato leaves with Botrytis cinerea,
a fungus which induces the PCD hypersensitive response in tomato and other plants.
Chemical induction of PCD with hydrogen peroxide, however, did not elicit this
upregulation. The same study found using BLAST that LeMCA1 is located on the
chromosome 9 SW-5 locus, which also contains topovirus resistance genes and the gene
LePIRIN, which is thought to be involved in protein-protein interactions during chemical
induction of PCD in tomato. Hoeberichts et al. (2003) also detected at least two other
metacaspase genes in tomato by Southern blot, however their attempts to clone a Type I
metacaspase were unsuccessful.
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1.4 SlMCA2: A Type I metacaspase in tomato
SlMCA2, a proposed 40.3kDa novel Type I metacaspase was recently reported by
members of the Greenwood group (Senatore et al., 2009). Using semi-quantitative RTPCR, Senatore and coworkers found that expression of SlMCA2 increases leading up to
anther dehiscence and subsequent pollen release. Anther dehiscence in tomato is a prime
example of PCD, as specific cells in the anther tissue must undergo PCD in order to
achieve pollen release (Bonner and Dickenson, 1989). Upregulation of SlMCA2
expression is observed during flower development stages 13-18 and 18-20 (stage 20
being that of anther dehiscence and pollen release) in tomato (Brukhin et al., 2003;
Senatore et al., 2009).
1.4.1 Hypothesis
Due to the increasing evidence correlating metacaspases to PCD, our hypothesis
is that SlMCA2 also has a role in plant PCD. As it contains a prodomain region, SlMCA2
likely requires removal of the N-terminal prodomain for activation and SlMCA2 protein
accumulation will occur in tissues known to undergo PCD.
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2. CHAPTER TWO - MATERIALS AND METHODS
All chemicals were purchased from Fisher Scientific (Ottawa, Ontario) unless
otherwise noted.
2.1 In-Silico Analyses
The T-Coffee multiple sequence alignment tool was accessed at
http://tcoffee.crg.cat/apps/tcoffee/play?name=regular. Each sequence was inputted in
FASTA format and the analysis was submitted using the default parameters (Notredame
et al., 2000).
The ExPASy PeptideCutter tool was accessed at
http://web.expasy.org/peptide_cutter (Gasteiger et al., 2005). The putative SlMCA2
sequence was inputted (Results, Table VI), and “all available enzymes and chemicals”
was selected for proteolytic analysis.
The WoLF PSORT program was accessed at http://wolfpsort.org/ and used to
predict the subcellular localization of the SlMCA2 protein (Horton et al., 2006; 2007).
The organism type was selected as “Plant”, the SlMCA2 protein sequence inputted, and
the query submitted.
The MitoProtII v.1.101 program was accessed at
http://ihg.gsf.de/ihg/mitoprot.html (Claros and Vincens, 1996), the SlMCA2 protein
sequence was inputted and the query submitted.
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2.2 Plant Materials and Tissue Harvesting
2.2.1 Germination and growth of plants
The tomato Solanum lycopersicum L. cv. “Glamour” (Stoke’s Seeds, St.
Catherines Ontario). was used for all experiments. Seed stocks were kept at 4°C prior to
germination
For germination, seeds were selected and planted in Sunshine Mix potting soil
(Plant Products, Brampton Ontario) moistened with reverse osmosis water. Trays of
seeds were kept at 21.5-22.5°C during the day and 16.5-17.5°C at night in greenhouse
conditions using supplemental light when daylight levels fell below 400umol – artificial
lights followed the daily sunrise/sunset. Two-week-old seedlings were potted in
Sunshine Mix in 2” pots, and subsequently 4” and 6” pots throughout growth. Plants
were watered once soil had dried from the previous watering (approximately 2-3 times
per week) and fertilized with 20-20-20 (Plant Products) once a week according to
manufacturer’s instructions.
2.2.2 Plant tissue harvesting
Plant tissues were harvested differently depending on the required use. Sharp,
clean razor blades were used to harvest tissue from plants. For anther tissue,
inflorescences were removed and the plant remained intact. For harvesting of stems,
leaves and roots, whole plants were sacrificed and dissected as necessary. For long-term
storage, plant tissues were frozen in liquid nitrogen, ground with a mortar and pestle, and
stored at 80°C.

	
  

22	
  

2.2.3 Seed time course experiments
For time course experiments requiring germinated seeds, plastic Petri dishes
containing two Whatman #4 filter papers were prepared and the filter paper moistened
with 6ml dH20 and 50 µg/ml streptomycin. For hormone experiments, 50µM GA
(Sigma), 50µM ABA (Sigma) or both were added to dH20 prior to dispensing onto filter
paper.
For whole seed experiments, whole tomato seeds were placed on moistened filter
paper in the Petri dishes, covered with a lid and taped with Parafilm. For hormone
experiments where only endosperm halves were required, seeds were first soaked in
excess dH20 for 45 minutes and then bisected using a sharp razor blade under a dissecting
microscope. The embryo was completely removed and the remaining endosperm halves
incubated on the moistened filter paper. All seeds and seed halves were incubated in
closed and Parafilm-taped Petri dishes at 25°C until harvesting.
To better categorize progression of endosperm cell death after imbibition, a set of
experiments was performed using whole seeds imbibed on water for 144 hours. At the
144 hour time point, the seedlings were separated into three populations: non-germinated
seeds, short seedlings (with seedlings protruding from the seed less than 5mm long), and
long seedlings (with seedlings greater than 5mm long). The endosperm was isolated
from the embryo and the former dissected into lateral and micropylar endosperm
(Introduction, Figure 2.2.3.1).
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Figure 2.2.3.1
A series of illustrations of PCD progression in non-germinated (NG), germinated
short seedling (SS), and germinated long seedling (LS) tomato seeds, adapted from
findings by Trobacher (2010). A) Whole seed at each classification: At the NG stage, no
radicle is present; at the SS stage, a radicle of <10mm protrudes from the seed coat, while
at the LS stage, a radicle of >10mm is present. B) Longitudinal section at each stage,
whereby the embryo within the seed is visible. In the NG population, endosperm exhibits
minimal to no degradation. At the SS stage, endosperm can be seen degrading outward
from the embryo within. Endosperm at the LS stage is most degraded out of all the
stages.
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2.2.4 Seed harvesting
Seed tissues were harvested at the required time point post imbibition by
dissection where required, frozen in liquid nitrogen and ground up with a mortar and
pestle. Frozen and ground tissue was not allowed to thaw prior to storage in pre-frozen
1.5mL microcentrifuge tubes at -80°C.
2.3 Over-expression of SlMCA2 Protein for Antibody Production
A previously-prepared recombinant pET22b(+) (Novagen) protein overexpression plasmid containing the SlMCA2 cDNA upstream of a 6xHis tag was used for
SlMCA2 protein expression in E. coli (Yokoyama, 2003).
2.3.1 Preparation of pET22b(+)/SlMCA2
Preparation of transformation-competent E. coli cells
As per Inoue et al. (1990), a 500ml culture of Escherichia coli cells (strain
dependent on use) were grown at 37°C in a shaking incubator in LB broth until an OD595
of 0.6 was reached. The culture was then cooled for 15 minutes on ice. From this point
onward, cells remained cold. The culture was transferred to two sterile 250mL centrifuge
bottles then centrifuged at 2000 x g in a Hermle Z320K centrifuge with a Hermle angled
rotor (Gosheim, Germany) for 10 minutes at 4°C to pellet cells. The supernatant was
removed and discarded, and the pellets were resuspended in 30mL cold TfbI (aqueous
100mM RbCl, 50mM MnCl2-4H20, 30mM potassium acetate, 10mM CaCl2-2H20, 15%
(v/v) glycerol, filter sterilized and stored at 4°C), combined into one flask, put on ice for
15 minutes and then centrifuged for 5 minutes at 1500 x g at 4°C. The supernatant was
removed and discarded, and the cells were resuspended in cold 6mL TfbII (aqueous
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10mM MOPS, 10mM RbCl, 70mM CaCl2-2H2O, 15% (v/v) glycerol) on ice. Cells were
aliquoted into 100µl quantities and stored at -80°C until use.
2.3.2 Heat-shock transformation of competent cells with pET22b(+)/SlMCA2
E. coli BL21 (DE3) cells (New England Biosciences, Ontario) were transformed
as per previously published methods (Dagert and Ehrlich, 1979; Inoue et al., 1990).
Competent E. coli BL21 (DE3) cells were removed from storage and thawed on ice for
30 minutes. Recombinant plasmid DNA, such as the Novagen® pET22b(+) plasmid
(EMD Biosciences, Darmstadt Germany) containing the SlMCA2 cDNA insert, was used
for transformation. Plasmid DNA was first thawed on ice (if necessary) then chilled on
ice with the required 1.5mL microcentrifuge tubes for two minutes. Eighty microliters of
thawed competent cells was first added to the microcentrifuge tube, then 5µl of plasmid
DNA was added and the contents were flicked to mix. Tubes were incubated on ice for
20 minutes, heat-shocked at 42°C for exactly 90 seconds, then immediately returned to
ice for one minute. To each tube, 600µl Luria-Bertani (LB) broth (10g tryptone, 5g yeast
extract), 10g NaCl topped to 1L dH20, autoclaved) was added and the mixture incubated
at 37°C with shaking for one hour. Ampicillin was then added to a final concentration of
50µg/ml from a 50mg/ml stock, and the cultures incubated for an additional half hour at
37°C. After recovery incubation, transformed cells were plated on LB/Amp50 plates and
incubated overnight at 37°C.
2.3.3 Induction of SLMCA2 protein over-expression from transformed cells
Transformed E. coli BL21 (DE3) cells containing the pET22b(+)/SlMCA2
recombinant plasmid were grown overnight at 37°C in 5mL LB/Amp50. The following
day, 1mL of the overnight culture was used to inoculate a 500mL LB/Amp50 broth, the
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culture was incubated with vigorous shaking at 37°C until an optical density of
OD600=1.0 was reached. At this point, 1mL of the culture was centrifuged at 13,000 x g
in a µSpeedFuge SFR13k (Savant Instruments Inc., Farmingdale NY) and the supernatant
removed; the pellet was then stored at -80°C for later SDS-PAGE protein analysis
(referred to as the “Before IPTG” pellet). To the remaining culture, 1mM IPTG was
added to induce SlMCA2 protein expression from the pET22b(+)/SlMCA2 plasmid
(Studier et al., 1986; 1990), and the culture was left overnight at room temperature with
vigorous shaking. Following this incubation, two 1mL aliquots of the culture were
centrifuged at 13,000 x g, the supernatant removed, and the pellets stored at -80°C
(referred to as the “After IPTG” pellet). The remaining culture was then centrifuged at
2000 x g for 45 minutes at 4°C, the supernatant was removed and the pellet stored at 80°C.
2.3.4 Cell pellet sonication
To determine if IPTG induction of SlMCA2 protein over-expression was
successful, “before” and “after IPTG” cell pellets were thawed on ice. Pellets were
suspended in 300µl ice-cold 1x PBS (137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4,
1.47mM KH2PO4), and sonicated on ice with an XL2020 Sonicator (Misonex,
Farmingdale New York) two times for 30 seconds each time at output level three.
2.3.5 Sonicated sample preparation for SDS-PAGE
To determine if over-expressed SlMCA2 protein formed insoluble inclusion
bodies, one of the “after IPTG” cell pellets was centrifuged at 13,000 x g for 15 minutes
at 4°C, and the supernatant removed and saved. The cell pellet was washed with ice-cold
1x PBS and resuspended in 300µl 1x PBS. Twenty microlitres of the “before IPTG” and
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20µl each of the “after IPTG” whole cell lysate, pellet and supernatant samples was
boiled with 2x Sample Loading Buffer (126mM Tris, 20% v/v glycerol, 4% SDS, 0.005%
Bromophenol Blue; pH 6.8) for 5 minutes. Samples were then subjected to SDS-PAGE
and Coommassie staining (45% v/v methanol, 10% v/v glacial acetic acid, 45% v/v
water, 3g/L Coomassie Brilliant Blue), and destaining (50% v/v methanol, 40% v/v
water, 10% v/v acetic acid) to reveal and confirm presence of expressed protein.
2.3.6 Protein extraction from E. coli BL21 (DE3)
Protein was extracted using methods described by Senatore (2006). The E. coli
BL21 (DE3) cell pellet containing over-expressed SlMCA2 protein was thawed on ice for
30 minutes and 5mL Tris pH 8.0 containing10mM EDTA per gram of wet cells was
added to the centrifuge bottle and the pellet resuspended by pipetting. Cells were then
sonicated on ice with 15 pulses, 20 seconds per pulse, with 10 seconds in between pulses
at output setting 3.5, and centrifuged at 12,000 x g for 15 minutes at 4°C. The supernatant
was subsequently removed and the pellet resuspended and washed in 2.0M urea, 20mM
Tris pH 8.0 and 2.5% Triton-X, at 5mL per gram of wet pellet with sonication for 30
seconds at output 3.5. Following resuspension, the mixture was again centrifuged at
12,000 x g for 15 minutes at 4°C, the supernatant discarded and the same wash step
repeated to further purify inclusion bodies. The sample was then centrifuged at 12,000 x
g for 15 minutes at 4°C, the supernatant discarded and the pellet washed similarly, twice
in 20mM Tris pH pH 8.0 containing 20% sucrose followed by centrifugation as before.
The supernatant was discarded and SlMCA2 inclusion bodies were denatured in
denaturing buffer (6M guanidine-HCl, 20mM Tris pH 8.0, 500mM NaCl 10mM
Imidazole) using 5mL per gram of pellet, with sonication at output 3.5 for 30 seconds.
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The mixture was then shaken gently at room temperature for 2 hours to allow for
denaturation.
2.4 SlMCA2 Protein Purification
2.4.1 Ni-NTA affinity chromatography
Denatured 6xHis-tagged SlMCA2 protein was purified using NickelNitrilotriacetic Acid (Ni-NTA) affinity column chromatography (Crowe et al., 1994).
The column was equilibrated with three bed volumes of denaturing buffer and allowed to
drain by gravity flow. The solution containing the denatured SlMCA2 protein was
allowed to pass through the column by gravity flow, followed by a 30mL solution
containing 6M guanidine-HCl, 20mM Tris pH 8.0, 500mM NaCl (denaturing solution
without imidazole), followed by a 10 mL solution of 8M urea, 20mM Tris pH 8.0,
500mM NaCl. Bound SlMCA2 protein was eluted three times with 10mL of 8M urea,
20mM Tris pH 8.0, 30mM imidazole each time. Prior to collecting the eluate containing
SlMCA2, the column was capped and agitated for 10 minutes to dislodge bound protein.
The column was always allowed to drain by gravity flow and flow-through was saved
from each step for SDS-PAGE analysis. Eluted protein was stored at -80°C.
2.4.2 Concentration of the eluted SlMCA2 protein
When necessary, eluent containing SlMCA2 was concentrated using Centricon
Ultracel YM-10 centrifugal columns (Millipore, Billerica Massachusetts) by
centrifugation at 4000 x g at 4°C for approximately 45 minutes for two milliliters of
sample. Both eluent and retentate were saved to confirm the presence of SlMCA2 in the
correct fraction via SDS-PAGE analysis
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2.4.3 TCA precipitation of samples containing guanidine for SDS-PAGE
Small samples of flow-through were brought up to 100µl of dH20, an equal
volume of 10% TCA was added, and the samples left on ice for 20 minutes followed by a
15 minute centrifugation at 15,000 x g at 4°C (Qiagen, 2000). The pellet was washed
with 100µl ice-cold ethanol, air dried and resuspended in 2x SDS-PAGE Sample Buffer
(63mM Tris pH 6.8, 10% v/v glycerol, 2% SDS, 0.0025% w/v bromophenol blue), boiled
for 5 minutes and loaded into an SDS-PAGE gel for analysis (Peterson, 1977).
2.4.4 Dialysis of eluted SlMCA2 protein
Dialysis buffer exchange was performed by previously described methods
(Kurnik et al., 1995). Eluent containing the SlMCA2 protein was dialysed using 20 cm
of 6000-8000 Da molecular weight cut-off dialysis tubing (Thermo Scientific, Rockford
Illinois) prepared by soaking in water for 20 minutes. The tubing was filled with the
protein-containing solution and topped with additional elution buffer, and set up in a 2L
graduated cylinder containing 6M urea, 20mM Tris HCl pH 8.0. The solution was left to
dialyse overnight at 4°C with stirring. The following day the solution in the graduated
cylinder was exchanged for 4M urea, 20mM Tris HCl pH 8.0, twice, with approximately
six hours in between solution changes, and left to dialyse with stirring at 4°C. The
following day, the solution in the graduated cylinder was exchanged twice, six hours
apart, with dH20, and dialyzed further at 4°C with stirring. This was repeated on the final
day, and six hours after the final wash, an absorbance reading at A280 was taken to
confirm presence of protein in the dialysis tubing. The solution within the tubing was
removed carefully and filter sterilized with a 0.45µm filter (Millipore) into 50mL Falcon
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tubes. This solution containing the SlMCA2 protein was then lyophilized using a
Labconco Freezone 4.5L (Thermofisher, Waltham Massachusetts) according to
manufacturer’s instructions. Lyophilized protein was sent to Cedar Lane Laboratories
(Burlington, Ontario) for anti-SLMCA2 antibody production in rabbit.
At CedarLane Laboratories, two rabbits were immunized with SlMCA2 antigen
suspended in adjuvant. At 28, 47 and 66 days post-primary immunization, booster shots
were given with additional SlMCA2 antigen. Test sera from the two rabbits immunized
with SlMCA2 were provided by CedarLane Laboratories 59 days point post-primary
immunization, and the terminal bleed was performed at 78 days post-primary
immunization.

2.5 Analysis of Sera and anti-SlMCA2 Antibody Purification and Testing
2.5.1 Dot blot analysis of test bleed sera
A serial dilution of SlMCA2 protein was blotted onto nitrocellulose membrane
along with SlCysEP – a corpse-processing protein in tomato – as a negative control.
Blots were allowed to dry completely, then treated similarly to a western blot (Towbin et
al., 1979), whereby blots were blocked overnight at 4°C in 4% skim milk in 1x TBS
(50mM Tris pH 7.4, 150mM NaCl). The membrane was then incubated in 1:1000 serum
in 1% skim milk in 1x TBS, followed by a five minute rinse in 1% skim milk in 1x TBS.
The membrane was subsequently incubated in 1:5000 goat-anti-rabbit secondary
antibody conjugated to alkaline phosphatase (GAR-AP) in 1% skim milk in 1x TBS for
one hour at room temperature. Detection with ready-to-use Nitro Blue Tetrazolium / 5-
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Bromo-4-chloro-3-indolyl phosphate (NBT / BCIP) (Sigma, St. Louis Missouri) was
performed at room temperature for three hours in complete darkness with agitation.
2.5.2 Antibody purification from rabbit serum
Antibodies were purified from sera by previously described methods (Olmsted, 1981).
Nitrocellulose membrane was cut into 30 1cm2 squares and wet in 1x TBS. The
membrane squares were incubated in 2mL purified SlMCA2 protein (total amount of
protein unknown) with gentle shaking in a 50mL Falcon tube overnight at room
temperature. Membrane squares were then transferred to a new tube and blocked with
5% skim milk in 1x TBS for two hours at room temperature, then washed three times for
five minutes in 1x TTBS (20mM Tris pH 7.5, 500mM NaCl, 0.05% v/v Tween 20) at
room temperature with shaking. The solution was removed and the membranes
incubated with 1mL serum diluted into 3mL 1% skim milk in 1x TTBS for two hours at
room temperature to overnight, with shaking. The serum solution was removed and kept
at 4°C, and the membranes washed five times in 50mL 1x TTBS for five minutes each
time, then placed on filter paper to remove excess solution. Antibodies were eluted with
1mL elution buffer (4mM glycine-HCl pH 2.3, 0.5M NaCl, 0.5% Tween, 1% skim milk)
by vortexing for 30 seconds at room temperature. The eluent was saved and the elution
step was repeated. Eluted antibodies were stored in a new tube containing 0.1% BSA in
40mM Tris in dH20 pH 7.4, in a 1:1 ratio to the eluent.
2.6 Plant Tissue Protein Extraction and Quantification
2.6.1 Protein extraction
Whole protein was extracted from frozen ground tissue for use in western blots,
etc. Microcentrifuge tubes, 1.5. ml, containing desired tissue were removed from storage
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at -80°C and 150-300µl of protein extraction buffer (50mM Tris-HCl pH 7.5, 150mM
NaCl, 10mM MgCl2, 1% NP-40) was immediately added to the tube. Tissue was ground
with a small pestle until homogeneous. Microcentrifuge tubes containing the tissue were
then spun at 13000 x g for 25 minutes at 4°C and the supernatant containing extracted
protein was collected, protein quantified and finally stored at -80°C.
2.6.2 Protein quantification
The protein concentration from extraction samples was quantified using the
Bradford protein quantification assay (Bradford, 1975). Protein was diluted to 1/10, 1/100
and 1/1000 in McIlvaine’s Buffer (recipe dependent on pH required; for pH 7.4, use
9.15ml 0.1M citric acid and 90.85ml 0.2M Na2HPO4). Ten microliters of each protein
sample was loaded separately into a 96-well plate well containing 200µl 1x Biorad Dye
(Bio-Rad, Hercules, California). Protein BSA albumin standards (Pierce, Rockford
Illinois) of known concentration (750, 500, 250, 125, 25 and 0µg/ml), were similarly
dispensed. The loaded 96-well plate was gently shaken to promote mixing and assayed at
595nm using a Thermomax Microplate Reader (Molecular Devices, Sunnydale
California). Readings of the protein standard samples were used to create a standard
curve in Microsoft Excel, and protein concentrations of the extracted protein were
determined through interpolation from the standard curve data.
2.7 Western Blot Analysis
2.7.1 Sample preparation
The volume of each protein sample required for the desired amount of protein was
determined – most frequently, 15, 20 or 30µg of protein was used for western blot
analysis (Towbin et al., 1979). 2x Sample buffer (80mM Tris-HCl pH 6.8, 10mM DTT,
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2% (w/v) SDS, 0.006% (w/v) Bromophenol Blue, 15% glycerol) was dispensed into each
protein sample, flicked to mix, and the sample in a closed microcentrifuge tube was
placed in boiling water for 5 minutes, then spun at 13000 x g for 15 seconds.
2.7.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels
were prepared to separate protein samples for western blot analysis (Laemmlli, 1970).
Stock solutions of acrylamide (30% w/v acrylamide, 0.8% bis-acrylamide, separating gel
buffer (3M Tris-HCl, pH 8.8), stacking gel buffer (0.5M Tris-HCl pH 6.8), 10% SDS,
and ammonium persulfate (AMP; 0.0225g AMP in 1.5mL dH2O) were prepared. Gels
cast were 1.5mm thick. Separating gel (4.167mL acrylamide stock, 1.25mL separating
gel buffer, 100µl 10% SDS, 3.983mL dH2O) and stacking gel (500μl acrylamide stock,
1mL stacking gel buffer, 40µl 10% SDS, 2.26mL dH2O) solutions were prepared. Prior
to dispensing the solution into the assembled gel casting apparatus, 500µl Ammonium
persulfate (AMP; from a stock prepared using 0.0225g AMP in 1.5mL sterile dH20) and
5µl TEMED was added to the separating gel solution, and inverted several times to mix.
Solution was then immediately dispensed and topped with 2mL 70% ethanol and allowed
to set. Once solid, the ethanol was poured out from the gel apparatus, 200µl AMP and
3µl TEMED was added to stacking gel solution, inverted to mix and dispensed to the top
of the glass plates held in the gel casting apparatus. A 1.5mm 10-well comb was
immediately inserted, overflowing solution was wiped off and the gel was allowed to set.
Once solidified, the gel apparatus was assembled according to manufacturer’s
instructions and filled with Laemmli Buffer (SDS-PAGE running buffer; 30.3g Tris-HCl,
144g glycine, 10g SDS per 1L dH2O). Prepared samples were dispensed, one per well.
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Five microliters of Pageruler Prestained Protein Ladder (Fermentas, Burlington Ontario)
was also dispensed in a well at one end of the gel. Protein samples were separated at
100V for approximately 1hr, or until the dye front reached the bottom of the gel.
2.7.3 Protein transfer to nitrocellulose membrane
As per Towbin et al. (1979), the SDS-PAGE gel containing the separated protein
was prepared in a cassette containing a sponge, two filter papers, the gel, nitrocellulose
membrane, another 2 filter papers and sponge (in order from anode to cathode orientation
of the cassette). The aforementioned items (save for the sponges) were cut to the size of
the gel and immersed in western transfer buffer (200mL methanol, 6.04g Tris-HCl, 28.8g
glycine, topped to 2L with dH2O) chilled for 20 minutes at 4°C, for 5 minutes prior to
cassette assembly. The transfer gel apparatus container was filled with western transfer
buffer and the cassette inserted. Protein was transferred to membrane for either 1 hour at
100V where the apparatus container was cooled with an ice pack, or overnight at 18-20V
at 4°C.
2.7.4 Ponceau S membrane staining
After transfer, the nitrocellulose membrane was stained with 1x Ponceau S stain
solution (10x: 1% Ponceau S, 50% v/v acetic acid; dilute to 1x with dH2O) for 5 minutes
and partially destained with dH2O to reveal the separated transferred proteins and ensure
equal loading of protein (Salinovich and Montelaro, 1986).
2.7.5 Membrane blocking, antibody washes, and detection
Membranes, as per Towbin et al., 1979, were blocked in 5% (w/v) skim milk in
1x TTBS (20mM Tris-HCl pH 7.5, 500mM NaCl, 0.05% Tween-20, top to 1L with
dH2O) for 30 minutes at room temperature. Membranes were then incubated with 1:10
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rabbit anti-SlMCA2 antibody serum in 5% (w/v) skim milk in 1x TTBS for 1 hour at
room temperature, rinsed and washed for 5 minutes at room temperature in 1xTTBS and
incubated at room temperature for 30 minutes in 1:10000 anti-rabbit-Horse Radish
Peroxidase (HRP) in 5% (w/v) skim milk in 1x TTBS (or overnight at 4°C). Following
incubation in secondary antibody, membranes were rinsed and washed three times for 15
minutes in 1x TTBS, and incubated for 5 minutes at room temperature in Enhanced
Chemiluminescent substrate (ECL+) (GE Healthcare, Wisconsin USA). Antibody
presence was then revealed using Kodak X-ray film for 1-5 minutes and developed using
an SRX101A Medical Film Processor (Konica Minolta, Ramsey New Jersey).
2.8 QuikChange® Mutagenesis of the Active Site Cysteine to Alanine in
SlMCA2::mGFP5
2.8.1 Primer design
The cysteine residue in the putative active site of SlMCA2, present in the
SlMCA2::mGFP5 recombinant plasmid, was mutated using QuikChange® PCR-mediated
site-directed mutagenesis following previously described methods (Gina et al., 1996).
Primers were designed containing a non-complimentary region to mutate the 5’ TGC 3’
cysteine codon in the sequence to the 5’ GCC 3’ alanine codon.
Table I. Primers used for QuikChange® Mutagenesis of the active site cysteine and
Nearest Neighbour (nn) melting temperature (Tm)
Primer
Sequence 5’à3’
Tm
Name
(nn)
CACTTCATGGAATAATTGATACAGCCTTTAGTGGAACTTTCCTAG 74°C
ES03a
(forwar ATTTG
d)
CAAATCTAGGAAAGTTCCACTAAAGGCTGTATCAATTATTCGAT
ES04a
74°C
GAAGTG
(reverse)
QuikChange® Polymerase Chain Reaction
A solution containing the following ingredients was prepared for the Quikchange® PCR:
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10x PCR Buffer (Fermentas)
dNTPs (10mM)
ES03a primer
ES04a
SlMCA2::mGFP5 DNA
dH20
Pfu Turbo/Ultra (Fermentas)

5µl
1.5µl
0.8µl (125ng)
0.8µl (125ng)
0.5µl (50ng)
41.4µl
1µl

The tube containing the solution was flicked to mix and centrifuged briefly, then placed
in a PTC-100 Programmable Thermal Control (MJ Research Inc., Waltham, MA, USA).
The PCR was programmed with the following cycles.

Table II. PCR cycles and time of each step used for QuikChange® PCR
Step
Temperature (°C)
Time
Notes
1
95
30 sec.
Hot-start
2
95
30 sec.
Denaturation
3
55
1 min.
Primer annealing
4
68
11 min.
Elongation
Repeat steps 2-4 17 times
5
68
10 min.
Final elongation
6
4
∞
Hold
2.8.2 DpnI digestion
The endonuclease DpnI (Stratagene, La Jolla California) was used for digestion to
remove methylated template DNA that did not contain the cysteine to alanine mutation
directly after completion of the QuikChange PCR®. E. coli DH5α (in which the template
was grown) methylates DNA, while DNA amplified during QuikChange PCR® is
unmethylated. One-point-five microlitres of DpnI restriction endonuclease (Fermentas)
was dispensed into the PCR reaction tube, flicked to mix and incubated at 37°C for one
hour.
2.8.3 Transformation and culture of E. coli cells

	
  

37	
  

E. coli DH5α cells were transformed with the SlMCA2::mGFP5/CysàAla
plasmid created from the QuikChange® reaction as previously described (See Materials
and Methods section 2.2.2), plated on LB/Amp50 plates, and incubated overnight at 37°C.
The following day, colonies were picked with sterile toothpicks and used to inoculate
5mL LB/Amp50 cultures, which were placed in a shaking incubator at 37°C overnight.
Plasmid DNA was then extracted using a PureLink™ quick Plasmid Miniprep Kit
(Invitrogen, Lohne Germany) according to manufacturer’s instructions.
2.8.4 Quantification of extracted plasmid DNA
Plasmid DNA was quantified using a spectrophotometer (Gallagher and
Desjardins, 2006). DNA was diluted to 1/200 in a final volume of 70µl and dispensed in
a clean, reusable quartz cuvette in a Beckman Coulter DU 800 (Brea, California) that had
previously been calibrated with a water blank. The sample was read at A260 and A280. The
reading at A260 was multiplied by a factor of 50, then by the dilution factor to determine
the ng/µl concentration.
2.8.5 Sequencing
Plasmid DNA from the QuikChange® PCR reaction was sent for Dye-Terminator
Sequencing by the University of Guelph Genomics Facility to confirm the cysteine to
alanine mutation.
Table III. Primer names, sequences and melting temperatures (Tm) used for
sequencing the SlMCA2::mGFP5 plasmid
Name
35S (forward)
NOST-R (reverse)
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GTATAATTGCGGGACTCTAA
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Tm (nn)
49°C
48°C

2.9 Tobacco BY-2 Cell Biolistic-Mediated Transformation
The biolistic method of BY-2 cell transformation described below is as per the
method described by Sanford et al. (1993).
2.9.1 DNA precipitation
Microcarriers were thawed on ice and 10µg of SlMCA2::mGFP5 or β-ATPase
:mCherry (a mitochondrial marker used as a positive control, kindly provided by Dr. R.T.
Mullen and his laboratory) plasmid DNA was added, followed by 50µl filter-sterilized
2.5M CaCl2 and 20µl 1.0M spermidine. The solution was vortexed for 1 minute
following the addition of the first two components, then for 3 minutes after addition of
spermidine, and allowed to settle for 1 minute. The solution was then centrifuged for 15
seconds at 13 000 x g, the supernatant removed with a pulled Pasteur pipette. One
hundred fifty microlitres of isopropanol was added and the tube vortexed for one minute,
allowed to settle for one minute, centrifuged as before, and the supernatant removed.
After addition of 48µl isopropanol, microcarriers were resuspended by vortexing and
flicking, and the carriers used within two hours.
2.9.2 BY-2 cell culture
BY-2 cells were grown in suspension culture media preparation (4.3g/L MS salts,
30g/L sucrose, 100mg/L myo-inositol, 255mg/L KH2PO4, 0.2mg/L 2,4-D, 1mL/L
thiamine) in the dark at 26°C on a rotary shaker (150rpm). Every seven days, 1.2mL of
cells were transferred to fresh media.
2.9.3 Tobacco BY-2 cell preparation for transformation
For biolistics transformation, tobacco BY-2 cells were maintained by methods
described by Banjoko and Trelease, 1995, and Lee et al. 1997. BY-2 cells were
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harvested by a five-minute centrifugation in Fisher Model 225 swinging bucket
centrifuge on setting #4. The supernatant was removed and the cells resuspended in
twice the cell volume of transformation buffer (same ingredients as suspension culture
media however without 2,4-D and with the addition of 0.25M sorbitol and 0.25M
mannitol). Petri dishes were lined with three sterile Whatmann #4 filter papers, and
moistened with 3mL transformation buffer. Four milliliters of BY-2 cells were added to
each Petri dish and incubated at 26°C for 45 minutes before transformation.
2.9.4 Biolistics-mediated BY-2 cell transformation
Prepared BY-2 cells were transformed with the desired plasmid DNA via particle
bombardment using a gene gun as per manufacturer’s instructions. Twenty microlitres of
the prepared tungsten microcarriers coated with plasmid DNA were dispensed onto a
macrocarrier disk (Bio-Rad) and left to air-dry, whilst each macrocarrier was placed into
a macrocarrier holder (Bio-rad). The macrocarrier/holder were placed with a stopping
screen (Bio-Rad) into a PDS-100/He Biolistic Particle Delivery System apparatus
chamber (Bio-Rad). A 1350psi rupture disk (Bio-Rad) dipped in 100% isopropanol was
placed into the rupture disk retaining cap, and the cap screwed tightly into position. The
Petri dish containing the prepared BY-2 cells was placed at the bottom of the chamber,
and the cells bombarded with the DNA-coated tungsten microcarriers. After the first
bombardment, the plate was rotated 180 degrees and bombarded a second time. Plates
were then sealed with Parafilm and incubated at 26°C in the dark for 3-24 hours.
2.9.5 Fixation of bombarded BY-2 cells
At the desired incubation time post particle bombardment, BY-2 cells were
scraped from the Petri dish and suspended in 10mL of 1:1 solution of 8% formaldehyde
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and transformation buffer fixative in a 15mL tube, and placed on a rocker at room
temperature in the dark for 45 minutes (Banjoko and Trelease, 1995). Following this, the
tubes were spun at setting 4 in the Fisher Model 225 swinging bucket centrifuge for 45
seconds, the supernatant removed, and 10mL 1x PBS added to the tube. The tube was
flicked to disperse the cells and placed back on the rocker for one minute to wash cells.
Tubes were once again spun, supernatant decanted, 10mL 1x PBS added and rocked for
one minute. This wash was repeated for a total of five times. Following the final wash,
the tubes were centrifuged once again, the supernatant removed, and the cells suspended
in 2mL 1x PBS. Cells were stored at 4°C.
2.9.6 Confocal microscopy
Thin strips of tape were placed along the four edges of a Colorfrost Plus
microscope slide to elevate the Premium Cover Slip . Approximately 150µl of cells in 1x
PBS was placed into the centre of the tape-lined area onto the microscope slide, and
covered with a cover slip. The cover slip was then sealed along the edges using nail
polish. After the nail polish was fully dried, slides were viewed using a Leica DM RBE
microscope using a Leica TCS SP2 confocal scanning head (Leica, Heidelberg,
Germany). A pinhole of 101.76µm was used, and samples were viewed using a HC PL
Fluotar 40x oil immersion objective lens (Leica). Leica TSC NT software v. 2.4.1227a
was used for imaging. To excite GFP, a 488nm argon laser was passed through an RSP
500 excitation beam splitter at 30% intensity, and the fluourescent light emission detected
between 495 and 530nm. To excite mCherry, a 543nm laser was used at 50% intensity,
and fluorescent light emission detected from 590 to 650nm.
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2.10 In-Situ Hybridization
The following in situ hybridization protocol was adapted from Haramis and
Carrasco (1996) except where noted.
2.10.1 Synthesis of the DIG-labelled SlMCA2 cDNA probes
PCR was used to synthesize Digoxigenin-labelled (Roche, Basel Switzerland)
SlMCA2 cDNA probe (Boehringer Mannheim, 1995). Primers were designed to amplify
a 609 base pair region of DNA from SlMCA2 cDNA in a pGEM-T vector.
Table IV. Primer names, sequences and melting temperatures (Tm) used for
creating the SlMCA2 DIG-labelled cDNA probe
Name
Sequence 5’à 3’
Tm (nn)
GGACAGCAGGAGATGCAAATGC
CPTF14 (forward)
54°C
CAAGTACTGATGCATTTGGGAATCC
CPTR13 (reverse)
54°C
The following solution was prepared for each PCR reaction and dispensed in a PCR tube:
dH20
10x +NH4SO3 –MgCl2 Buffer (Fermentas)
MgCl2
DIG-dUTP (Roche) / dNTP mix
CPTF14 (forward)
CPTR13 (reverse)
Taq Polymerase (Fermentas)
Template DNA (SlMCA2::pGEM-T)

66.5µl
10µl
6µl
5µl
5µl
5µl
0.5µl
2µl (100ng DNA)

For the no-DIG negative control, the same volumes of all components were used as
indicated, however the DIG-dUTP/dNTP mix was replaced with 2µl of unlabelled
dNTPs. For this control, the dH20 volume was adjusted to 69.5µl to accommodate the
larger volume of dNTPs.
A PTC-100 Programmable Thermal Control (M.J. Research, Inc.) was programmed with
the following cycles:
Table V. PCR cycles and time of each step used for production of the SlMCA2 cDNA
DIG-labelled probe

	
  

42	
  

Step
1
2
3
4
5
6

Temperature (°C)
Time
95
2 min.
94
1 min.
54
45 sec.
72
10 min.
Repeat steps 2-4 34 times
72
10 min.
4
∞

Notes
Hot-start
Denaturation
Primer annealing
Elongation
Final elongation
Hold

Each PCR tube was flicked to mix and centrifuged briefly, then placed in the PCR
machine and the programmed cycling initiated.
2.10.2 Agarose gel electrophoresis
A 1.0% agarose gel was prepared using 1xTAE buffer (4mM Tris, acetate 1mM
EDTA) with 0.2µl 10mg/ml ethidium bromide (Sugden et al., 1975). Five microlitres of
each of the DIG-labelled probe, the no-DIG control, and the negative control along with
2µl TAE dye for each sample, was dispensed into individual wells and the gel was
electrophoresed for one hour at 90V in 1x TAE buffer, then viewed and photographed
during exposure to UV light.
2.10.3 cDNA probe denaturation
The cDNA probe was denatured prior to use. Water was heated to boiling and the
PCR tube containing the DIG-labelled cDNA probe was placed in a foam floater in the
boiling water for five minutes, then immediately put on ice for five minutes. The probe
was then stored at -20°C until required.
2.10.4 Tissue fixation
Tissue was fixed in 2.187ml 0.08M EGTA, 62.5µl 37% formaldehyde, 0.25ml
DMSO and 2.5ml TBT (10x TBT stock: 1.5M NaCl, 20mM KCl, 250mM Tris-HCl pH
7.4, 0.1% (v/v) Tween-20) in screw-cap vials at room temperature overnight on a rocking

	
  

43	
  

platform, then fixed further the following day in 5mL methanol at room temperature for
20 minutes (Bauwens et al. 1997). Methanol was removed and another 5mL was added
for an additional 20 minutes of incubation, with rocking, at room temperature. Methanol
was removed again and replaced twice with 5mL 100% ethanol. Samples could then be
stored at -20°C in 100% ethanol for 2-3 weeks.
2.10.5 Pre-treatment of tissue sections
Tissue was washed twice in 100% ethanol then digested with 5ml 10µg/mL
Proteinase K (Fermentas) in 1x TBT at room temperature for 15 minutes. To stop the
digestion, samples were washed for 5 minutes in 5mL 2mg/mL freshly prepared glycine
in 1x TBT, then twice in 5mL 1x TBT for 5 minutes at room temperature.
2.10.6 Post-fixation, prehybridization and hybridization
Tissue samples were post-fixed in 5mL 4% paraformaldehyde in 1X TBT (4%
(w/v) paraformaldehyde in 1x TBT pH 7.4, filter sterilized using a 0.2µm filter and stored
at -20°C), for 20 minutes at room temperature on a rocking platform, then washed for
five minutes at room temperature in 5mL 1x TBT, three times. Samples were then
washed briefly in prehybridization solution (50% 37% formaldehyde, 0.5% CHAPS, 5x
SSC pH 4.5 [diluted from 20x SSC pH 4.5 stock: 3M NaCl, 0.3M sodium citrate,
autoclaved and stored at room temperature], 0.1% (v/v) Tween-20, 50µg/mL sheared
single-stranded salmon sperm DNA [Sigma, St. Louis, Missouri, USA], 5mM EDTA pH
8.0, 50µg/mL heparin; solution was not autoclaved and is stable at -20°C for one year and
can be reused three times), pre-warmed to 42°C, then incubated in pre-warmed
prehybridization solution for 3 hours at 42°C in an Isotemp rotisserie at a medium
rotation speed. Following the incubation, the prehybridization solution was removed and
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replaced with hybridization solution (prehybridization solution containing ~1µg/mL DIGlabelled cDNA probe; stable for one year at -20°C; can be reused three times). Tissue
was hybridized with the probe overnight at 42°C in the Isotemp rotisserie.
2.10.7 Post-hybridization washes, blocking and antibody incubation
Post-hybridization, tissue samples were washed in prehybridization solution for 5
minutes at 42°C. Samples were then washed three times at 42°C for five minutes each
time with the addition of 800µl 2x SSC pH 4.5, without removal of prehybridization
solution or added 2x SSC. The solution was then removed and the samples were washed
twice in 0.1% CHAPS/2x SSC at 42°C for 30 minutes. This solution was subsequently
removed and samples were washed twice for 10 minutes each time at room temperature
in 2mL TBS (10x TBS stock: 1.5M NaCl, 20mM KCl, 250mM Tris-HCl pH 7.4;
autoclaved and stored at room temperature). The solution was removed and samples
were washed two more times in 2mL TBT for five minutes at room temperature.
Samples were then blocked for 3 hours at room temperature in blocking solution (3%
(w/v) BSA Faction V in 1x TBS pH 7.4, 0.1% (v/v) Tween-20). Blocking solution was
replaced with fresh blocking solution containing a 1:2000 dilution (1µl in 2mL) antiDIG-AP Fab Fragments (Roche) and incubated overnight at 4°C on a rocking platform.
The following day, the antibody solution was removed and the tissue was washed twice
for 30 minutes each time in 2mL TBT at 4°C, then three times for 10 minutes each time
at room temperature in NTMT buffer (100mM NaCl, 0.1M Tris-HCl pH 9.5, 0.05M
MgCl2, 0.1% (v/v) Tween-20; made fresh from autoclaved stock solutions).
2.10.8 Colour development
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NTMT buffer was removed, and samples were incubated in ImmunO NBT/BCIP
Liquid Substrate Plus (MP Biomedicals, Santa Ana California). Enough NBT/BCIP was
dispensed to cover the samples entirely. Aluminum foil was used to wrap sample
containers to protect the reaction from light, and the samples were incubated at room
temperature in the Isotemp rotisserie at medium rotation speed until the desired level of
staining was reached (usually 1-3 hours). Staining was stopped by washing the samples
in 1x TBT at least six times for five minutes at room temperature. The samples could
then be stored at 4°C for 2-4 months in 100mM EDTA in TBT.
2.10.9 Paraffin embedding, sectioning, mounting and visualization of anther tissue
As per Sainte-Marie (1962), following in-situ hybridization colour development
and wash steps, tissue was embedded in paraffin. Tissue was dehydrated by passing
through the following solutions, for five minutes in each solution: twice in 100% dH20,
30% ethanol, 50% ethanol, 70% ethanol, 80% ethanol, 90% ethanol, 100% ethanol, 1:1
Safeclear to 100% ethanol, twice in 100% Safeclear. Tissue was then placed in 1:1
Safeclear to melted paraffin dispensed from a Reichert Histostat (Reichert Technologies,
Depew New York), in a Model 5831 Vacuum Oven (National Appliance Company,
Portland Oregon) for 1-2 hours at 65°C. Following this, tissue was placed in 100%
melted paraffin for one hour to overnight in vacuum oven at 65°C, then placed in 100%
melted paraffin in a plastic molding cup, positioned for later sectioning and allowed to
solidify.
Paraffin-embedded tissue blocks were sectioned using a AO Spencer Microtome
(American Optical Company, Buffalo New York) at 15-20µM thickness. Sections were
then placed on Colorfrost Plus microscope slides on a droplet of dH20, and placed on a

	
  

46	
  

Lipshaw Microscope Slide Warming Table (Lipshaw Manufacturing, Detroit Michigan)
until dry. Tissue was rehydrated by passing through the following solutions, with five
minutes in each solution: twice in 100% Safeclear, 1:1 Safeclear to 100% ethanol, 100%
ethanol, 90% ethanol, 80% ethanol, 70% ethanol, 50% ethanol, 30% ethanol, twice in
100% dH20. Tissue was then viewed using a Leitz epi-illumination microscope (Leitz,
Wetzlar, Germany).
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3. CHAPTER THREE – RESULTS

3.1 In-Silico Analyses
The T-Coffee multiple protein sequence alignment tool was used to align the
putative SlMCA2 protein sequence with one of the known A. thaliana metacaspases
(Atmc1-9) (Figure 3.1.1). SlMCA2 aligns such that the conserved cysteine in the active
site is in line with that of the known metacaspases, and the alignment shows that
SlMCA2 has an N-terminal pro-domain region like that of the known Type I
metacaspases Atmc1-3 (Table VI). The predicted mass of the predicted 93 amino acid
prodomain region is 10.3 kDa, and the predicted mass of the SlMCA2 protein with and
without this prodomain region is 40.3 and 30 kDa, respectively, as determined using the
ExPASy compute pI/Mw tool accessed at http://web.expasy.org/compute_pi/ (Bjellqvist
et al., 1993; Gasteiger et al., 2005).
PeptideCutter (www.expasy.org) was used to determine proteolytic cleavage sites
(Figure 3.1.1, Table VI), the number of times each cleavage site is repeated, and the
location of each proposed cleavage site (Table VII). Numerous cleavage sites exist for a
variety of enzymes as listed in Table VII, however no cleavage sites for Caspases 1-10
exist in the SlMCA2 protein sequence. Notably, thirty-four trypsin cleavage sites exist in
the SlMCA2 protein sequence – trypsin and metacaspases share the same arginine/lysine
specificity (and metacaspases are frequently referred to as having trypsin-like
specificity), and thusly thirty-four metacaspase cleavage sites exist in the SlMCA2
protein sequence.
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The WoLF PSORT program (Horton et al., 2006; 2007) was used to assess
possible SlMCA2 protein subcellular localization (Table VIII). SlMCA2 shares some
sequence similarity to known plant proteins which localize to mitochondria – most
notably four forms of glycine dehydrogenase found in the Flaveria species (9%-10%
identity) and five proteins found in A. thaliana which also localize to mitochondria (12%15% identity). SlMCA2 shares some sequence similarity to Fructose-1,6-biphosphatase
in spinach which localizes to chloroplast (13% identity) and to the Ribulose biphosphate
carboxylase small chain protein which also localizes to chloroplast, in Batophora
oerstedii, a type of algae (11% identity).
MitoProtII v.1.101 was also used to predict subcellular localization using the
putative SlMCA2 protein sequence (Claros and Vincens, 1996). This method predicted a
cleaved sequence of the first 107 N-terminal amino acid residues
(MDSRRCKCQWCGMKIAAPIGAQTATCPRCQSVTQLQPARNHGFANFPTANNN
MSPAFPSRPGRMCANANNFQPQQFNRPMSPQINNIRPPAVHGRKRAVLCGITYR
G), with a 0.9594 probability of export to mitochondria (data not shown).
Nuclear localization sequences were not found in the protein sequence.
3.2 SlMCA2 Protein Overexpression for Antibody Production
The protein overexpression plasmid pET22b+ containing SlMCA2 cDNA
upstream of a sequence encoding a 6-histidine tag (referred to as pET/SlMCA2) was used
for IPTG-induced overexpression of SlMCA2 protein in E. coli BL21 (DE3). Putative
SlMCA2 accumulated in the induced bacteria as compared to the non-induced control
twenty-four hours after inoculation with IPTG (Figure 3.2.1).
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Figure 3.1.1.
T-Coffee multiple protein sequence alignment (Notredame et al., 2000) of the
SlMCA2 type I metacaspase protein aligned with A. thaliana metacaspases Atmc1-3
(Type I metacaspases) and Atmc4-9 (Type II metacaspases). SLMCA2 aligns most
closely with the A. thaliana Type I metacaspases, containing an N-terminal prodomain
region. Box indicates location of active site cysteine residues.
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Table VI. The putative SlMAC2 prodomain sequence as determined by the T-Coffee
protein sequence alignment with A. thaliana metacaspases Atmc1-3 (Type I)
and Atmc4-9 (Type II) and the calculated kDa weight of the prodomain as per
the Expasy proteomic tool server, as well as the complete putative SlMCA2
protein sequence, and the SlMCA2 sequence without the prodomain region
Putative SlMCA2 Prodomain Sequence

Approximate
kDa

MDSRRCKCQWCGMKIAAPIGAQTATCPRCQSVTQLQPARNHGF
ANFPTANNNMSPAFPSRPGRMCANANNFQPQQFNRPMSPQINNI
RPPAVH (93 amino acids)

10.3

Putative SlMCA2 Protein Sequence
MDSRRCKCQWCGMKIAAPIGAQTATCPRCQSVTQLQPARNHGF
ANFPTANNNMSPAFPSRPGRMCANANNFQPQQFNRPMSPQINNI
RPPAVHGRKRAVLCGITYRGHPKSLKGSINDVLSMRYFLVEKLG
FPNASVLVLTEDEKDPYKYPTKANIRSALRWLVQGCQPGDSLVF
HYSGHGTRVRDHDGDEIDGHDESLCPVDFETEGRILDDEINNTIV
RPLPRGATLHGIIDTCFSGTFLDLPFLCRINRAGYFMWEDHRIRS
YKGTNGGIAISISACDDHQNSGDTTAFTGFPTGALTYSFIQTLEQ
QTKLTYGRLLMSMQKKIHEAQNGIGLDGENETQEPQLSSSEQFD
IHSKMVAI

40.3

Putative SlMCA2 Protein Sequence sans Prodomain

GRKRAVLCGITYRGHPKSLKGSINDVLSMRYFLVEKLGFPNASV
LVLTEDEKDPYKYPTKANIRSALRWLVQGCQPGDSLVFHYSGH
GTRVRDHDGDEIDGHDESLCPVDFETEGRILDDEINNTIVRPLPR
GATLHGIIDTCFSGTFLDLPFLCRINRAGYFMWEDHRIRSYKGTN
GGIAISISACDDHQNSGDTTAFTGFPTGALTYSFIQTLEQQTKLTY
GRLLMSMQKKIHEAQNGIGLDGENETQEPQLSSSEQFDIHSKMV
AI
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30.0

Table VII. Comprehensive proteolytic cleavage site analysis using PeptideCutter
(Expasy.org) of the putative SlMCA2 protein
Enzyme
Arg-C proteinase

No.
Cleavage
Sites
24

Location of cleavage sites
4 5 28 39 60 63 78 88 95 97 106 123 157 161 183 185
209 221 225 249 252 262 264 318
1 117 142 145 170 185 187 189 192 195 202 211 212
233 242 259 280 281 287 336 353
1 117 127 141 142 143 145 170 185 187 189 190 192
195 196 202 204 206 211 212 213 233 242 258 259
280 281 287 308 328 336 338 340 343 350 353
10 162 258
1 13 53 64 80 122 257 321 323 359
10 43 71 76 105 124 125 148 162 175 177 204 237
241 246 255 256 258 266 292 302 304 316 353
1 10 13 35 41 43 53 64 71 76 80 93 100 105 112 120
122 124 125 126 130 138 140 148 160 162 163 173
175 176 177 180 199 204 211 229 230 237 241 242
246 247 255 256 257 258 261 266 283 292 300 302
304 308 314 316 319 320 321 323 328 336 347 353
356 359
4 5 28 39 60 63 78 88 95 97 106 123 157 161 183 185
209 221 225 249 252 262 264 318
209
2 118 143 146 171 186 188 190 193 196 203 212 213
234 243 260 281 282 288 337 354

Asp-N endopeptidase

21

Asp-N endopeptidase + Nterminal Glu

36

BNPS-Skatole
CNBr
Chymotrypsin-high specificity
(C-term to FYW, not before P)
Chymotrypsin-low specificity (Cterm to FYWML, not before P)

3
10
24

Clostripain

24

Factor Xa
Formic acid

1
21

Glutamyl endopeptidase

15

128 142 144 191 197 205 207 214 259 309 329 339
341 344 351

Hydroxylamine
Iodosobenzoic acid
LysC

2
3
14

LysN

14

NTCB
Pepsin (pH1.3)

12
76

Pepsin (pH>2)

61

Proline-endopeptidase [*]
Proteinase K

4
136

270 332
10 162 258
7 14 96 110 113 129 145 149 153 267 313 325 326
358
6 13 95 109 112 128 144 148 152 266 312 324 325
357
5 7 10 25 28 64 100 166 199 235 247 279
10 34 42 46 57 70 75 76 100 104 105 111 119 120 124
124 126 129 130 132 137 138 139 140 150 160 162
162 172 173 174 175 176 177 198 203 204 210 228
229 236 237 240 241 241 242 244 245 247 255 255
256 257 258 265 291 292 295 299 300 301 302 303
304 307 308 313 314 316 319 319 335 336 347 352
353
34 42 46 57 70 75 76 100 111 119 120 124 126 129
130 132 137 138 139 140 160 162 172 173 174 175
198 203 204 210 228 229 236 237 240 241 241 242
244 245 247 255 256 291 292 295 299 300 303 304
307 308 313 314 319 319 335 336 347 352 353
61 79 109 222
10 15 16 17 19 21 23 24 25 32 33 35 38 43 44 46 48
49 56 57 66 68 71 76 84 87 91 92 98 99 100 103 104
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Staphylococcal peptidase I

15

Thermolysin

97

Trypsin

34

Caspase 1
Capsase 2
Caspase 3
Caspase 4
Caspase 5
Caspase 6
Caspase 7
Caspase 8
Caspase 9
Caspase 10
Enterokinase
GranzymeB
Thrombin
Tobacco etch virus protease

	
  

105 112 116 119 120 124 125 126 127 130 132 135
137 138 139 140 141 148 150 152 154 156 159 160
162 163 164 173 174 175 177 182 184 192 199 202
204 206 210 211 215 218 219 220 223 227 228 229
232 233 235 237 240 241 242 244 246 247 250 253
255 256 258 263 266 269 273 274 275 277 279 289
290 291 292 293 295 297 299 300 301 302 304 305
307 308 312 314 315 316 319 320 327 330 334 336
342 347 353 355 360 361 362
128 142 144 191 197 205 207 214 259 309 329 339
341 344 351
12 14 15 18 20 23 31 34 37 42 43 48 52 55 63 65 67
70 75 79 83 86 90 91 97 98 99 102 111 115 119 121
124 125 126 129 134 136 137 138 139 153 155 158
159 162 163 172 173 174 183 198 201 209 210 218
219 226 228 231 232 236 240 241 245 246 249 252
255 256 262 272 273 274 276 278 290 291 298 299
303 304 307 313 318 319 320 322 326 333 335 346
352 358 359 360 361
4 5 7 14 28 39 63 95 96 97 106 110 113 123 129 145
149 153 157 161 183 185 209 225 249 252 262 264
267 313 318 325 326 358

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
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Table VIII. WoLF PSort subcellular protein localization analysis output of the
putative SlMCA2 protein
Gene ID
GCSA_FLAPR

Gene Name

Glycine
dehydrogenase A
GCSB_FLAPR Glycine
dehydrogenase B
GCSP_FLATR Glycine
dehydrogenase
GCSP_FLATN Glycine
dehydrogenase
At3g22300.1
Nuclear-encoded
Mitochondrial
ribosomal protein
S10
GCSP_SOLTU Glycine
dehydrogenase
UMP1_ARATH Uncharacterized
protein
At1g79230.1
Mercaptopyruvate
sulfurtransferase
SUC1_ARATH Succinyl-CoA
ligase, alpha
subunit
F16P_SPIOL
Fructose-1,6biphosphatase
RBS_BATOE
Ribulose
biphosphate
carboxylase small
chain
FPP1_ARATH Farnesyl
pyrophosphate
synthase 1

	
  

Species
Flaveria pringlei

Mitochondria

Identity
(%)
10

Flaveria pringlei

Mitochondria

10

Flaveria trinervia

Mitochondria

9

Flaveria anomala

Mitochondria

10

Arabidopsis thaliana

Mitochondria

14

Solanum tuberosom

Mitochondria

10

Arabidopsis thaliana

Mitochondria

12

Arabidopsis thaliana

Mitochondria

14

Arabidopsis thaliana

Mitochondria

16

Spinacia oleracea

Chloroplast

13

Batophora oerstedii

Chloroplast

11

Arabidopsis thaliana

Cytosol/
Mitochondria

15
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Site

Figure 3.2.1.
SDS-PAGE analysis of protein extracted from before and after IPTG inoculation
of two E. coli BL21 (DE3) culture samples (Flask 1 and Flask 2). The before IPTG
samples were taken upon cultures reaching the desired optical density of OD595 = ~0.6,
and the after IPTG samples were taken 24 hours post inoculation with 1mM IPTG. Upon
IPTG-induction, an accumulation of putative SlMCA2 protein is seen near the 40kD
weight marker in both cultures.
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To evaluate whether the overexpressed protein produced insoluble inclusion bodies upon
accumulation, one of the IPTG induced culture samples was sonicated in a nondenaturing buffer, then centrifuged to pellet any possible inclusion bodies. The
supernatant and pellet fractions were separated and subjected individually to SDS-PAGE
analysis (Figure 3.2.2). The accumulated SlMCA2 protein is visible in the whole cell
lysate. The peptide corresponding to SlMCA2 from the whole cell lysate is also present
in the pellet fraction of the sonicated culture, but no such peptide is seen in the
supernatant fraction. Thus, upon IPTG-induced expression in E. coli BL21 (DE3) at
room temperature, the SlMCA2 protein produces insoluble inclusion bodies.
To determine if the SlMCA2 inclusion bodies could be solubilized, IPTGinduced and control culture samples were sonicated in a denaturing buffer containing
SDS, then centrifuged into pellet and supernatant fractions and subjected to SDS-PAGE
(Figure 3.2.3). The once-insoluble SlMCA2 inclusion bodies were easily solubilized in a
buffer containing SDS, and the protein at this point accumulates in the supernatant
fraction.
3.3 SlMCA2 Protein Purification
The SlMCA2 protein produced from the pET/SlMCA2 overexpression vector is a
recombinant protein containing a C-terminal 6-histidine tag that can be purified using
nickel affinity chromatography. Eluent saved from each elution step was analyzed by
SDS-PAGE to evaluate SlMCA2 binding, elution, and purification (Figure 3.3.1).
The SDS-PAGE analysis revealed that the SlMCA2 protein was purified by histag binding to the Ni-NTA column.
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Figure 3.2.2.
SDS-PAGE analysis of protein extracted from E. coli BL21 (DE3) after IPTGinduced SlMCA2 protein overexpression. Samples were sonicated in a non-denaturing
buffer to lyse cells, then centrifuged and separated into pellet and supernatant fractions.
As the band proposed to be overexpressed SlMCA2 is seen primarily in the pellet
fraction, it can be reasonably concluded that SlMCA2 protein was expressed in the cells.
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Figure 3.2.3.
SDS-PAGE analysis of protein extracted from E. coli BL21 (DE3) after IPTGinduced SlMCA2 protein overexpression. Samples were sonicated in a denaturing buffer
containing SDS to lyse cells, then centrifuged and separated into pellet and supernatant
fractions to evaluate solubility of the SlMCA2 inclusion bodies. Here, SlMCA2 protein
is solubilized and locates in the supernatant fraction.
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The purified SlMCA2 protein was then subjected to buffer exchange into dH20 by
dialysis, and lyophilized prior to sending to CedarLane Laboratories (Burlington Ontario)
for polyclonal antibody production from rabbit.
3.4 Antibody Testing and Purification
Using a dot blot, test bleed sera from Rabbits 1 and 2 were used to determine
whether either rabbit had an immunogenic response to the SlMCA2 antigen (Figure
3.4.1). SlMCA2 protein was blotted at full concentration, 1/10 and /100 dilutions, along
with 1/1000 SlCEP as a negative control, and 1/200 test bleed serum was used as primary
antibody, with alkaline phosphatase conjugated goat anti-Rabbit IgG as secondary
antibody and NBT/BCIP staining used for detection.
Minimal to no staining of SlMCA2 protein occurred using a 1/200 dilution of test
bleed serum from Rabbit 1, while serum from Rabbit 2 did react with SlMCA2 indicating
the presence of anti-SlMCA2 polyclonal antibodies.
Prior to anti-SlMCA2 antibody purification, a western blot was performed to
analyze the specificity of the test bleed serum from Rabbit 2 to protein from various
tomato seed protein extracts (Figure 3.4.2), including embryo and endosperm from
tomato seed, harvested 120 hours post-imbibition on water, and whole seed harvested 96
hours after imbibition on water. This western blot showed that antibodies in test bleed
serum were responsive to a variety of proteins from the different protein extracts and a
peptide specific to SlMCA2 could not be readily identified.
Anti-SlMCA2 antibodies were affinity purified against SlMCA2 protein blotted
on nitrocellulose membrane. The antibodies were eluted, and a western blot was used to
test specificity.
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Figure 3.3.1.
SDS-PAGE analysis of flow-through from each step in the nickel affinity
chromatography purification of expressed recombinant SlMCA2 protein containing a Cterminal 6-histidine tag. The column was first washed (1), then the solubilized protein
extraction passed through (2). This was followed by multiple washes (3-6), and two
rounds of elution to elute bound protein (7, 8). The elution steps, particularly the flowthrough at step 8, yielded reasonably pure SlMCA2 protein.
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Figure 3.4.1.
Dot blot analysis of test sera from Rabbits 1 and 2, provided by CedarLane
Laboratories. SlMCA2 protein was blotted at full concentration (“full conc.” as per
figure), 1/10 and 1/100 dilutions on nitrocellulose membrane and allowed to dry
completely. SlCysEP was also blotted as a negative control (1/1000 dilution).
Membranes were incubated in 1/200 serum from Rabbit 1 or Rabbit 2 to test the
immunogenic response from each rabbit to SlMCA2. While Rabbit 2 does have
antibodies against SlMCA2, Rabbit 1 does not. SlCysEP produced a false positive as the
solution in which it was suspended reacted with NBT/BCIP substrate during staining
even in the absence of immunogenic response to SlMCA2 in Rabbit 1.

	
  

62	
  

Figure 3.4.2.
Western blot using a 1:200 dilution of Rabbit 2 serum as primary antibody, testing
against protein extractions from embryo and endosperm (“emb” and “endo”) harvested at
120 hours post-imbibition of tomato seed on dH20, as well as whole seed harvested at 96
hours post-imbibition on dH20. As concentrations of protein extractions were not known
at the time, both 10 and 20µl of each extraction were used in the western blot to detect
presence of antibody. Serum from Rabbit 2 showed non-specific binding to various types
of protein extracted from these tissues.
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Purified anti-SlMCA2 antibodies were tested against embryo and endosperm
tissue protein extracted from tomato seed 120 hours post-imbibition on water (Figure
3.4.3). The purification was successful as specific binding occurred, in contrast to the
high degree of non-specific binding when crude serum was used (Figure 3.4.2). SlMCA2
is seen only in endosperm protein extractions at 120 hours.
3.5 Analysis of tomato tissues for the presence of SIMCA2
Whole tomato seeds incubated on water were assessed for germination (Figure
3.5.1A), and protein was extracted from embryo and endosperm dissected at 24, 48, 72,
and 96 hours after-imbibition. A western blot was used to assess SlMCA2 accumulation
in the tissues (Figure 3.5.1). No SlMCA2 accumulation is seen in embryo tissue at any of
the time points. In endosperm, SlMCA2 accumulation begins at 72 hours postimbibition, and one band is visible. At 96 hours post-imbibition, at least four bands
corresponding to SlMCA2 are present in the endosperm tissue.
The plant hormones Gibberellic Acid (GA) and Abscisic Acid (ABA) respectively
promote and antagonize tomato endosperm nutrient mobilization and PCD. To determine
if these hormones impacted SlMCA2 accumulation, endosperm was dissected from
whole tomato seeds and the endosperm halves were incubated in either water, 50mM GA,
or 50mM GA and 50mM ABA for 24, 48, 72 and 96 hours (Figure 3.5.2). On water,
SlMCA2 accumulation begins in the endosperm tissue at 72 hours post-imbibition and is
also seen at 96 hours. With addition of GA, SlMCA2 accumulation begins at as early as
48 hours post-imbibition and is present in greater proportion to the total protein extracted
at 72 and 96 hours post-imbibition in comparison to the endosperm tissue incubated
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Figure 3.4.3.
Western blot testing purified anti-SlMCA2 antibodies at 1/10, 1/100, 1/1000 and
1/10000 concentration from Rabbit 2 test bleed serum against 20µl protein extract from
embryo and endosperm from tomato seed harvested 120 hours post-imbibition on dH20.
The anti-SlMCA2 antibody purification seems to be successful as specific binding is
achieved and a protein corresponding to the estimated mass of SlMCA2 at 40.3kDa is
evident in the endosperm samples. Two other bands are visible near the ~25-35kDa
markers.
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Figure 3.5.1.
A) Percent of seeds germinated after imbibition on water at various time points.
B) Western blot using rabbit anti-SLMCA2 antibody analyzing SlMCA2 protein
accumulation in embryo (“emb”) and endosperm (“endo”) dissected from whole tomato
seed imbibed on dH2O at 24, 48, 72 and 96 hours after imbibition (HAI). SlMCA2
accumulation begins at 72h post-imbibition, and bands are evident at 96HAI in
endosperm tissue. No SlMCA2 accumulation is seen at any of the time points in embryo
tissue. Concentration of extracted protein (µg/ul) is indicated under the corresponding
sample lane well, and 20ug of each sample was loaded.
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Figure 3.5.2.
Western blot analysis of SlMCA2 protein accumulation in 20µg protein extracted
from endosperm (“endo”) halves incubated on A) dH20, 50mM Gibberellic acid (GA), or
B) 50mM GA and 50mM Abscisic Acid (ABA). Endosperm from whole seed at 96
hours post-imbibition was used as a positive control (B). On dH20, SlMCA2
accumulation is seen at 72 and 96 hours. On GA, accumulation begins at 48 hours. On
GA+ABA, no SlMCA2 accumulation is evident. Concentration of protein (µg/ul)
extracted from each tissue sample from sample protein extraction is indicated under the
corresponding sample lane well.
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on water. On GA and ABA, no SlMCA2 accumulation is evident at any of the time
points.
To assess how SlMCA2 accumulates in seeds at various stages of seed
germination and endosperm PCD, seeds were imbibed on water for 144 hours and – due
to the asynchronous nature of tomato seed germination – were separated into three
populations corresponding to endosperm PCD progression: non-germinated seeds (NG),
germinated seeds with seedlings less than 0.5cm is length (“short seedling”, SS), and
germinated seeds with seedlings greater than 0.5cm in length (“long seedling”, LS). Each
population was then dissected into lateral and micropylar endosperm halves (LE and ME,
respectively; Introduction, Figure 1.2.4.1). Forty micrograms of protein from each of the
NG LE and ME, SS LE and ME, and LS LE and ME samples was used for western blot
analysis. Since embryo/seedling tissue was not removed, this protein was also present in
the samples. However, previous data has shown that SlMCA2 is not found in
embryonic/seedling tissue at any time point during germination, and thus, the presence of
embryo/seedling tissue only increases the total protein content in each protein extraction.
Since the amount of embryo/seedling in relation to endosperm varied greatly
between each population of seeds (NG, SS, LS), results cannot be compared between
each population, but can be used to investigate whether there are different forms of the
SlMCA2 protein in each population and between micropylar and lateral endosperm. In
the NG LE and ME samples as well as the SS LE and ME samples, SlMCA2 protein of
approximately 40kDa is the only visible form accumulating in the tissues (Figure 3.5.3).
However, in the LS LE and ME samples, two bands are visible, one between the 40 and
55 kDa mass markers and another slightly below the 35kDa mass marker. Furthermore,
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the proportion of ~35kDa SlMCA2 protein is greater compared to the ~40kDa protein in
each the LS LE and ME samples. Accumulation of SlCysEP, a KDEL-tailed corpseprocessing cysteine proteinase, was also assessed by western blot using protein
extractions from the same tissues (Figure 3.5.3B). Immature/inactive SlCysEP (40.6kDa;
Senatore et al., 2009) is seen in the NG samples and the proprotein SlCysEP (38.3kDa) is
seen in the SS LE sample while in the SS ME sample more inactive than active SLCysEP
is present. In the LS samples, active SlCysEP is predominant.
To investigate potential SlMCA2 protein accumulation in other tomato tissues
and organs, protein was extracted and quantified from twenty-day-old tomato plants that
were harvested and dissected into leaf, cotyledon, hypocotyl, and root tissue. Western
blots using anti-SlMCA2 primary antibodies were performed to assess SlMCA2 protein
accumulation in these tissues in the 20-day-old plants. It was observed that no SlMCA2
accumulation is occurring in these tissues at this stage of growth (Figure 3.5.4).
3.6 BY-2 Biolistics
A plasmid containing SlMCA2 cDNA upstream of a DNA sequence encoding a Cterminal GFP tag (“SlMCA2::mGFP5”) was used for biolistics-mediated transformation
of Bright Yellow-2 tobacco cells. A plasmid containing β-ATPase (a mitochondrial
protein), which localizes to mitochondria, fused to an mCherry tag (“βATPase::mCherry) was used as a positive control. Cells were bombarded with plasmidcoated tungsten microcarriers.
While cells transformed with DNA encoding β-ATPase::mCherry were readily
visible (particularly when an excess of β-ATPase::mCherry plasmid DNA was used, as
this caused localization to the nucleus which was very visible), cells transformed with
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Figure 3.5.3.
Western blot of 40ug of protein extracted from 144 hour post-imbibition whole
seeds separated into three populations: non-germinated seeds (NG), short seedling seeds
(SS; seedlings <0.5cm), and long seedlings seeds (LS; seedlings >0.5cm), dissected into
lateral endosperm (LE) and micropylar endosperm (ME) as per Figure 1.2.4.1. A)
SlMCA2 accumulation around the 40kDa size is detected in the NG LE and NG ME and
in the SS LE and ME samples. In the LS LE and LS ME samples two bands, one form
above the 40kDa weight marker, and another at approximately the 35kDa weight marker.
B) Accumulation of SlCEP, a KDEL-tailed corpse-processing enzyme, is seen after cell
death in the mature form as the band at the lighter mass (Senatore et al., 2009).
Concentration of protein (µg/ul) extracted from each tissue sample is indicated under the
corresponding sample lane well.
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Figure 3.5.4.
Western blot of 20µg of loaded protein from leaf, cotyledon (cotyl), hypocotyl
(hypo) and root, harvested from 20 day old tomato plants, using anti-SlMCA2 antibody.
Endosperm tissue from whole seed harvested at 96 hours post-imbibition on water serves
as a positive control. No SlMCA2 accumulation is visible in any of the tissue samples,
except the positive control.
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SlMCA2::mGFP5 were very difficult to locate. No cells were convincingly cotransformed with both plasmids. Cells co-transformed with both β-ATPase::mCherry and
SlMCA2::mGFP5 could not be located.
To reduce the possibility that constitutive expression of SlMCA2::mGFP5 from
the 35S promoter may have been causing cell death due to the correlation between
metacaspases and programmed cell death, a QuikChange™ reaction was performed to
mutate the putative active site cysteine in amino acid position 236 in the sequence to an
alanine residue (Figure 3.6.1). The cysteine to alanine mutation in the SlMCA2::mGFP5
plasmid was confirmed by terminator-dye sequencing (“SlMAC2::mGFP5/CysàAla”),
and the plasmid was then used for biolistics of BY-2 cells.
BY-2 cells were transformed with SlMCA2::mGFP5/CysàAla and βATPase::mCherry both separately, and together. Various quantities of plasmid DNA
were used in attempt to determine an ideal amount for visualization. Once again, cells
transformed with β-ATPase::mCherry were readily visible. Cells transformed with
SlMCA2::mGFP5/CysàAla were much harder to locate – however there were more
transformation candidates than previously when using SlMCA2::mGFP5. In cells
transformed with β-ATPase::mCherry, punctate structures were clearly visible in the
cytoplasm of the transformed BY-2 cells (Figure 3.6.2B). Cells hypothesized to be
transformed with SlMCA2::mGFP5/CysàAla glowed brighter green than all
surrounding cells, and the GFP localized primarily to the cytoplasm (Figure 3.6.2A).
Some co-localization appears in the mitochondria (Figure 3.6.2C).
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ATGCCAGTGGTGTGGGATGAAGATAGCAGCTCCCATTGGAGCACAAACAGCTACC
TGTCCGAGGTGCCAATCTGTGACACAACTCCAACCTGCAAGAAACCATGGCTTTG
CTAATTTTCCCACTGCCAATAACAATATGAGCCCAGCTTTTCCATCAAGGCCAGG
AAGGATGTGTGCAAATGCTAATAATTTTCAGCCTCAACAATTCAACCGCCCTATG
TCACCACAGATCAATAATATCCGACCTCCTGCAGTACATGGACGAAAAAGAGCGG
TTCTGTGCGGAATCACTTACCGTGGCCATCCAAAGAGTCTGAAGGGAAGCATTAA
TGATGTTTTATCCATGAGATATTTTCTGGTTGAGAAGTTGGGATTCCCAAATGCA
TCAGTACTTGTCCTTACGGAGGATGAGAAAGATCCATACAAATACCCAACGAAGG
CCAATATCAGATCAGCCTTACGTTGGCTTGTTCAAGGCTGTCAGCCAGGAGATTC
ACTAGTGTTCCACTACTCTGGCCATGGCACACGAGTACGAGACCATGATGGTGAT
GAGATTGATGGGCACGACGAATCACTATGCCCTGTTGATTTTGAGACAGAAGGGA
GGATACTAGATGATGAGATCAATAATACCATTGTCAGGCCCTTACCCCGCGGAGC
CACACTTCATGGAATAATTGATACATGCTTTAGTGGAACTTTCCTAGATTTGCCC
TTTTTGTGCAGAATAAACAGGGCAGGATACTTTATGTGGGAGGACCATCGGATCC
GCTCATACAAAGGTACTAACGGTGGAATAGCAATCTCTATCAGTGCCTGTGACGA
CCATCAAAATTCTGGAGATACAACGGCTTTCACAGGCTTTCCAACAGGTGCCCTG
ACTTATAGTTTCATCCAAACATTGGAGCAACAGACTAAATTGACTTACGGACGCT
TACTCATGAGTATGCAGAAGAAGATTCATGAAGCACAGAACGGCATAGGCCTTGA
TGGTGAAAATGAAACTCAGGAGCCCCAACTATCCTCATCTGAGCAGTTTGATATT
CACTCGAAGATGGTGGCTATATAG
	
  

Figure 3.6.1.
SlMCA2 cDNA sequence from start codon (ATG) to stop codon (TAG). The
codon corresponding to the putative active site cysteine (position 236 in the amino acid
sequence), TGC, is underlined and in bold. Two putative members of the catalytic triad
found in the active site of SlMCA2 along with cysteine are histidine (CAT codon;
position 180 in the amino acid sequence) and asparagine (AAC codon; position 251 in the
amino acid sequence) and are highlighted in yellow. The mutagenic primer
complementary sequence is highlighted in gray. The mutagenic primer introduced a
GCC codon, coding for alanine, in place of the TGC coding for cysteine.
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Figure 3.6.2.
Upright confocal scanning laser microscopy of BY-2 cell co-transformed with
plasmids encoding SlMCA2::mGFP5/CysàAla and β-ATPase::mCherry (8µg and 2µg
plasmid DNA, respectively), viewed with pinhole opening setting Airy1. GFP excitation
laser: 488nm (30% strength), detection: 495nm-530nm. mCherry excitation laser 543nm
(50% strength), detection: 590nm-650nm. The expression vector A) SlMCA2, containing
the introduced cysteine-to-alanine mutation, seems to localize to the cytoplasm of the cell
under these conditions, though not to any discernable structure within the cytoplasm.
The positive control B) β-ATPase::mCherry, does indeed localize to punctate structures,
most likely mitochondria, located in the cytoplasm. C) A composite image of the GFP
and mCherry signals shows that SlMCA2 does co-localize to some mitochondria within
the cell, however it appears predominantly in the cytoplasm.
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3.7 In-Situ Hybridization
In-situ hybridization (ISH) using a Digoxigenin-labelled (DIG) cDNA probe
complementary to SlMCA2 cDNA was used to examine SlMCA2 cDNA localization in
anther tissue prior to and just after dehiscence and pollen release. Anther tissue was
separated into three groups: very early stages (1-12) which were not used for this
experiment, stages 13-17, just prior to dehiscence and pollen release, and stages 18-20
directly after dehiscence/pollen release (Brukhin et al., 2003).
In anther tissue stages 13-17, there appears to be no visible NBT/BCIP staining
corresponding to presence of SlMCA2 cDNA. However, pollen granules seem to have
reacted with the NBT/BCIP staining and do appear purple (Figure 3.7.1A). In anther
tissue stages 18-20, dehiscence and pollen release has occurred and both the interlocular
septum and stomium have disintegrated. Purple staining corresponding to SlMCA2
cDNA localization is visible in the middle layer, the cortex tissue, and the tissue
surrounding the anther vasculature (Figure 3.7.1B).
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Figure 3.7.1.
A) In-situ hybridization (ISH) of anther tissue, stages 13-17, with a DIG-labelled
SlMCA2 cDNA probe and NBT/BCIP staining. Tissue was embedded in paraffin and
sectioned after ISH. Purple staining corresponding to the presence of SlMCA2 cDNA is
seen in the tapetum (T). Pollen (P) seems to react with NBT/BCIP staining. Tissues: M:
middle layer, C: cortex; L: locule, V: vasculature, ST: stomium, IS: interlocular septum.
B) In-situ hybridization (ISH) of anther tissue, stages 18-20. Tissue was embedded in
paraffin and sectioned after ISH. At this stage, pollen has been released from the locules
(L). Tapetum (T) and vasculature (V) both seem to remain intact, but cortex (C) and
middle layer (M) appear to be degrading. Purple NBT/BCIP staining of SlMCA2 cDNA
localization can be seen in the tissue surrounding the vasculature, in the cortex and the
middle layer and tapetum.
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4. CHAPTER FOUR – DISCUSSION

4.1 Targeting Prediction
With the advent of bioinformatics coupled with the sequencing data discerned in
the last few decades, advances have been made in targeting prediction and other in-silico
methods of protein characterization.
Alignment of SlMCA2 with nine known A. thaliana metacaspases proteins, three
of which are Type I (Atmc1-3) and six of which are Type 2 (Atmc4-9) shows that the
putative SlMCA2 protein aligns in such a way that the active site cysteine residue,
present in all cysteine proteinases and thus metacaspases, is revealed. The SlMCA2
protein also has an N-terminal pro-domain region corresponding to the pro-domains of
the known Type I A. thaliana metacaspases. This pro-domain, according to the
alignment, is 93 amino acids in length with a mass of 10.4 kDa. With and without this
pro-domain region, the SlMCA2 protein mass is 40.3 and 30 kDa, respectively.
Numerous proteolytic cleavage sites were found in the SlMCA2 protein sequence
by inputting the SlMCA2 protein sequence data into the PeptideCutter application
(accessed at www.expasy.org). Perhaps most notable is that no caspase cleavage sites
exist in the protein – indicating that SlMCA2 is not a substrate for any plant enzymes
with caspase-like activity. Like the recent findings of the Sundstrom et al. (2009) group,
whereby their protein of interest – a Type II metacaspase mcII-Pa in Picea abies –
targeted the downstream substrate TSN found in both plant and animal cells which in
plants contains metacaspase cleavage sites as opposed to caspase cleavage sites,
metacaspases that require activation by other metacaspases (if this does indeed occur)
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likely contain cleavage sites for other metacaspases and not caspase-specific cleavage
sites that would be found in animal homologs.
WoLF PSort (Horton et al., 2006; 2007) predicted the SlMCA2 protein to localize
primarily to mitochondria by way of sequence similarity to known plant/algae proteins
that also target this site. Sequence identity ranged from 9-16%. Corroborating these data
was MitoProt II v.1.101 (Claros and Vincens, 1996) which predicted a probability of
0.9594 that the SlMCA2 protein would localize to mitochondria. MitoProt II also predicts
the N-terminal region that can support such a mitochondrial targeting sequence, and the
subsequent cleavage site. Indeed, this program predicted a cleaved sequence of the first
107 N-terminal amino acid residues, which corresponds well to the predicted N-terminal
prodomain region of 93 amino acid residues as determined by the multiple sequence
alignment application T-COFFEE (Results Figure 1). As T-COFFEE and MitoProt II are
different prediction tools created by different individuals and thus based on different
algorithms, the 15 amino acid discrepancy can be considered reasonable.
Localization to the mitochondria would perhaps be intuitive for a protein
involved in PCD. Mitochondria, as the energy-producer of the cell, have known
implications in PCD processes. During PCD processes, mitochondrial structural integrity
is compromised (Senatore et al. 2009) and cytochrome c leakage from the mitochondria
into the cytosol occurs (Balk and Leaver, 2001; Varnier et al., 2005). Further research
would be required to determine if SlMCA2 does indeed target mitochondria and what its
proposed role would be.
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4.2 SlMCA2 Protein Overexpression from E. coli
A large portion of this thesis work consisted of expressing SLMCA2 protein from
a prokaryotic expression system, and purifying the protein for polyclonal antibody
production in rabbit.
SlMCA2 protein had to be expressed in abundance from a protein over-expression
system to produce enough protein for inoculation of two rabbits. Although many protein
over-expression systems are available for such purposes, E. coli over-expression systems
are perhaps the most commonly used, and have widely been studied and optimized –
though some difficulties still remain, such as overcoming improper protein folding of
eukaryotic proteins (Baneyx, 1998; Yokoyama, 2003).
SlMCA2 cDNA had previously been subcloned into a pET22b(+) plasmid vector,
with the stop codon mutated into a restriction endonuclease site to allow for the inclusion
of a C-terminal 6-histidine tag. The pET protein expression vectors were originally
developed by Studier and Moffat (1986), however the manufacturer Novagen® later
improved upon these systems (Novagen, 2003). With the pET22b(+) vector containing
SlMCA2 (pET22b(+)/SlMCA2) transformed into an E. coli protein over-expression
strain, addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG) induces the expression
of T7 RNA Polymerase from the host cell’s own chromosome, which results in SlMCA2
RNA production from this plasmid vector, and subsequent translation into protein
(Novagen, 2003).
Several types of E. coli protein over-expression systems were initially
transformed with pET22b(+)/SlMCA2 and induced with IPTG in order to determine
which would be best for production of SlMCA2 protein. It is commonly asserted that
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protein overexpression can be a notoriously finicky process, with each protein requiring
different, finely tuned parameters for optimal expression. To start, two E. coli strains, E.
coli BL21 (DE3), and E. coli BL21 (DE3) pLysS were transformed with the
pET22b(+)/SlMCA2 vector and induced for SlMCA2 protein production. E. coli BL21
(DE3) is typically used for producing abundant quantities of protein, while E. coli BL21
(DE3) pLysS, although noted for producing protein in lower quantities than the former
due to basal expression of T7 lysozyme from the pLysS plasmid which inhibits T7 RNA
Polymerase, is frequently used for over-expression of proteins that are toxic to E. coli
(Stratagene, 2006).
Upon IPTG induction of SlMCA2 protein expression using these two systems,
and subsequent SDS-PAGE analysis, it was found that while E. coli BL21 (DE3)
produced very large quantities of SlMCA2 protein near the predicted 40.3 kDa molecular
mass (Results, Figure 3.2.1), E. coli BL21 (DE3) pLysS appeared to produce no SlMCA2
protein whatsoever. Thus, E. coli BL21 (DE3) was used for SlMCA2 protein production.
In order to determine if the expressed protein was soluble, culture samples taken
after IPTG induction were lysed with sonication in a non-denaturing buffer, and
centrifuged to separate the soluble fraction (supernatant) and the insoluble fraction
(pellet). These samples were then prepared for, and subjected to, SDS-PAGE. It was
found that when expressed in E. coli BL21 (DE3), SlMCA2 formed insoluble inclusion
bodies (found in the pellet fraction; Results, Figure 3.2.2) that were easily solubilized
with addition of SDS to the solution during sonication (Results, Figure 3.2.3). However,
inclusion bodies can in some circumstances produce a host of logistical problems,
particularly when soluble, properly folded protein is required (i.e. for enzymatic assays,
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etc.). Though poorly understood, inclusion body formation is thought to be the result of a
number of phenomena. In particular, unlike eukaryotic cells, prokaryotic systems do not
have the mechanisms in place for proper post-transcriptional modification of the
expressed eukaryotic proteins, if required, nor the chaperone proteins needed or in
sufficient concentrations required for proper folding of the protein in question (Fenton
and Horwich, 2003).
However, not all eukaryotic proteins form inclusion bodies when expressed in
prokaryotic systems, and it is hypothesized that perhaps other factors, such as the
extremely rapid nature of the over-expression, are to blame for the misfolding of the
expressed protein. As such, the protein over-expression temperature was lowered from
37°C to room temperature after IPTG induction to assess if the lowered temperature
would result in greater quantities of soluble protein. Upon analysis, this change was
shown not to make any significant change in protein output or solubility.
4.3 SlMCA2 His-tag Purification
Nickel affinity chromatography using Nickel-Nitrilotriacetic Acid (Ni-NTA) was
used to purify the recombinant SlMCA2 protein expressed with a C-terminal six-histidine
tag. While many proven methods exist for high-throughput protein purification –
including FLAG-tags, GST tags and cellulose binding domains to name a few –
production of recombinant proteins for purification containing a histidine tag at either the
N or C terminal end of the protein in question is perhaps one of the most widely used and
best-characterized methods (Arnau et al., 2005; Schmitt et al., 1993; Terpe, 2002).
Purification of his-tagged protein may or may not include the removal of the histidine
tag, depending on the intended use of the purified protein. For the purposes of polyclonal
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antibody production from rabbit, removal of the histidine tag from the recombinant
SlMCA2 protein was deemed to be unnecessary. However, had enzymatic assays been
pursued, removal of the tag may have been desirable as under certain circumstances the
addition of tags may affect the folding of the protein during renaturation, or simply
physically block the active site and thus affect the enzymatic activity of the protein
(Arnau et al., 2005).
After passing the denatured solution of extracted protein via gravity-flow through
the column, unbound SlMCA2 protein is seen in the flow-through (Results, Figure 3.3.1)
and attempts to increase binding of SlMCA2 to the resin by disrupting the resin with light
shaking/inversion of the column proved unsuccessful. Thus, it seemed that the column
was indeed saturated with bound SlMCA2. SDS-PAGE of protein contained in the
column washes did not show the expected large quantities of unbound contaminant
proteins in the flow through – however, approximately 40mL of wash buffer was used in
total and the flow-through saved in approximately 10-15mL aliquots, of which only 50µL
of flow-through from each tube was used for SDS-PAGE analysis. The contaminant
proteins were likely very dilute in the flow-through and thus not easily revealed. Large
quantities of SlMCA2 protein are seen in the elution flow-through samples along with
some contaminant protein. Allowing the column to be inverted for 15 minutes or so with
the wash buffers before allowing the wash buffer to pass through the column likely would
have improved the removal of contaminant proteins prior to elution, however the quantity
of SlMCA2 protein in the elution flow-through – particularly as seen in the last lane – is
much greater than the contaminant proteins. As such, it was decided to proceed with
buffer exchange via dialysis of the eluted protein to exchange the elution buffer
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(containing high concentrations of salts, including 8M urea) with dH20. Large quantities
of protein were lost to precipitation during the dialysis. Nevertheless, an absorbance
reading at A280 determined that 1.9 mg of soluble protein was present in the dialysis
solution, which would be sufficient for antibody production. Lyophilization was
performed to remove the dialysis solution, and the dried protein was sent to CedarLane
Laboratories for polyclonal antibody production.
4.4 Polyclonal Antibody Production in Rabbit
Antibodies produced from living organisms such as rabbits can be used as
powerful tools to yield insightful results regarding the temporal and spatial accumulation
of the target protein. Antibodies recognize specific epitopes of at least five amino acids
and while polyclonal antibodies recognize numerous epitopes from the protein in
question, monoclonal antibodies are frequently cultured from hybridoma cells (typically a
B cell hybridized with an immortal tumour cell, resulting in constitutive monoclonal
antibody production) and are specific to one epitope on the protein (Cambrioso and
Keating, 1992; Kohler and Milstein, 1975; Siegel, 2002). Polyclonal antibodies, though
more affordable to produce, have some disadvantages when used against a desired
protein containing sequences or epitopes that are highly homologous to other proteins. In
such cases, cross-reactivity may be a significant impediment as a subpopulation of the
antibodies would react with the same epitope sequence present in another protein.
Monoclonal antibodies overcome this obstacle as they can be produced to be specific to
an epitope unique to the desired protein, thus reducing the chance of cross-reactivity. For
SlMCA2, a BlastN assay performed using SlMCA2 cDNA and the Solanum lycopersicum
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database produces one result with 100% identity – that of the SlMCA2 sequence
(Accession: BT014442.1).
A dot blot was performed for each rabbit using the test sera. His-tag purified
SlMCA2 was blotted onto nitrocellulose and exposed to a 1/1000 dilution of rabbit sera;
while Rabbit 2 had a clear immune response to the SlMCA2 antigen, Rabbit 1 did not
(Results, Figure 3.3.1). SlCysEP (a cysteine protease also found in S. lycopersicum) was
used as a negative control. Some reactivity with the NBT/BCIP occured as there was
light purple-pink staining of this negative control. This staining was a different colour
than that of the SlMCA2 blots, which were a very dark purple. Upon blotting the negative
control, a light glossy film was observed on the membrane. Liquid, likely containing the
SlCysEP protein, diffused further outwards from this film – and it was this film that
became purple after the NBT/BCIP incubation, while the diffused portion did not.
Therefore, it seems likely that this was a false positive – particularly considering that the
colour change is even seen in the rabbit which did not produce an immune response to the
SlMCA2 antigen.
Antibody was affinity purified from the test bleed serum of Rabbit 2 by binding to
SlMCA2 protein blotted onto nitrocellulose membrane, washing and elution. While
western blots using crude serum as primary antibody produced very non-specific
reactions to protein extractions from 120 hour-after-imbibition tomato seed embryo and
endosperm tissue (Results, Figure 3.4.1), purified anti-SlMCA2 antibody produced very
specific results whereby defined peptides were only seen in endosperm tissue (Results,
Figure 3.4.2). Antibody production and purification was deemed to be successful, as
very specific polyclonal antibodies were produced.
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4.5 Analysis of SlMCA2 protein accumulation in various tissues
Developmental programmed cell death (PCD) in plants is an indispensible process
that can be observed in a variety of tissues. In endospermic dicot seeds, PCD is seen
primarily following germination whereby endosperm tissue undergoes PCD to provide
nutrients to the growing embryo. However, the timing and characteristics of endosperm
PCD vary between species: for example; in castor bean (Ricinus communis), the
endosperm begins to die just after germination as seed storage proteins and other
nutrients are mobilized to the growing embryo. In cereals, the majority of endosperm
dies during seed development. This excludes the outer aleurone layer which secrets lytic
enzymes following germination to dismantle the endosperm and mobilize the nutrients
(van Doorn and Woltering, 2005). In tomato, as in castor bean, endosperm tissue dies
and the nutrients are mobilized following germination, occurring as early as 24 hours
after imbibition, and endospermic death occurs in successive cell layers radiating outward
from the growing embryo (DeBono and Greenwood, 2006). Seed tissue has become a
model system for studying PCD due to ease of use, production and storage.
Tomato seed germination occurs asynchronously: while most tomato seeds will
germinate between 24 and 96 hours post imbibition, germination rates plateau after 96
hours (Berry and Bewley, 1991). This asynchronous nature of seed germination does not
allow for accurate gauging of PCD progression by daily time-points, and as such a more
accurate method for classifying seeds by progression of PCD was developed by
Trobacher (2010), whereby seeds are classified into three types, corresponding with
progression of PCD: non-germinated seeds (NG), germinated short seedling seeds (SS;
seedlings <10mm long), and germinated long-seedling seeds (LS; seedlings >15mm).
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Through visual assessment and viability staining, along with genomic DNA extraction
and quantification, Trobacher (2010) concluded that the aforementioned classification
method corresponded directly to PCD progression: NG seedlings contain the most viable
endosperm and present minimal endosperm and DNA degradation, LS contain the least
viable endosperm and present the most endosperm and DNA degradation, and SS are an
intermediate, with some endosperm viability and some endosperm and DNA degradation
(Introduction, Figure 2.2.3.1). Thus, seedling length was determined to be an accurate
measure of PCD progression.
4.5.1 Whole seed incubated on water
A precise temporal model outlining the progression and steps of PCD in tomato
seed prior, during, and post germination has not been established due to the
aforementioned asynchronous nature of tomato seed PCD. However, tomato seed cells
do exhibit indicators common to PCD during the process of germination, including
TUNEL positive nuclei and ultrastructural characteristics such as a progressive decrease
in intracellular compartmentalization and organization (DeBono and Greenwood, 2006;
Dominguez et al., 2001; Filonova et al., 2000; Greenwood et al., 2005; Gunawardena et
al., 2001, 2004, 2005), nuclear shrinkage and invagination alongside chromatin
condensation (Greenwood et al., 2005; Gunawardena et al. 2001; Wang et al., 1996),
and plasma membrane withdrawal from the cell wall (Filonova et al, 2000; Greenwood et
al., 2005; Gunawardena et al., 2001, 2004). Rupture of the vacuolar tonoplast is
considered to mark the ‘death’ of the cell: this rupture acidifies and releases numerous
hydrolytic enzymes into the cytosol (Bethke et al., 1998, 1999; Geitl and Schmid, 2001;
Greenwood et al., 2005; Ito and Fukuda, 2002; Otegui et al., 2005; Schmid et al., 1999;
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Swanson and Jones, 1996; Swanson et al., 1998). This acidification of the cytosol is
likely responsible for the lysis of precursor protease vesicles (PPVs) such as ricinosomes,
releasing previously-contained KDEL-tagged cysteine proteinases which are thought to
complete PCD by destroying remaining cellular proteins (Chrispeels and Herman, 2000;
Geitl and Schmid, 2001; Greenwood et al., 2005; Senatore et al., 2009; Toyooka et al.,
2000).
Despite the asynchronous germination of tomato seeds after imbibition on water,
on average less than 5% of tomato seeds have germinated 24 hours after imbibition,
between 5-10% have germinated at 48 hours, 20-30% at 72 hours, 60-70% at 96 and 120
hours, and 70-80% at 144 hours post imbibition (Trobacher, 2010). In this study, data
collected for the analysis of SlMCA2 accumulation in whole seeds imbibed on water
showed 0% germination at 24 hours after imbibition, 16% at 24 hours, 60% at 72 hours
and 76.8% at 96 hours (Figure 3.5.1).
Western blots were used to reveal temporal and spatial accumulation of SlMCA2
protein in tomato seed tissues at 24, 48, 72 and 96 hours post imbibition. SlMCA2
accumulation in imbibed and germinated seeds was observed only in endosperm tissue: at
72 hours post-imbibition, one band corresponding to the putative 40.3kDa SlMAC2
protein is visible. At 96 hours post-imbibition, four bands are seen: one very dark band
near the 40kDa location, two less intense bands at approximately 36 and 39kDa, and a
final band at approximately 25-30kDa (Results, Figure 3.4.3). While non-specific crossreactivity of the polyclonal anti-SlMCA2 antibody comes to mind as the possible reason
for the numerous bands at the 96-hour time point, if this were the case, it would perhaps
be expected that similar cross-reactivity in the samples from the other time points would
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be seen. As a Type I metacaspase, SlMCA2 contains a putative prodomain region as
determined by alignment with the characterized A. thaliana Atmc1-3 Type I
metacaspases and Atmc4-9 Type II metacaspases (Results Figure 1). For activation of
some enzymatic proteins, such as some caspases, removal of the prodomain is required
(Cowling and Downward, 2002; Golubkov et al., 2010). Removal of this putative
prodomain region results in a protein of approximately 30kDa (Results, Table VI), which
corresponds closely with the smallest. It is not unlikely that SlMCA2 undergoes a 3-step
prodomain removal process, whereby some of the prodomain is cleaved in the first step
resulting in the band slightly smaller than the full protein, followed by cleavage of
another portion of the prodomain resulting in an even smaller band, and finally the third
step whereby the remaining prodomain is cleaved to form the fully matured SlMCA2
protein at approximately 30kDa. The bands visible at the 96 hour time point in Figure
3.4.3 would thus correspond to SlMCA2 protein from each of these three steps, including
the complete protein at 40.3kDa, resulting in four visible bands. Indeed, the in silico
prediction tools T-COFFEE and MitoProt II predict a 93 and 107 amino acid prodomain
region (respectively), and cleavage of this domain results in an approximately 30 kDa
protein product.
The appearance of SlMCA2 protein at the 72-hour time point positively
corresponds to when many tomato seeds germinate post imbibition as per Trobacher
(2010), and a greater abundance of SlMCA2 protein is visible at the 96-hour time point,
where 60-70% of tomato seeds have germinated and cell death is occurring in the tomato
endosperm to mobilize nutrients to the growing embryo. If SlMCA2 is indeed matured
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by complete removal of the prodomain region, then this mature form is first present at
approximately 96 hours post imbibition in tomato seed endosperm.
4.5.2 Endosperm incubated on water, GA and GA+ABA
The plant hormones Gibberellic Acid (GA) and Abscisic Acid (ABA) are fairly
well characterized in their interaction to promote and/or inhibit programmed cell death,
and are frequently used to assess correlations between genes of interest and their potential
roles in PCD (Kuriyama and Fukuda, 2002). GA has been directly implicated in
promoting germination and reserve mobilization in both dicots and monocots (Hooley,
1994), and in promoting synthesis of hydrolases including cysteine proteinases which are
involved in plant PCD (Bethke et al., 1998, 1999; Bewley and Black, 1978; Koehler and
Ho, 1990).
Fath et al., (2000) reports that PCD occurring in the endosperm of cereals is due
to the effects of the aleurone layer and that this effect is specifically GA-dependent. Guo
and Ho (2008), conversely, showed that a protein induced by the presence of ABA,
HVA22, directly inhibits GA-dependent PCD in cereal aleurone cells. Numerous similar
examples of GA involvement in PCD and germination and ABA inhibition of PCD exist
(Bewley, 1997; Dominiguez et al., 2004; Greenberg et al. 1994; Young and Gallie,
2000), and as such, these hormones were chosen to promote and inhibit PCD in tomato
endosperm tissue.
To further assess a possible correlation between SlMCA2 protein accumulation
and programmed cell death of the endosperm, endosperm tissue was carefully isolated
from the seed embryo tissue and incubated on either water, 50mM GA, or 50mM GA and
50mM ABA. Endosperm tissue was harvested at 24, 48, 72 and 96 hours post-
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imbibition. On water and in the absence of the embryo, SlMCA2 accumulation begins at
72 and continues at 96 hours (Results, Figure 3.5.2) and SlMCA2 accumulation appears
to be greater at 96 hours. In the presence of 50mM GA, SlMCA2 accumulation begins
earlier at 48 hours, and greater quantities of SlMCA2 are seen at 72 and 96 hours
compared to the endosperm on water condition. Greater quantities of the proposed
“mature” SlMCA2 (sans prodomain) is also visible in the later time points of the GA
condition. In the presence of 50mM GA and 50mM ABA, there seems to be no SlMCA2
protein accumulation at any of the time points. As GA is considered to promote PCD and
ABA to inhibit PCD, the earlier and greater presence of SlMCA2 protein accumulation in
the GA condition time points (along with a greater concentration of proposed mature
SlMCA2) and the lack of SlMCA2 protein accumulation in the ABA condition time
points point to a correlation between SlMCA2 and PCD in tomato seed endosperm.
However, it cannot be determined with these data if SlMCA2 is a causative agent in
PCD, or if it is a player in PCD that is activated by an upstream mechanism.
Cell death of the endosperm in this experiment was observed visually as per
Trobacher (2010): endosperm was found to be increasingly more degraded with each
time point in the GA condition compared to the water condition. In the GA and ABA
condition, endosperm was visibly less degraded compared to the GA condition.
It should be noted that the SlMCA2 accumulation profile in the endosperm tissue
at the 96-hour time point on water without the presence of the embryo is markedly
different than that when the embryo is present (Results Figure 3.5.2 compared to Figure
3.5.1). When in the presence of the seed embryo, at 96 hours at least four bands are seen
as previously described whereas without the embryo, only two bands are visible. This
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may be due to different loading or that the protein is being processed – yet processed to
different degrees in this ex-situ scenario sans embryo.
The greater accumulation of SlMCA2 in seed endosperm in the GA condition and
the minimal accumulation in the GA and ABA condition correlate this protein with
programmed cell death in the endosperm.
4.5.3 SlMCA2 accumulation in lateral and micropylar seed endosperm
Prior to and following germination, endosperm tissue undergoes PCD in order to
provide nutrients to the growing embryo/seedling. However, different parts of the
endosperm die at different time points and this cell death seems to be regulated by
different processes. Particularly, the lateral endosperm begins to die before the
micropylar endosperm, and the micropylar endosperm is thought to form a ‘mechanical
barricade’ preventing the radicle from emerging until physiologically ready (DeBono and
Greenwood, 2006; Linkies et al. 2010). Weakening of the micropylar endosperm is
achieved by accumulation of proteins that modify the cell wall, such as expansins (Chen
and Bradford, 2000), β-1,4-mannanase (Bewley, 1997b; Nonogaki et al., 2000), β -1,3glucanase (Leubner-Metzger, et al., 1995) and reactive oxygen species which selectively
target polysaccarides of the micropylar cell wall (Müller et al., 2009). This micropylar
weakening must occur in order for the radicle tip to be able to exert enough force to
emerge through the micropylar endosperm; thus, the micropylar endosperm forms a
physical barrier to the emerging radicle. Germination is completed once the radicle
ruptures the endosperm.
Using western blot analyses, the non-germinated (NG) lateral endosperm (LE)
and micropylar endosperm (ME) samples as well as the short seedling (SS) LE and ME
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samples, SlMCA2 is only seen at the ~40kDa molecular weight marker. However in the
long seedling (LS) LE and ME samples, two forms of the protein are seen, one at the
~40kDa marker, and a greater proportion at the ~35kDa marker. The LS samples are
farther along in PCD and by this point endosperm tissue has already greatly degraded; the
presence of a large proportion of proposed mature SlMCA2 protein at the ~35kDa
molecular weight marker may hint that SlMCA2 is functional in the long seedling
endosperm tissue. These data were compared to that of a known cysteine proteinase, the
corpse-processing KDEL-tailed, papain-like, pre-pro enzyme SlCysEP which
accumulates in ricinosomes in tissue about to undergo PCD. After PCD (marked by
rupture of the tonoplast), SlCysEP is released into an acidified cytosol and is processed
from an inactive form (40.6kDa) to the proprotein by removal of the pre-region
(38.3kDa), and finally into the mature protein (25.5kDa), and serves to degrade a variety
of cellular proteins (Senatore et al., 2009). Presence of SlCysEP in any form indicates
PCD in the cell in question, and it can thus in some cases be used as a marker for PCD.
In the LE and ME samples, SlCysEP is present in the inactive form in the NG LE and
ME samples. In the SS population, an active form of SlCysEP is present predominantly
in the LE sample with minimal amounts in the ME sample, which is to be expected as the
LE dies prior to the ME. In the LS population, the active form of SlCysEP is the
predominant form. As a corpse-processing enzyme, SlCysEP accumulates in tissues that
have undergone PCD, and is responsible for what the name implies – degrading the
proteins of the cellular corpse. The presence of the active form of SlCysEP in the SS LE
tissue, compared to minimal accumulation of SlMCA2 and no accumulation of the
proposed mature form of SlMCA2, indicates that SlMCA2 is not actively involved in
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initiating cell death in these tissues, as it is not seen in the active form neither in this
sample nor in the ME sample.
These results indicate that SlMCA2 may require processing into a mature,
functional protein of around ~30-35kDa, and that it is not involved in initiation of cell
death.
4.5.4 SlMCA2 accumulation in leaf, cotyledon, hypocotyl and root
Previous unpublished data using in-situ hybridization with a SlMCA2 cDNA
probe (Suvajac and Greenwood, unpublished) showed SlMCA2 mRNA expression in
various tissues in the growing tomato plant including the pith, vascular cambium region,
and in the epidermis covering emerging adventitious root tissue. In the growing tomato
plant, pith cells undergo PCD to allow for the formation of a hollow stem. The cells in
the living vascular cambium tissue undergo PCD and loss of the protoplast to form the
non-living xylem tracheary elements – a tissue that conducts water throughout the plant
(Raven et al., 2005). With adventitious root formation at the base of the hypocotyl, root
primordia form from tissue within the stem of the plant and grow outwards. Mergemann
and Sauter (2000) found that epidermal tissue directly in front of the growing root node
in rice does in fact undergo PCD whereby the growing root passes through the opening
formed in the wake of the dead epidermal cells, as opposed to simply being pierced by
the growing root.
To assess if SlMCA2 protein accumulation occurs in the growing tomato plant in
light of these findings, twenty-day-old plants were dissected into leaf, cotyledon,
hypocotyl and root, and the protein extracted from these tissues used for a western blot.
Throughout growth, and particularly in the early stages of growth, PCD associated with
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the formation of xylem is prevalent. However, no SlMCA2 protein accumulation was
found in any of these tissues at this time point (Results, Figure 3.5.4). Indeed, it could
be that SlMCA2 is not involved in PCD required to form tracheary elements and the like,
and is instead involved in other specific processes such as the cell death of endosperm
during/after germination.
4.6 BY-2 Biolistic-Mediated Transformation with SlMCA2
Bright Yellow-2 cells were cultured from a callus produced on a Nicotiana
tabacum (tobacco) plant. These cells have quickly become a model system for plant cell
biology; they are fast-growing cells that exhibit homogeneity and behave predictably
(Nagata et al., 1992). BY-2 cells do not produce chlorophyll and are typically kept in a
culture suspension. The transparent nature of these cells has made them a go-to system
for, among other things, visualization of internal cellular processes such as cytoskeletal
formation, endosome function, and protein localization and targeting (Banjoko and
Trelease, 1995; Mullen et al. 1997; Stone et al., 2003; Yang et al., 2005;). This wellcharacterized model system is often transformed with vectors encoding recombinant
proteins containing fluorescent tags such as Green Fluorescent Protein (GFP) using
biolistics-mediated transformation and visualization with confocal scanning laser
microscopy.
To determine the subcellular location of SlMCA2 accumulation, a vector
containing the SlMCA2 cDNA sequence downstream of a constitutive 35S promoter with
a C-terminal GFP tag was used to transform BY-2 cells (SlMCA2::mGFP5). These cells
were examined using confocal scanning laser microscopy alongside cells transformed
with the positive control β-ATPase::mCherry, which localizes to mitochondria. One
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series of cells was co-transformed with both SlMCA2 and β-ATPase. While cells
transformed with β-ATPase::mCherry were very easily located and plentiful, cells
transformed with SlMCA2::mGFP5 were rare, and those hypothesized to be transformed
with this vector were questionable at best, as they did not fluoresce significantly more
than surrounding cells.
Considering the potential connection between metacaspases and programmed cell
death, one reason for the seeming lack of cells transformed with SlMCA2::mGFP5 was
hypothesized to be that overexpression of the SlMCA2 protein in BY-2 cells (as a result
of the constitutive 35S promoter) is in fact encouraging the death of the cells. Though
SLMCA2 was concluded to not be involved in PCD initiation in the previous study of
lateral and micropylar endosperm, constitutive production of the protein may result in
this effect. Like all cysteine proteinases, metacaspases have a highly conserved cysteine
residue in the active site. Without this cysteine, the enzymatic function of the protein is
largely abrogated. This cysteine was mutated to an alanine residue in the vector and BY2 cells were co-transformed with the mutated vector and the positive control. This did
indeed yield a greater quantity of BY-2 cells transformed with both plasmid vectors.
While the positive control clearly localized to punctate structures in the cytoplasm
(mitochondria), SlMCA2 was primarily diffused throughout the cytosol, though it did
appear to co-localize with some mitochondria (Results, Figure 3.6.2C).
Like other many other enzymes, SlMCA2 may require activation/maturation by
proteolytic cleavage in order to expose a targeting sequence. In-silico subcellular
localization prediction methods used in this study predict SlMCA2 localization to
mitochondria (See Results 3.7). The MitoProtII tool additionally predicts a 107 amino-
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acid N-terminal prodomain sequence that would be cleaved for this localization to occur.
This cleavage may occur by autocatalysis or as a result of proteolysis by another enzyme
upon induction of PCD. Additional studies to stress the BY-2 cells in order to induce
PCD would need to be performed to determine if this localization to mitochondria occurs
under such conditions.
4.7 In-Situ Hybridization of Anther Tissue
Anther dehiscence leading to pollen release is dependent on PCD of specific
tissues. Tomato flower and anther development has been categorized into widelyaccepted stages, abbreviated here: stages 1-12 involve initiation of sepal primordia to the
first slight opening of the calyx; 13-17 involves corolla emerging from calyx to the initial
yellowing of petal tips and stages 18-20 involve the full yellowing of petals to the full
opening of the flower, anther dehiscence and pollen release (Brukhin et al., 2003).
Senatore et al. (2009) found that SlMCA2 mRNA expression in anther tissue increases as
the anther approaches dehiscence at stage 20. To investigate where this SlMCA2 mRNA
was accumulating in the dehiscing anther, in-situ hybridization using a DIG-labeled
SlMCA2 cDNA probe was performed on two stages of anther tissue: 13-17 and 18-20.
Senatore et al. (2009) report markers of PCD prior to anther dehiscence in stomial
cells, including cytoplasmic vesiculation and development of autophage vesicles, as well
as withdrawal of the plasma membrane and cytoplasm from the cell wall; other PCD
markers such as chromatin condensation were not present until later stages.
Ricinosomes, also present in some cases of PCD, were visible in the epidermal cells
surrounding the stomium. Senatore et al. (2009) also described ricinosomes as PCD
markers in cells of the interlocular septum, connective tissue (cortex), and middle layer,

	
  

98	
  

markedly similar to those found in cells of castor bean endosperm and nucellus destined
to die. In the aforementioned study, ricinosomes were found in all tissues destined for
PCD during anther dehiscence except tapetum at any point during dehiscence. Despite
this, PCD does occur in tapetum tissue (Senatore et al., 2009).
At stages 13-17 (Results, Figure 3.7.1A), there seems to be no visible staining
corresponding to SlMCA2 mRNA expression except in the tapetum layer. Also, pollen
granules seem to have reacted with the stain and do appear purple. At stages 18-20
(Results, Figure 3.7.1B), SlMCA2 expression is seen in the middle layer, in the tapetum,
in the cortex tissue, and in the tissue surrounding the vasculature of the anther. At this
point, the anther has dehisced and pollen release has occurred as both the interlocular
septum and stomium have undergone PCD. However, the PCD that occurs in the
interlocular septum does so abruptly (Senatore et al., 2009), and SlMCA2 expression
could not be determined in this tissue at the selected time points. After dehiscence,
SlMCA2 expression is seen in the tissue surrounding the vasculature, the middle layer,
and the cortex; markers of PCD in all of these tissues were described by Senatore et al.
(2009). Cell death in the tapetum cell layers in stages approaching dehiscence (Varnier et
al., 2005) was also described by Senatore et al. (2009), though ricinosomes could not be
found in this tissue by the researchers. Indeed, SlMCA2 expression is also seen in the
tapetum tissue at both stages investigated. Though PCD in the vasculature was not
described by the previous study, SlMCA2 expression is seen in the ground tissue
surrounding the vasculature after dehiscence, and this may not be directly associated with
dehiscence, but rather with the overall death of the anther organ post-dehiscence.
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Indeed, SlMCA2 mRNA expression does seem to correlate with anther dehiscence
and PCD when data from this study is compared with that of Senatore et al. (2009).
However, mRNA expression does not guarantee protein accumulation, and further
research would be required to investigate whether SlMCA2 protein also accumulates in
the same tissues during dehiscence.

5. CONCLUSIONS
SlMCA2 protein was successfully overexpressed in E. coli BL21 (DE3), purified
and used for polyclonal antibody production from rabbit. Rabbit anti-SlMCA2
polyclonal antibodies were purified against overexpressed SlMCA2 protein and used for
western blot analysis, which revealed SlMCA2 protein accumulation in endosperm tissue
during tomato seed germination. At 96 hours post imbibition, a large population of
proposed “mature” SlMCA2 protein at the 30-35kDa mass marker is seen in endosperm
seed tissue. This size corresponds to the predicted protein weight sans prodomain. In the
same sample, two other bands are seen, perhaps indicating that SlMCA2 undergoes a 3step prodomain-removal process to form the mature protein. Using the hormone GA to
increase PCD in endosperm proved to speed the onset of SlMCA2 accumulation and
increase the amount of SlMCA2 protein that accumulates in comparison to controls
imbibed on water alone. When the hormone ABA was used to inhibit GA, no SlMCA2
accumulation is seen at any of the time points in endosperm. SlMCA2 protein
accumulation is also seen in lateral and micropylar endosperm in non-germinated seeds,
and in lateral and micropylar endosperm of germinated short seedling and long seedling
tissue. In endosperm of long seedling tissue which is most progressed in terms of PCD,
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the proposed mature SlMCA2 protein is seen at ~35kDa with greater intensity than that
of the whole 40.3kDa protein. SlMCA2 accumulation, when compared to that of the
known corpse-processing cysteine proteinase SlCysEP which appears in active form
following PCD, indicates that SlMCA2 is likely not involved in initiation of PCD. The
appearance of a smaller form of SlMCA2 in the LS samples indicates that SlMCA2
protein is undergoing processing, perhaps for activation.
SlMCA2 protein accumulation visualized in BY-2 cells seems to show that the
protein is cytosolic in nature, and under the standard experimental conditions appears to
target some mitochondria. In-silico prediction tools predict that the SlMCA2 protein is
mitochondrial, however this targeting may be induced only upon cell stress and PCD;
further studies using starved BY-2 cells may further reveal this targeting.
Finally, SlMCA2 mRNA expression is seen in dehiscing anther tissue in cells
surrounding the vasculature, in the cortex, middle layer and tapetum post-dehiscence. In
un-dehisced anther, SlMCA2 expression is seen only in the tapetum. These results reflect
earlier findings by Senatore et al. (2009) which show known PCD markers in tapetum
prior to dehiscence and in the cortex, middle layer and tapetum after dehiscence, and an
increase in SlMCA2 expression as the anther approaches towards and completes
dehiscence.
In conclusion, these data suggests that the Type I metacaspase SlMCA2 is indeed
involved with programmed cell death in Solanum lycopersicum, however it is not
involved in initiation of PCD. Additional research is required to determine the precise
role of SlMCA2 and whether its role is truly indispensible for certain forms of PCD in this
organism.
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