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ABSTRACT
Caspase-2 was initially discovered as one of ten genes which were developmentally
downregulated in neural precursor cells. Subsequent studies found that it was involved in
the intrinsic apoptotic pathway. However, the lack of a significant phenotype in caspase-2
knockout mice failed to suggest an important role for this evolutionary conserved
protease.

Caspase-2 is often referred to as an enigmatic enzyme, since it seems to be involved in a
lot of cellular processes; most of which are capable of compensating for its absence. Most
recent data provides convincing evidence that caspase-2 is involved in cell cycle
regulation and tumour suppression. To date, no substrates have been identified for
caspase-2 which could account for its cell cycle and tumour suppressor role. The
hypothesis of this PhD thesis was that perhaps an unidentified caspase-2 substrate would
clarify its role in the cell cycle and tumour suppression, or suggest other physiological
functions for caspase-2.

This study characterised the minimal substrate specificity of caspase-2 using a unique
yeast-based reporter system, and the pro-apoptotic Bcl-2 member, Bid. The results of
these experiments concluded that a DTTD’G motif was most efficiently cleaved by
caspase-2 in both of these contexts. A custom peptide bearing this sequence was
engineered, and found to be cleaved by caspase-2 better than the current “caspase-2specific” VDVAD-bearing peptide. The newly identified peptide in this study also offered
slightly more selectively for caspase-2 than VDVAD.

Furthermore, Runx1 was identified in a bioinformatics screen as being a likely candidate
caspase-2 substrate. Although the predicted caspase-2 cleavage-site in Runx1, DVPD’G,
was cleaved efficiently by caspase-2 in both yeast and Bid, caspase-2 proteolysis of
Runx1 was inefficient and unlikely to be physiologically relevant. Interestingly, some
other caspases, including caspase-1, cleaved Runx1 well. Caspase-1 mediated proteolysis
of Runx1 suggests that this could be a physiologically relevant event.
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Chapter One: The Enigmatic Caspase-2 in Apoptosis and Tumour Suppression

CHAPTER ONE
The Enigmatic Caspase-2 in Apoptosis and Tumour
Suppression: will Specificity and Substrates Clarify its Role?
1.1

Apoptosis

Programmed Cell Death (PCD) or Apoptosis is an evolutionarily conserved and tightly
regulated form of cell death which maintains cellular homeostasis, controlling the number
of cells within an organism. Considering this, apoptosis is important for eliminating cells
bearing oncogenic mutations and thus preventing cancer (Hanahan & Weinberg, 2011).
Apoptosis is defined by morphological characteristics such as membrane blebbing,
nuclear fragmentation and chromatin condensation; as well as biochemical markers
including Deoxyribose Nucleic Acid (DNA) fragmentation, cellular externalisation of
phosphatidylserine molecules and the activation of enzymes, such as caspases (Jin & ElDeiry, 2005; Strasser et al, 2000). It is also important to highlight that other forms of cell
death include autophagy, necrosis and necroptosis (reviewed by (Shen & Codogno, 2012;
Wu et al, 2012) and pyroptosis (reviewed by (Miao et al, 2011).

The founding studies of apoptosis were initially performed using liver tissue extracts
(Columbano et al, 1984; Kerr et al, 1972; Klion & Schaffner, 1966). A phenomenon
describing “…discrete structures resembling intact but altered hepatocytes…” was
initially observed under the electron microscope in 1966 by Franklin Klion and Fenton
Schaffner (Klion & Schaffner, 1966). Apoptotic bodies observed in liver tissue were
initially termed “Councilman Bodies” (Klion & Schaffner, 1966). Later, this alteration in
cell morphology was described to be a distinct form of cell death complimentary to
mitosis, with a role in development, tissue kinetics and cell populations (Kerr et al, 1972).
This vital biological phenomenon was termed “Apoptosis”; a Greek term which describes
the falling of petals from flowers or leaves from trees (Kerr et al, 1972). Subsequent
studies detailed this same phenomenon upon hormone treatment (Morris et al, 1984;
Wyllie & Morris, 1982), during liver carcinogenesis (Columbano et al, 1984) and
antibody-dependent lymphocytotoxicity which activated a “self-destruct” signal of
apoptosis for homeostasis of the immune system (Stacey et al, 1985). Clearance of these
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cells undergoing apoptosis was discovered to be mediated by macrophages which
recognised changes in the apoptotic cell structure (Duvall et al, 1985).

The two separate apoptotic pathways that have since been well characterised were
initially not known to exist. It was known that receptor signalling (mainly in immune
cells) could stimulate apoptosis (Stacey et al, 1985) and so could other inducers such as
heat shock and ionizing radiation (Baxter & Lavin, 1992) and growth factor
stimulation/deprivation (Armato et al, 1986; Crompton, 1991), but it was not known that
these factors induced apoptosis via different pathways.

Initially, the RNA and protein synthesis inhibitors, actinomycin D and cycloheximide
could prevent cell death in some circumstances (Martin et al, 1988) but it was later
discovered that they could also trigger it upon growth factor deprivation (Vaux &
Weissman, 1993). The importance of the B-cell leukaemia/lymphoma 2 (Bcl-2) protein
(which is now known to be involved in the intrinsic apoptotic pathway; discussed later) in
apoptosis was discovered when it showed to promote survival of oncogenically
transformed cells (Vaux et al, 1988). It was thought that the mechanisms which governed
Bcl-2-mediated apoptosis inhibition and protein synthesis inhibitor-mediated apoptosis
induction/prevention were the same. However, it was later shown that the mechanism by
which cycloheximide and actinomycin-D induce apoptosis was not inhibited by induced
constitutive expression of Bcl-2, suggesting that these chemicals induced apoptosis by
targeting different machinery to that which is inhibited by Bcl-2 (Vaux & Weissman,
1993). This was the first observation that apoptosis can be triggered by two distinct
biochemical pathways.

1.1.1 The extrinsic apoptotic pathway
The extrinsic apoptotic pathway is activated by stimuli which induce conformational
changes in membrane-bound receptor proteins, such as the Tumour Necrosis Factor
Receptor-1 (TNFR-1) and Fas/APO1 (Boldin et al, 1995). Fas-associated death domain
containing protein (FADD) binds to the death domains of these receptors to induce an
apoptotic signal (Chinnaiyan et al, 1995). This results in the formation of a multimeric
protein complex at the cytosolic face of the plasma membrane termed the Death Inducing
Signalling Complex (DISC) (Kischkel et al, 1995), in which the apical caspase of this
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pathway, Caspase-8, is activated (Lavrik et al, 2003). Caspase-8, which was initially
called FADD-like interleukin-1 β-converting enzyme-like protease (FLICE) (Peter et al,
1997), is then able to cleave and activate downstream caspases (Muzio et al, 1997), which
collectively proteolyse various cellular proteins in the destruction of the cell (Sanghavi et
al, 1998). In some cell types, caspase-8 is able to mediate cross-talk between the two
types of cell death pathways. It has been shown that caspase-8 is capable of cleaving a
pro-apoptotic Bcl-2 related protein, Bid (discussed later) into its truncated active form,
tBid, which activates the intrinsic apoptotic pathway (Esposti, 2002; Li et al, 1998). See
Figure 1.1.

1.1.2 The intrinsic apoptotic pathway
The intrinsic apoptotic pathway is activated by intrinsic cellular insults, many of which
ultimately damage DNA. This induces stabilisation of the pro-apoptotic protein, p53
which activates apoptosis (Clarke et al, 1993) using distinctly different machinery than
those used in the extrinsic pathway (Vaux & Weissman, 1993). DNA damage leading to
p53-independent apoptosis has also been reported, for example in T lymphocytes
(Strasser et al, 1994).

Intrinsic apoptotic inducers activate pro-apoptotic members of the Bcl-2 family of
proteins (Ochs & Kaina, 2000), which cause Bax/Bak-mediated Mitochondrial Outer
Membrane Permeabilisation (MOMP) (Newmeyer et al, 1994). MOMP results in the
release of the mitochondrial protein, cytochrome c (Kluck et al, 1997), which
oligomerises with the cytosolic protein, Apoptotic Protease Activating Factor-1 (APAF-1)
(Hu et al, 1999). These two proteins form a heptameric complex, termed the apoptosome
(Zou et al, 1999), in a deoxyadenosine triphosphate/adenosine triphosphate (dATP/ATP)dependent manner, which forms a platform in which pro-caspase-9 molecules are
recruited and activated (Hu et al, 1999) by multimerisation (Pop et al, 2006). Caspase-9,
the apical caspase in this pathway, is then able to cleave and activate downstream
caspases such as caspases-3 and -7 (Wang et al, 1999a; Zou et al, 1997), which go on to
cleave a vast array of cellular substrates in the execution phase of this biological process
(Jin & El-Deiry, 2005; Reed, 2000). The Bcl-2 proteins are pivotal in this form of
apoptosis. See Figure 1.1.
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Figure 1.1. Intrinsic and extrinsic apoptotic Pathways.
The intrinsic pathway is activated by factors including DNA damage. These stimuli induce BH3-only proteins to
sequester anti-apoptotic Bcl-2 members such as Bcl-2 and directly activate pro-apoptotic Bcl-2 molecules such as Bax.
This causes MOMP, releasing cytochrome-c (red) from the mitochondria and complexing it with APAF-1 (beige) to
form the apoptosome in which caspase-9 (blue) becomes activated. Caspase-9 activates caspase-3 (orange), which
eventually leads to destruction of the cell. The extrinsic pathway becomes activated upon the binding of ligands to their
cognate receptors, such as TNFα to TNF receptor. This recruits adaptor molecules such as FADD in the DISC, where
caspase-8 (green) becomes activated. Caspase-8 activates caspase-3 (orange) and this is where the two pathways
converge; again, leading to destruction of the cell. Caspase-8 is also able to activate the intrinsic pathway by cleaving
Bid (pink) into tBid (light pink). Caspase-2 has been ommited from this diagram since its precise role in apoptosis is
vague.

1.1.3 The Bcl-2 family of proteins
The bcl-2 gene was cloned by using probes which targeted the t(14;18) chromosomal
translocation in follicular lymphoma and the bcl-2 transcript was characterised
(Tsujimoto & Croce, 1986). Two translation products from this gene, Bcl-2α and Bcl-2β,
were hypothesised (Tsujimoto & Croce, 1986), but it was subsequently discovered that
the Bcl-2α protein was associated with a cell membrane (Tsujimoto et al, 1987). Similar
to c-myc translocation-induced lymphomagenesis (Taub et al, 1982), it was found that
Bcl-2 functions as a proto-oncogene but by a distinct mechanism (Reed et al, 1987).
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It had been shown that Bcl-2 promoted cell survival (Vaux et al, 1988) and in 1992, it was
also observed that Bcl-2 prevented apoptosis in the nematode Caenorhabditis elegans
(C.elegans) (Vaux et al, 1992). This not only provided evidence that this protein had antiapoptotic capabilities, but also that the apoptotic machinery was well conserved
throughout evolution (Vaux et al, 1992). Until 1992, the significance of Bcl-2 in
apoptosis was still not very clear. This study by Professor Vaux and his colleagues
marked the first discovery surrounding a family of proteins which were evolutionarily
conserved and had important implications in apoptosis.

The Bcl-2 related family member, Bcl-xL, was discovered to prevent cell death upon
growth factor withdrawal, similar to Bcl-2 (Boise et al, 1993). Interestingly, the shorter
product of the bcl-x gene, Bcl-xS, inhibited Bcl-2-mediated survival of growth factordeprived cells (Boise et al, 1993). Other anti-apoptotic Bcl-2 related proteins include
Mcl-1, which delayed the onset of apoptosis during induced overexpression of c-myc
(Reynolds et al, 1994) and A1, which delayed growth factor withdrawal-induced
apoptosis (Lin et al, 1996). Bcl-w (Gibson et al, 1996) and Bfl-1 (Park et al, 1997) are
also anti-apoptotic and act by similar mechanisms.

The first observation of a Bcl-2 related protein which promoted apoptosis was reported in
1993 when Bax was discovered to homodimerise with itself and heterodimerise with Bcl2 in vivo (Oltvai et al, 1993). Overexpression of Bax counteracted Bcl-2-mediated
inhibition of apoptosis (Oltvai et al, 1993) as did another pro-apoptotic Bcl-2 relative,
Bak (Chittenden et al, 1995). Overexpression of Bak also rapidly induced apoptosis upon
serum deprivation (Chittenden et al, 1995). Bax/Bak-mediated apoptosis was observed to
be caspase-dependent when apoptosis induced by overexpression of Bax and Bak was
inhibited by the pan-caspase inhibitor, zVADfmk in neurons (Martinou et al, 1998). To
date, the exact mechanism by which Bax and Bak function to induce apoptosis is still
controversial, although it was shown that these pro-apoptotic molecules form Bcl-xLinhibitable clusters which correlate with cytotoxicity (Nechushtan et al, 2001).
Furthermore, it has since been established that Bak and Bax undergo sequential steps of
conformational changes to form a pore complex in the mitochondria which aids in
formation of MOMP (Dewson & Kluck, 2009).
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It is important to note that the pro-apoptotic function of Bax and Bak is unique as they are
capable of directly inducing MOMP. Other pro-apoptotic Bcl-2 family members instead
trigger apoptosis by targeting Bax/Bak to the mitochondria (mechanisms of action is
reviewed well by Happo et al, 2012) and/or altering their conformations. These members
include Bad (Yang et al, 1995), Bim (O'Connor et al, 1998), Bok (Hsu et al, 1997), Bik
(Boyd et al, 1995), Puma (Nakano & Vousden, 2001; Yu et al, 2001), Noxa (Oda et al,
2000) and Bid, which is an important molecule in this study. All Bcl-2 family members
share homology in one or more Bcl-2 Homology Domains (1-4), and it is through these
domains that they interact with each other (reviewed by (Happo et al, 2012; Lutz, 2000).
All of these indirect MOMP inducers, including Bid, are BH3-only proteins (Wang et al,
1998a). Expression of Bid alone was discovered to induce caspase activity and apoptosis
(Wang et al, 1996). Another study revealed that it was capable of being proteolysed by
caspases-2 and -8 (Guo et al, 2002). The involvement of Bid in apoptosis and as a
caspase-2/-8 substrate is discussed more in Chapter Three.

1.2

Caspases

Caspases play a pivotal role in apoptosis, being an indispensable element of the complex
machinery that elegantly destroys the cell. These enzymes are cysteine-dependent
aspartate-specific proteases, hence their nomenclature (Alnemri et al, 1996; Salvesen,
2002). They are initially translated as inactive precursor molecules (zymogens) and
contain an N-terminal domain followed by a large sub-unit (p20) and small sub-unit (p10)
(Alnemri et al, 1996). Caspase activation depends on a conformational change which
reveals active sites in these proteases (Pop & Salvesen, 2009). For executioner caspases,
this requires cleavage between the large and small sub-units, however aggregation into
molecular complexes instead promotes the activation of initiator caspases (Bao & Shi,
2007). Two activated caspase molecules dimerise to form a heterotetramer in the active
conformation of a caspase which, in most cases, contains two active sites (Salvesen,
2002; Salvesen & Dixit, 1997).

Caspases recognise a specific sequence of amino acids in their substrates and generally
cleave the scissile bond only at the carboxyl-side of the aspartate residue in these motifs.
Although there are exceptions (Hawkins et al, 2000b), this specificity is quite exclusive to
caspases, with the serine protease, Granzyme B as the only other known protease to share
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this specificity (Thornberry et al, 1997; Timmer & Salvesen, 2007). This generally results
in only one or a few cleavages within a polypeptide and not in mass degradation of the
protein (Riedl & Salvesen, 2007). Some caspase-mediated proteolytic reactions can
render a protein inactive but others can be a gain-of-function event. This is certainly the
case for the ‘caspase cascade’ in which downstream (effector) caspases become activated
via cleavage by upstream (initiator) caspases. These activated effector caspases are then
able to proteolyse their various target cellular substrates, which is the execution phase of
this orchestrated process of cellular destruction (Salvesen, 2002; Strasser et al, 2000).

Substrates bind caspases in the active-site/catalytic cleft, by facilitation of interactions
which are formed between the ‘S’ binding pockets/sub-sites in the catalytic cleft and ‘P’
residues in the substrate (Stennicke & Salvesen, 1999b). Conventionally, residues at the
N-terminus of the scissile bond, where cleavage occurs, are unprimed (P and S for
substrate and caspase, respectively) and those at the C-terminus are primed (P’ and S’ for
substrate and caspase, respectively). The first residues on either side of the scissile bond
are referred to as P1 (N-terminus) and P1’(C-terminus), which bind in the S1 and S1’,
respectively, of the caspase sub-sites (Stennicke & Salvesen, 1999b). Subsequent residues
towards the N-terminus of the substrate after P1 are referred to as P2, P3, P4, et cetera,
which bind with S2, S3, S4, et cetera in the caspase catalytic cleft (see Figure 1.2).

Figure 1.2. Substrate cleavage-site binding with caspase catalytic cleft.
P residues of the substrate are in black, which bind to the S sub-sites in the catalytic cleft of the caspase. Figure adapted
from (Timmer & Salvesen, 2007).
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1.2.1 The beginning of the ICE age
The first caspase identified was caspase-1, initially termed Interleukin-1 β (IL1β)
converting enzyme (ICE) (Cerretti et al, 1992) because of its physiological relevance in
promoting IL1β-mediated cytokine signalling during inflammation by cleavage of the
precursor pro-IL1β (Cerretti et al, 1992; Thornberry et al, 1992b). The following two
years became a race in ICE homologue identification. Sharad Kumar and colleagues
reported the first; they identified one of ten genes which were Neuronal Developmentally
Down-Regulated, termed NEDD2 (Kumar et al, 1992). Since it had homology to ICE and
the C.elegans caspase, Ced-3, and was later found to be involved in apoptosis, it was also
referred to as ICE homologue 1 (Ich1) (Wang et al, 1994). This was later renamed
caspase-2 (Alnemri et al, 1996). Caspase-2 is later reviewed in greater detail.

Caspase-3 was initially named CPP32 and was identified as an important apoptotic
caspase from Jurkat T-cells (Fernandes-Alnemri et al, 1994). Two other inflammatory
caspases, -4 and -5 (formerly named ICErel-II and ICErel-III, respectively) were soon
after identified (Faucheu et al, 1995; Munday et al, 1995). The apoptotic caspases -6 and 10 (formerly Mch2 and Mch4, respectively) were also identified by Teresa FernandesAlnemri and colleagues (Fernandes-Alnemri et al, 1996; Fernandes-Alnemri et al, 1995).
In a PCR screen for ICE/Ced-3 homologues, two caspase-6 transcripts were isolated, but
it was found that it was only the Mch2α transcript which encoded for a protein with
ICE/Ced-3-like protease activity (Fernandes-Alnemri et al, 1995).

In 1996, Hangjun Duan and colleagues identified another two caspases, -7 and -9
(initially named ICE-LAP3 and ICE-LAP6 respectively) (Duan et al, 1996a; Duan et al,
1996b). For the first time, cellular localisation of a caspase was reported as Duan and
colleagues found caspase-7 to be cytosolic (Duan et al, 1996a). FLICE (caspase-8) was
found to activate other (downstream) caspases (Muzio et al, 1997). See Figure 1.3 for a
schematic of the first ten human caspases to be identified.
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Figure 1.3. Schematic of human caspases-1-10.
Schematic representation of the ten human caspases, sub-divided into their general groups; inflammatory, initiator and
executioner classes. Caspase recruitment domain is abbreviated by CARD in white ovals, Death Effector Domain
(DED) is indicated by beige ovals, large sub-unit is highlighted by blue rectangles and small sub-unit is indicated by
green rectangles.

Although most research surrounding apoptosis has focused on the first ten caspases; there
has been the identification of additional human caspases which also have important
cellular roles. These include Caspase-12 (Nakagawa et al, 2000), and caspase-14 (Hu et
al, 1998). Caspase-11 was identified as the murine orthologue of caspase-4/-5 (Wang et
al, 1998c) and Caspase-13 was initially identified as Evolutionary Conserved ICE
(ERICE) which induced apoptosis upon overexpression in two cell lines (Humke et al,
1998). However it was later shown that the gene investigated by Humke and colleagues
was not of human origin (Koenig et al, 2001).

Although the primary role of some caspases is apoptotic, many caspases play parts in
other cellular processes such as processing inflammatory cytokine precursors, as is the
case for caspase-1 (Kersse et al, 2007; Thornberry et al, 1992a). Even ‘apoptotic’
caspases are supported by data implicating their involvement in non-apoptotic processes
such as differentiation (Lamkanfi et al, 2007; Schwerk & Schulze-Osthoff, 2003). The
mammalian caspases identified thus far have been separated into two groups (Eckhart et
al, 2008). Caspases-1, -4, -5 and -11 are termed inflammatory caspases and Caspases-3, 6, -7, -8, -9 and -10 are classified as apoptotic (Launay et al, 2005; Salvesen & Dixit,
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1997). The precise of role of some however still remains unclear. This is the case for
caspase-2.

1.3

Caspase-2

Caspase-2 was initially identified as one of ten genes which are expressed in the
embryonic brain but are down-regulated during its development. These genes were named
the Neural precursor cells (NPC)-Expressed Developmentally Down-regulated (NEDD)
[genes]. Consistently, caspase-2 was initially termed NEDD-2 or Ich-1 (Kumar et al,
1992). The characterisation of caspase-2 subsequently revealed that the larger isoform of
the two which were identified, Ich-1L, shared 27% and 28% identity with caspase-1 and
Ced-3, respectively (Wang et al, 1994). As well, it was found that NEDD-2
overexpression in the NIH-3T3 and N18 cell lines was cytotoxic, suggesting that this
gene is apoptotic (Kumar et al, 1994). The findings of Lin Wang and colleagues also
suggested that the induced expression of this caspase was apoptotic (Wang et al, 1994).
However it is important to note that protein overexpression often triggers defensive
apoptosis in response to a change in the cellular environment. In line with this notion,
overexpression of the ‘non-apoptotic’ caspase, caspase-1, induced cell death as well
(Miura M, 1993). This raised speculation as to whether or not caspase-2 was involved in
apoptosis.

1.3.1 Caspase-2 knock-out mice
After its identification, cloning and characterisation, Bergeron and colleagues (1998)
generated mice deficient in the caspase-2 gene to elucidate its physiological relevance.
Data from their studies revealed that the number of female germ cells at four days
postpartum, one day after cessation of the cell death process that occurs during
development, was significantly higher in mice lacking caspase-2 in comparison with their
wild type counterparts. This, along with Northern blot analyses which showed that
caspase-2 mRNA levels were high in wild type mouse oocytes, alluded to the hypothesis
that caspase-2 is required for the massive germ cell death which occurs in the late foetal
stages until three days postpartum of the developing mouse (Bergeron et al, 1998).
Furthermore, Bergeron and colleagues induced apoptosis in oocytes by exposure to the
chemotherapeutic drug, doxorubicin, and found that apoptosis was almost completely
abolished in oocytes from mice lacking the caspase-2 gene. In contrast, additional data
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from this study revealed that the number of motor neurons in the facial nuclei of caspase2-deficient mice was slightly lower than in mice with a functional caspase-2 gene.
Collectively, the results of this study revealed that caspase-2 can act to both induce and
prevent apoptosis, depending on the organism’s tissue and stage of development.
However, the major finding of these experiments was that mice lacking the caspase-2
gene appeared normal; there were no significant phenotypic abnormalities observed
(Bergeron et al, 1998), suggesting that the role of caspase-2 in physiology is negligible. It
is important to note though, that redundancy, compensation and disease-specific roles are
three reasons why mice lacking this gene could be overtly healthy. In agreement with
this, most recent data contributing to the vast array of caspase-2 literature suggests that
caspase-2 can act as a tumour suppressor and may have a regulatory role in the cell cycle
(Ho et al, 2009; Sidi et al, 2008) (discussed in section 1.3.4).

1.3.2 Involvement of caspase-2 in the intrinsic apoptotic pathway
Caspase-2 has been implicated as having a role in the intrinsic apoptotic pathway (Lassus,
2004; Robertson et al, 2002). An early line of evidence for this arose from the observation
that caspase-2-null B-lymphoblasts were more resistant to granzyme-B-induced apoptosis
than wild type cells of the same myeloid lineage (Bergeron et al, 1998). However
apoptosis was not completely abolished in the absence of the caspase-2 gene, suggesting
that another protein compensates for its function in this cell death pathway; or that an
alternative pathway may become activated. A later study revealed that suppression of the
intrinsic apoptotic pathway through anti-apoptotic Bcl-2 protein overexpression prevented
cell death induced by overexpression of caspase-2 (Lin CF, 2005).

Caspase-2 was incubated with mitochondria purified from HeLa cell extracts and it was
found that an increasing amount of cytochrome c released from these organelles was
consistent with increasing amounts of caspase-2 (Gu et al, 2008). It was shown that
caspase-2 could cleave BID, but that this proteolysis event is dispensable for caspase-2induced MOMP and the consequent cytochrome c release from the mitochondria (Gu et
al, 2008). However, this contradicts the findings of other studies which show that BID is
required for caspase-2-mediated MOMP (Bonzon et al, 2006; Upton et al, 2008). In a
similar set of experiments using purified components, it was shown that caspase-2 can
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directly induce the release of Apoptosis Inducing Factor (AIF), cytochrome c and SMAC
from purified mitochondria, in vitro (Guo et al, 2002). The results of this study also
suggest that BID cleavage by caspase-2 is not necessary for the release of these
mitochondrial proteins, even though it can be an upstream effect (Guo et al, 2002). This
suggests that if caspase-2 doesn’t mediate MOMP via tBID generation, it may activate
another protein which activates Bak/Bax-mediated MOMP. To date, the mechanism by
which caspase-2, alone, can cause MOMP remains unknown.

To add the confusing cluster of contradictory findings surrounding dependence of
intrinsic apoptosis on caspase-2, Tiwari and colleagues reported that rotenone-induced
neuronal apoptosis was caspase-2 dependent, but its absence induced autophagy (Tiwari
et al, 2011). Most recently, a sensitive Fluorescence Resonance Energy Transfer (FRET)based assay revealed that caspase-2 activity was negligible upon DNA damage,
microtubule destabilisation and heat-shock (Delgado et al, 2013). These studies suggest
that caspase-2 is completely dispensable for apoptosis triggered by these stimuli. This
discrepancy in findings may be cell-type dependent.

1.3.3 Caspase-2 activation
In order to define the biological role of this enigmatic caspase, many research groups
have sought to identify a mode of activation for caspase-2. Activation of caspase-2 was
initially hypothesised to occur in a classical executioner caspase activation manner which
requires the cleavage of its zymogen form to produce an active tetramer (Troy &
Shelanski, 2003). However, it was later suggested that caspase-2 assembles into a protein
complex, similar to caspase-9 in the apoptosome. This notion was established when the
CARD-containing protein, Receptor Interacting Protein (RIP) Associated Ich1 homologue
with a Death Domain (RAIDD) was identified as an adaptor protein for caspase-2 (Duan
& Dixit, 1997).

RAIDD was suggested to interact with RIP and then TNFR-1 via TNFR-1 associated
death domain protein (TRADD) and then recruit caspase-2 to the DISC, leading to its
activation, similar to caspase-8 activation in the death receptor pathway (Duan & Dixit,
1997; Tinel & Tschopp, 2004). Arguing against such a mode of activation, dominant
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negative forms of RAIDD and caspase-2 did not hinder TNF receptor-1 mediated
apoptosis (Duan & Dixit, 1997), but this may have been due to a caspase-8 mediated
compensation. It was subsequently hypothesised that caspase-2 may interact with other
CARD-containing proteins (Tinel & Tschopp, 2004). Such proteins were co-expressed
with caspase-2 to identify interaction partners (Tinel & Tschopp, 2004). RAIDD was
identified in this screen, confirming the initial report of the caspase-2-RAIDD association.
Furthermore, an additional interaction partner for RAIDD was identified as the P53
inducible Death Domain (DD) containing protein (PIDD). It was also established that a
PIDD-RAIDD-caspase-2 trimolecular complex existed and that this instigated caspase-2
activation. This activation complex was subsequently termed the ‘PIDDosome’ (Tinel &
Tschopp, 2004) (see Figure 1.4).

Figure 1.4. The caspase-2 PIDDosome.
(A) Components of the PIDDosome complex. (B) PIDDosome monomer; caspase-2 associates with RAIDD via their
caspase recruitment domains (CARD), and RAIDD associates with PIDD via their death domains (DD). (C)
PIDDosome oligomer in which seven monomers oligomerise to form an active PIDDosome complex. This model
suggests that because of the odd-numbered heptameric complex, one caspase-2 molecule doesn’t homodimerise with
another.

The discovery of the PIDDosome complied with the notion that initiator caspases, such as
caspase-2 and caspase-8 are recruited to a complex platform for activation (Janssens &
Tinel, 2012). Some studies have provided data suggesting that caspase-2 requires PIDD
and PIDDosome complex formation for its activation (Heikaus et al, 2010; Jang & Park,
2013) and Oliver and colleagues showed that caspase-2-mediated proteolysis of Mouse
double minute 2 homologue/E3 ubiquitin protein ligase (MDM2) was PIDD-dependent
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(Oliver et al, 2011) (discussed later). Although it is possible that this complex is the only
caspase-2 activating complex, some data suggests that caspase-2 can function in its
absence (Manzl et al, 2009). Caspase-2 was detected in a high molecular weight fraction
in lysates treated at 37°C, but this same complex was also detected in lysates from PIDD
or RAIDD knockout mice (Manzl et al, 2009). In addition, a study from Professor
Villunger’s laboratory provided evidence that caspase-2 exhibited tumour suppressor
activity in response to deregulated c-myc expression which was independent of PIDD
(Manzl et al, 2012), and another study suggested that caspase-2 was the apical caspase
activated upon taxane-induced apoptosis of breast cancer cells (Jelinek et al, 2013). This
suggests that caspase-2 can be activated and function without the aid of a heterodimeric
complex but it doesn’t rule out that caspase-2 requires the PIDDosome for activation in
certain circumstances. Thus, it seems that with the growing body of data surrounding
caspase-2, PIDD and the PIDDosome; it is feasible to reason that caspase-2 activation is
context and cell-type-dependent, which may influence the requirement or lack thereof, of
PIDD and the PIDDosome.

1.3.4 Caspase-2 activation in response to DNA-damage
DNA damage-induced apoptosis has been shown to involve caspase-2 (Zhivotovsky &
Orrenius, 2005). When caspase-2 expression was specifically knocked out by the use of
small interfering RNA (siRNA), cisplatin-induced cell death, which occurs by damaging
DNA, was reduced to approximately 20% compared with 50% cell death which occurred
in control cells (Cao et al, 2008). Similarly, siRNA silencing of caspase-2 expression also
reduced the number of apoptotic cells upon treatment with etoposide, cisplatin and
ultraviolet radiation (UV) (Lassus, 2004). However, doubts have been raised about
possible off-target effects of the siRNA used in this study (Lassus, 2004).

More recent studies surrounding the involvement of caspase-2 in response to DNA
damage suggest that caspase-2 is involved in this cellular insult only under some
circumstances. Professor Villunger’s group have published data suggesting that the
components of the PIDDosome, including caspase-2, are not required for cell death upon
γ-irradiation-induced DNA damage (Manzl et al, 2013). Similarly, Delgado and
Colleagues used a novel Fluorescence Resonance Energy Transfer (FRET)-based
approach to monitor caspase-2 activity, which showed that caspase-2 was not the apical
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caspase activated upon DNA damage (Delgado et al, 2013). In contrast, other studies
have convincingly provided evidence which suggests otherwise. The results from one
study suggested that caspase-2 became activated upon Doxorubicin treatment (amongst
other stimuli), inducing apoptosis by the indirect cleavage of some cytoskeletal proteins
(Vakifahmetoglu-Norberg et al, 2013). Another study showed that caspase-2 became
activated in the cytosol upon methyl methanesulfonate-induced DNA damage, which
consequently led to MOMP and the release of cytochrome c into the cytosol (Jiang et al,
2012). As well, some data suggest that the involvement of caspase-2 in DNA damageinduced cellular stress is linked to its involvement in cell cycle regulation and tumour
suppression (discussed later). Professor Kumar’s group recently published two articles
showing that caspase-2 functions with Ataxia Telangiectasia Mutated protein (ATM) in
response to DNA damage to maintain genomic stability and suppress oncogenic potential
(Dorstyn et al, 2012; Puccini et al, 2013).

1.3.5 Caspase-2 activation in response to Endoplasmic Reticulum stress
It has also been suggested that cell death induced by Endoplasmic Reticulum (ER) stress
requires caspase-2 (Gu et al., 2008; Dahmer, 2005; Cheung et al., 2006). When H929 and
8226/S cells were treated with the drugs Bortezomib and Brefeldin A, which upregulate
the Unfolded Protein Response (UPR), the caspase-2 zymogen was shown to be cleaved
to its active form (Gu et al, 2008). However, zymogen processing alone doesn’t mean that
caspase-2 is required for apoptosis under this circumstance.

1.3.6 In situ trapping of caspase-2 activation
A useful method for detecting initiator caspase activation in response to various apoptotic
stimuli was developed by Tu and colleagues (2006). Their study employed the use of a
biotinylated general caspase inhibitor, bVAD-fmk. By pre-treating cells with this
molecule and then inducing apoptosis with various stimuli, the first caspase to be
activated is able to be pulled down with streptavidin, a biotin substrate (Tu et al, 2006).
Caspase-8 was the only caspase pulled down after cells were treated with Fas or TNF,
both ligands which activate the extrinsic apoptotic pathway. When cells were treated with
UV, Taxol, Thapsigargin and Brefeldin A, caspase-9 was pulled down with streptavidin,
but not caspases-2 and -8. However, when cells were stimulated by heat shock, caspase-2
was the only caspase which was pulled down, implying that it is the first caspase to be
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activated in this cell death pathway (Tu et al, 2006). The implications of this study are
that caspase-2 is the initiator caspase that is activated in response to heat shock. However,
other studies have not detected a significantly increased survival rate of heat shocktreated cells deficient in caspase-2 (Delgado et al, 2013; Manzl C, 2009; Milleron &
Bratton, 2006).

1.3.7 Apoptosis

induced

by

cytoskeletal

disruption

requires

caspase-2
In 2005, Holleman and colleagues showed a correlation between low levels of caspase-2
and a resistance to apoptosis induced by vincristine, prednisolone and asparaginase in
Acute Lymphoblastic Leukaemia (ALL) patients, suggesting a requirement for this
enzyme in apoptosis induced by these cytoskeletal-disrupting agents (Holleman et al,
2005). Consistent with these findings, caspase-2-null Mouse Embryonic Fibroblasts
(MEFs) displayed a significant resistance to apoptosis induced by Zoledronic Acid (ZA),
an inhibitor of cell adhesion signalling (Ho et al, 2008). Caspase-3 processing was also
decreased and general caspase activity was lower, suggesting that caspase-2 is required
for apoptosis stimulated by this cytotoxic drug. Similarly, when these caspase-2-deficient
cells were treated with the cytoskeletal disrupting agents, cytochalasin D and vincristine,
viability was significantly higher than in wild type MEFs treated in the same manner;
even though the same degree of cytoskeletal disruption was observed in both cell lines.
Paclitaxel, a microtubule stabilising agent, also failed to induce the same degree of
apoptosis in caspase-2-null MEFs as it did in wild type MEFs (Ho et al, 2008). The
involvement of caspase-2 in this form of apoptosis was recently supported by another
study which observed that caspase-2 induced proteolysis of some cytoskeletal proteins
during cytoskeletal disruption-mediated apoptosis (Vakifahmetoglu-Norberg et al, 2013).

1.3.8 Caspase-2 in ageing and Alzheimer’s disease
It has also been suggested that caspase-2 functions to delay the onset of ageing-related
traits. Zhang and colleagues were the first to report that caspase-2-/- mice exhibited
decreased lifespan, bone mass, body fat and increased hair loss (Zhang et al, 2007).
Similar findings were reported from studies using muscle fibres (Braga et al, 2008). Some
studies have supported these claims by observation that caspase-2-/- mice lack the ability
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to clear oxidatively damaged cells, with an increase in oxidised protein levels (LopezCruzan & Herman, 2013; Shalini et al, 2012).

Similarly, two studies from the same laboratory have reported the involvement of
caspase-2 in Alzheimer’s disease. The first study reported that caspase-2 was the apical
caspase required for Amyloid-β (Aβ)-induced apoptosis (Troy et al, 2000) and the second
recently suggested that caspase-2 is directly implicated in the pathology of this disease
(Pozueta et al, 2013).

1.4

Caspase-2 as a cell cycle regulator and tumour suppressor

A novel cell death pathway was recently identified in p53-mutated cells which required
caspase-2 (Sidi et al, 2008). The study initially sought to identify a kinase responsible for
the radioresistance in the absence of a functional p53 protein by knocking down eight Sphase and G1 checkpoint kinases in p53-mutant zebrafish cells. Treatment with antisense
oligonucleotides targeting Checkpoint kinase-1 (Chk1) restored γ-radiation (IR)
sensitivity in these cells. Furthermore, it was found that Ataxia Telangiectasia Mutated
protein (ATM) and Ataxia Telangiectasia Rad3-related protein (ATR) single knockdowns
restored radioresistance in the Chk1-depleted p53-mutant cells, highlighting their
requirement in this cell death pathway (Sidi et al, 2008). In an attempt to define the cell
death pathway which occurs in these cells, various mutations targeting components of
both the intrinsic and extrinsic apoptotic pathways were employed. Only the knockdown
of caspase-2 affected the sensitivity of these Chk1-depleted p53-mutant cells to γradiation. Synergistic γ-radiation and Chk1 inhibition induced caspase-2 cleavage, which
correlated with a strong radiosensitivity effect. It was also shown that this caspase-2mediated cell death was independent of the mitochondria, as there was no cytochrome c
release detected; and was resistant to Bcl-2 overexpression. Although the order in which
ATM, ATR and caspase-2 act in this novel type of cell death was not deduced; the
pathway was confirmed to occur in the human cancer cell line, HeLa (Sidi et al, 2008).
This re-establishes the involvement of caspase-2 in response to DNA-damage but in the
context of cell cycle regulation and in the absence of a classical apoptotic pathway.
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A link between caspase-2 and cell cycle control initially arose from data suggesting that
this enzyme could physically associate with cyclin D3, but the consequences of this
interaction on cell division is unknown (Mendelsohn et al, 2002). It was also shown that
the loss of caspase-2 in Eμ-Myc mice increased the rate of lymphoma development and
lymphoma cells from these mice were more resistant to apoptosis in response to cytotoxic
agents compared with lymphoma cells from Eμ-Myc mice (Ho et al, 2009). As well,
caspase-2-null MEFs proliferated faster in culture than WT MEFs (Ho et al, 2009). This
effect was exaggerated when this knock-out cell line was transformed with the oncogene
E1A/Ras (Ho et al, 2008). Recently, a comprehensive study from Professor Kumar’s
laboratory which investigated ATM-/-/caspase-2-/- mice has linked the cooperation of
caspase-2 with ATM in oxidative damage, genomic stability and tumour suppression
(Puccini et al, 2013). The findings of this study have paved the way to somewhat
clarifying the confusion regarding the enigmatic role of caspase-2.

Although numerous substrates have been identified and characterised for many of the
other caspase family members, relatively few exist for caspase-2; and even fewer have
been shown to be exclusive caspase-2 substrates. This leads to the hypothesis of this
study; that the identification of additional caspase-2 substrates may aid in understanding
the role of caspase-2 in cellular physiology and linking its role in cell cycle regulation,
genomic stability and tumour suppression.

1.5

Caspase-2 substrates

The pro-apoptotic Bcl-2 family member Bid is probably the most physiologically relevant
caspase-2 substrate (Karki et al, 2008; Li et al, 1998), as tBid generation induces MOMP
and subsequent apoptosis (Gao et al, 2005; Yin, 2006). Cleavage by caspase-2 within the
Bid loop occurs only at aspartate-60, but other proteases have been show to mediate
cleavage at other sites within this structural element, also resulting in tBID generation.
Caspase-8 is also capable of cleaving Bid at the same site, and it was reported that its
cleavage is more efficient than caspase-2 (Karki et al, 2008). However, it is important to
emphasise that Bid cleavage during apoptosis is a gain-of-function event and that even
miniscule amounts of tBid are capable of inducing MOMP.
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The CUX-1 transcription factor was efficiently proteolysed in vitro by recombinant
caspase-2, which removed two repression domains and enhanced S-phase entry by
induction of CUX-1 target genes (Truscott et al, 2007). Although caspases-3, -7, -8, -9
and -10 were also able to cleave this protein, CUX-1 cleavage was observed in cells
lacking caspases-3 and -8. Caspase-2-mediated proteolysis of this substrate is probably
more significant because caspase-2 is the only caspase which has been shown to reside in
the nucleus (Colussi et al, 1998; O’Reilly LA, 2002; Paroni et al, 2002), where CUX-1
would exert its transcription factor activity (Truscott et al, 2007).

Golgin-160 is also a well established caspase-2 substrate, with data implicating this
proteolysis event in dismantling of the Golgi during apoptosis (Mancini et al, 2000).
Caspase-3 cleaved this substrate more efficiently than caspase-2, but because caspase-2
has been suggested to localise to the Golgi (Mancini et al, 2000; O'Reilly et al, 2002), it
probably has better access to this substrate than caspase-3.

Although it was initially thought that caspase-2 is incapable of processing caspase
precursors, pro-caspase-7 was shown to be efficiently proteolysed to its active form by
caspase-2-mediated cleavage within the large and small subunits at low pH (Ho et al,
2005; Karki et al, 2008). As well, pro-caspase-2 was shown to be cleaved between both
sub-units into its active conformation by purified caspase-2 and within bacterial lysates
(Harvey et al, 1996; Li et al, 1997; Van de Craen et al, 1999).

The inhibitor of Caspase Activated DNase (CAD), ICAD is known to be cleaved by other
caspases (Widlak & Garrard, 2005); the consequence of this proteolysis being that DNA
fragmentation is able to occur during apoptosis. A cell-permeable auto-activating form of
caspase-2 has also been shown to cleave ICAD, although caspase-3 was more efficient at
doing so (Dahal et al, 2007).

The Huntington protein, Htt, has also been reported to be a caspase-2 substrate (Hermel
E, 2004). Htt is significantly implicated in the pathogenesis of the neurodegenerative
disorder, Huntington’s disease, which is marked by polyglutamine expansions in the Htt
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protein. Hermel and colleagues (2004) showed that this substrate is proteolysed by
caspases-2, -3, -7 and -8 at aspartate-552. However, the efficiencies of these cleavage
events were not quantitated. As well, the relevance of these cleavages is yet to be
elucidated, even though the event was confirmed to occur in vivo, and more recent data
suggests that cleavage of Htt after residue 586 by caspase-6 is more relevant to the
pathogenesis of this disease (Graham et al, 2006; Warby et al, 2008).

Desmoplakin, a cytoskeletal protein, was also shown to be a caspase-2 substrate (Aho,
2004) and although a greater proportion of this substrate was cleaved by caspase-2 than
some other caspases, the cleavage site and physiological relevance is presently unknown
(Aho, 2004). Caspase-2 has been documented to cleave other substrates including Poly
ADP Ribose Polymerase (PARP)-1 (Gu et al, 1995), Bad (Condorelli et al, 2001),
Phosphokinase C (PKC)δ (Panaretakis et al, 2005), HDAC4 (Paroni et al, 2004), αIIspectrin (Rotter B, 2004) and βII-spectrin (Wang et al, 1998b), but the functional
significance of these proteolytic events is questionable since the executioner caspase,
caspase-3 could also digest these proteins with at least equivalent efficiency.

A-kinase anchoring protein 149 (AKAP149) was determined to be partially proteolysed in
vitro, when 35S-labelled AKAP149 was incubated with ten units of recombinant caspase-2
(Yoo et al, 2008). In the same experiment, it was also shown that caspases-3, -8 and -10
were capable of completely proteolysing this substrate. Although caspase-2 cleavage of
this substrate was not as efficient as that of caspases-3, -8 and -10, it may be a relevant
cleavage event, if the concentration of caspase-2 used in the experiments was known. The
main limitation of this finding was that “units” provide no relevant information on how
much caspase-2 was required to achieve this partial cleavage of AKAP149.
It has been reported that processing of the tumour suppressor, Retinoblastoma-associated
protein, Rb, is caspase-dependent (Lemaire et al, 2005). This study reported that caspase2 was one of the caspases which proteolysed this substrate, however the western blot
provided indicates no visible cleavage by caspase-2.

A study by Oliver and colleagues in 2011 reported that the mouse E3 ubiquitin ligase and
p53 regulator, MDM2 was cleaved by caspase-2 in cells in a PIDDosome-dependent
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manner. It was shown that PIDD-induced activation of caspase-2 stabilised p53 activity
upon DNA damage (Oliver et al, 2011). The study also reported that MDM2 was cleaved
by recombinant caspase-2 in vitro. Proteolysis of MDM2 was shown to occur at the
conserved DVPD367C site. Interestingly, this is the same predicted cleavage-site for
caspase-2 in one of the candidate caspase-2 substrates in this study, Runx1 (see section
1.8.3). However, the P1’ amino acid in this substrate is cysteine (C), which has never
before been identified for caspase-2. To date, MDM2 remains as the only specific
caspase-2 substrate (Oliver et al, 2011).

Since no caspase-2 substrates identified to date could account for the recent role of
caspase-2 in cell cycle regulation and tumour suppression, this study aimed to identify
novel caspase-2 substrates which may help clarify the function of this evolutionarily
conserved enzyme. In comparison to other, well-characterised caspases, relatively few
substrates have been identified for caspase-2 (Kitevska et al, 2009). Furthermore, even
fewer are caspase-2-specific (see Table 1.1). With the knowledge that caspase-2 is a
protease and the primary function of a protease is to cleave substrates, it is hypothesised
that there are more, yet unidentified substrates for caspase-2. Thus, one aim of this study
was to identify (a) novel caspase-2 substrate(s).
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Table 1.1. Caspase-2 substrates.
Substrates which have been identified for caspase-2 to date are listed, including details of the cleavage sites, reaction
rates, specificity and references for each. NQ = not quantitated.

Substrate

Cleavage
site

kcat/KM
(M−1 s−1)

Caspase-2 specific?

Reference

CUX-1

SSEGD1336↓S

6.2 × 105

No

(Truscott et al,
2007)

Golgin-160

GESPD59↓G

3.3 × 104

BID

ELQTD60↓G

NQ

Yes, although caspase-3
cleaved elsewhere more
efficiently.
No. Caspase-8 cleaved four
times more efficiently, and
other proteases cleaved at
other sites.

(Mancini et al,
2000)

(Li et al, 1997)

LDNKD169↓G
Pro-caspase-2

VDQQD333↓G

NQ

No

(Li et al, 1997)

Pro-caspase-7

CEESD347↓A
Not mapped

NQ

No

ICAD

Not mapped

NQ

No

(Ho et al, 2005)
(Dahal et al,
2007)

Htt

MDLND552↓G

NQ

Desmoplakin
αII Spectrin

Not mapped
RDETD1185↓S

NQ
NQ

No. Caspases-3, -7 and -8
shared this cleavage site.
Caspase-6 and other proteases
cleaved elsewhere.
No
No

HDAC4

LDVTD289↓S

NQ

No

PKCδ

Not mapped

NQ

No

PARP-1

Not mapped

NQ

No

BAD

Not mapped

NQ

No

AKAP149

DSVD582↓S

NQ

No

MDM2

DVPD367↓C

NQ

Yes

Rb

DEAD857↓G

NQ

No

Eukaryotic
translation
initiation factor
4B (eIF4B)

ESDRKD563↓
GKKD

NQ

Not all caspases were tested,
but caspases-3 and -7 did not
cleave it

1.6

(Wellington et
al, 2002)
(Aho, 2004)
(Rotter B, 2004)
(Paroni et al,
2004)
(Panaretakis et
al, 2005)
(Gu et al, 1995)
(Condorelli et
al, 2001)
(Yoo et al,
2008)
(Oliver et al,
2011)
(Lemaire et al,
2005)
(Wejda et al,
2012)

Substrate screening methods

Screening for novel caspase substrates entails testing the susceptibility of a vast array of
proteins for cleavage by a protease, or more specific to this study, a caspase. This can be
done manually; with the use of various proteomic techniques, or automatically; by using
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advanced computational software. These two general methods for screening novel
substrates are discussed below, in sections 1.6.1 and 1.6.2.

1.6.1 Proteomics
Proteomics is the study and comparison of protein profiles. In the context of identifying
protease substrates, comparator samples can be generated from protease-treated and untreated cellular lysates, or protease-proficient and -deficient cellular lysates. It can
entail the use of protein separation techniques such as poly-acrylamide gel electrophoresis
(PAGE) (Demon et al, 2009). Such techniques include Sodium Dodecyl Sulphate (SDS)PAGE, which exploits the difference in migration rates of different sized
proteins/peptides through an acrylamide matrix, therefore separating proteins from
complex mixtures based on their molecular weight (MW) (Kleparnik & Bocek). 2DPAGE is similar to SDS-PAGE, but has an additional step, whereby proteins are
separated based on their iso-electric point (pI), as well as their molecular weight
(Friedman et al, 2009; Kleparnik & Bocek). 2D-DIGE is similar to 2D-PAGE, but is more
commonly used to simultaneously run two samples on the same gel (Minden et al, 2009).
This allows for a direct comparison of proteins subjected to two separate treatments. 2DDIGE encompasses the use of different dyes, most commonly propyl-Cy3-NHS(Cy3) and
methyl-Cy5-NHS(Cy5); and exploits their different fluorescent properties to subject the
gel to different imaging lasers in order to visualise differences and similarities between
two protein samples on the one gel (Minden, 2007; Minden et al, 2009).

Mass Spectrometry is a potent technology which allows for the identification of proteins
in a high through-put manner. It can provide both qualitative and quantitative data
(Schulze & Usadel, 2010). With the advance in genome-sequencing projects, proteins
identified by mass-spectrometry can be easily matched to those already deposited in the
protein data-base (Schulze & Usadel, 2010). Protease-substrate studies therefore greatly
benefit from this technology, as potential substrates found from 2D-PAGE analyses can
then be identified by Mass Spectrometry. In addition, a novel method for the global
screening of caspase-cleaved substrates was developed (Mahrus et al, 2008). This method
uses mass spectrometry for the identification of peptides that have been cleaved at the
carboxyl-terminus of aspartate residues; a hallmark of caspase-mediated proteolysis
(Mahrus et al, 2008).
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Although gel-based proteomics is a comprehensive method for screening substrates, as
with most techniques, it has disadvantages such as the generation of false-positive data
and the inability to detect proteins as substrates which are expressed at low levels or only
in some cell-types (Albrecht et al; Elrick et al, 2006; Fischer et al, 2003; Yates et al,
2009). In a bid to overcome these limitations, computational approaches are now also
being employed in the identification of novel substrates.

1.6.2 Bioinformatics
Many programs have been developed to screen for novel substrates. Some include
PeptideCutter (Wilkins et al, 1999), PEPS (Lohmuller et al, 2003), Cascleave (Song et al)
and CaSPredictor (Garay-Malpartida et al, 2005). All of these programs are designed to
screen a given data-set of proteins for ‘caspase-cleavable’ sequences. However, many of
these programs are restricted in the cleavage sequence to screen with, generally using
specificity data from the MEROPS data base, which is a peptidase data base with links to
supplementary information such as substrate specificity.

A publicly accessible computational tool called Prediction of Protease Specificity (PoPS)
(http://pops.csse.monash.edu.au), offers some advantages over some other computerbased programs (Boyd et al, 2005). For this reason, PoPS was employed in this study to
screen for novel caspase-2 substrates, see section 1.7.2. The biggest attraction of PoPS
was that customised specificity data could be applied in order for the program to generate
a specificity model to screen for novel substrates. Therefore, the substrate specificity of
caspase-2 was first investigated using a unique transcriptional reporter system in the
yeast, Saccharomyces cerevisiae; to deduce a cleavage consensus for this caspase.

1.7

The minimal substrate specificity of caspase-2

Prior to the beginning of this PhD thesis, a reporter-based library screen in the yeast,
Saccharomyces Cerevisiae was performed to determine the specificity of caspase-2 in a
cellular context. This specificity screen was based on one previously used in our
laboratory for the nematode caspase Ced-3 (Westein et al, 2008). The mechanism by
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which this unique reporter system works, and the results which stemmed from it are
discussed in Chapter Three.

The approach to devise a caspase-2 specificity model taken in this study offered
numerous advantages over previously used specificity screening methods such as
Positional Scanning Combinatorial Peptide Library screening (Talanian et al, 1997;
Thornberry et al, 1997). The most attractive aspect of the method used in this study was
its potential physiological relevance, as the random cleavage sites were presented in the
context of a protein. As well, it provided both qualitative and quantitative specificity data.
This was a requirement for one of the major aims of this study, which was to use the
computational program, PoPS, to identify novel potential caspase-2 substrates. More
recently, another novel approach was taken to identify the caspase-2 specificity
consensus, using an N-terminal COmbined FRActional DIagonal Chromatography
(COFRADIC) technique in lysates from a human cell line (Wejda et al, 2012).

1.7.1 Screening for novel caspase-2 substrates with PoPS
PoPS is an innovative computational tool which was developed by Dr. Sarah E. Boyd
during her honours research year (Boyd et al, 2004a). The program uses a specificity
model to construct a scoring matrix with which to scan a protein data base for ‘caspasecleavable’ sequences and identify possible cleavage sites in potential substrates. Some
other features of the program include the applicability of additional stringencies, which
enable the program to use structural data to deduce how accessible the potential cleavage
site would be to the caspase. As well, unlike many programs which apply independent
scores to each amino acid in each position of the cleavage site; PoPS allows users to
override this and apply an additional score if there is known dependence between some
amino acids in some positions of the substrate’s cleavage site (Boyd et al, 2004b).
PoPS offers numerous advantages over other programs; the main one being that the user
can modify many components of the search because the program can accommodate
expert (manually entered) information. PoPS was used in this study to screen for novel
caspase-2 substrates. The specificity data described in section 1.7.1 was used by PoPS to
generate a specificity model and positional scanning specificity matrix (PSSM) to scan
the Homo sapiens proteome for proteins containing sequences which comply with the
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consensus identified in this study. The highest stringencies were applied to the program in
order to not only identify proteins containing ‘cleavable’ sequences, but that these motifs
were in a region of the protein accessible to caspase-2 and that they were in unstructured
parts of the proteins. Forty seven candidates were identified by the search. Extracellular
candidate substrates and transmembrane proteins with extracellular predicted cleavage
sites were manually eliminated from further consideration.

1.8

Candidate caspase-2 substrates

Four of the highest-scoring caspase-2 candidate substrates from the PoPS screen were
considered for investigation in this study. The function of each of these is briefly
summarised.

1.8.1 Ankyrin repeat domain 30A; BRCA (NY-BR-1)
NY-BR-1 was initially identified in a serological analysis of recombinant tumour cDNA
expression libraries (SEREX) screen, in an attempt to identify breast cancer antigens
(Jager et al, 2001). It was found that this protein has restricted normal tissue expression to
only breast and testis, thus making it an attractive target for drug and vaccine
development in breast cancer treatment. It was later found that it is expressed in 80% of
breast cancers but no other cancers, providing an even greater motif for NY-BR-1targetted drug development (Jager et al, 2002). However, a homologous protein NY-BR1.1 is also expressed in brain tissue, which may cross-react with any drugs that target NYBR-1 (Jager et al, 2001).

1.8.2 Echinoderm Microtubule-Associated protein like 3 (EML3)
EML3 was initially identified in a screen for novel proteins required for correct cell
division (Tegha-Dunghu et al, 2008). It was isolated in a co-fractionation experiment of
inter-phase nuclei of human somatic cells and co-sedimentation experiment of
microtubules. It was found that the eml3 gene product was required for correct spindle
function (Tegha-Dunghu et al, 2008).
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1.8.3 Runt-related transcription factor 3 (RUNX3)/AML2
All of the Runx proteins have very well documented roles in oncogenesis and tumour
development (Cohen, 2009). Runx3 is related to Runx1 (see next section) and shares
homology in its Runt and C-terminal domains (Bangsow et al, 2001). Wild-type Runx3
has functions in differentiation and cell proliferation (Lee et al, 2011; Lee et al, 2010) and
has been linked to gastric cancers (Cheng et al, 2013; Chuang & Ito, 2010; Ju et al, 2014;
Liu et al, 2014). It is suggested to act as a tumour suppressor because its down-regulation
has been shown to lead to cancer development (Avci et al, 2013; Nicole Tsang et al,
2013). Hemizygous deletion, point mutations and hyper-methylation of Runx3 are
suggested to be the causes of its oncogenic potential (Chuang & Ito, 2010), although
Runx3 overexpression has also been linked to cancer development (Cameron ER, 2003).
PoPS predicted that cleavage by caspase-2 could occur in the conserved Runt Homology
Domain (RHD) of Runx3.

1.8.4 Runt-related Transcription Faction 1 (Runx1)
Runx1 was initially identified in a study which cloned DNA from Acute Myeloid
Leukaemia (AML) patients. A cDNA cloned from the common AML t(8;21)
chromosomal breakpoint was named AML1 (Miyoshi et al, 1991). It was discovered that
the chromosomal breakpoint which is present in the aml1 gene of AML patients is
restricted to one intron (Miyoshi et al, 1991). The Runx1 protein is oncogenic in the
translocation state which results in a fusion protein, most commonly the Runx1-ETO
(Miyoshi et al, 1995). Point mutations in its gene can also lead to leukaemogenesis,
amongst other haematological disorders commonly including myelodysplastic syndrome
(MDS) (Harada & Harada, 2011; Migas et al, 2011; Mikhail et al, 2006). Runx1
amplification has been detected in lymphoid leukaemias (Garcia-Casado et al, 2006;
Podgornik et al, 2007) and its overexpression in B or T lineages cooperated with c-myc to
trigger lymphoma development in mice (Blyth K, 2009). These results suggest Runx1 is
an oncogene. However a tumour suppressor function has also been suggested as
haploinsufficiency or inactivating mutations in Runx1 have been detected in human
myeloid leukaemia (Matsuno N, 2003; Osato M, 1999). Hence, although Runx1
indisputably has a role in oncogenesis, published evidence supports either a cancerpromoting or –protective function in different contexts.
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Mice lacking Runx1 were generated by Tsukasa Okuda and colleagues and it was found
that these mice died at approximately day 13 of the embryonic stage (Okuda et al, 1996).
It was also discovered that these mice lacked definitive haemopoietic differentiation by
observation that there were no erythroid, myeloid or megakaryocyte elements in liver
sections of these knock-out mice (Okuda et al, 1996). In order to circumvent the problem
of embryonic lethality and disadvantages of understanding Runx1 function in these
knockout mice, Ichikawa and colleagues developed conditional knockout mice (Ichikawa
et al, 2004). This group found that megakaryocyte maturation and T and B lymphocyte
development was severely impaired (Ichikawa et al, 2004). Collectively, both of these
studies reinforce the important role of Runx1 in haemopoiesis.

The Runx1 gene shares sequence homology in its “runt” domain to the Drosophila
melanogaster protein “runt” (Miyoshi et al, 1995). The natural function of Runx1 is via
its association with other proteins in a complex to induce transcriptional activation,
mainly inducing the expression of genes involved in differentiation and cell proliferation
(Mikhail et al, 2006). This transcription factor is located in the nucleus and its expression
is regulated at the transcriptional (via mRNA splicing) and translational levels (Mikhail et
al, 2006). Three isoforms of Runx1 exist: a, b and c; a being the smallest and c, the
largest. However, the expression of Runx1a at the protein level is debateable (Miyoshi et
al, 1995). Tissue expression of this gene can also be quite complex and the different
isoforms are generally expressed in different tissues, suggesting 3’ and promoter
regulatory elements (Zhu, 1994). For the purposes of this study, only Runx1B was
investigated, and will be referred to as Runx1 from here.

The Runx1 protein has two distinct domains: the Runt Homology Domain (RHD) and the
C-terminal Runx domain. The RHD is the DNA-binding region of the protein, but can
also bind to transcriptional co-activators. The RHD generally recognises the nucleotide
consensus ‘TGT/CGGT’. The Runx domain recognises general transcriptional coregulators and is conserved throughout all Runx proteins. Runx1 also has a
Transactivation domain, which induces transcription of target genes; as well as an
Inhibitory domain, which represses transcription of target genes. Runx1 also has a
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Nuclear Matrix Targetting Signal (NMTS), which directs this transcription factor to the
nucleus (Mikhail et al, 2006).

The PoPS program predicted that cleavage by caspase-2 would occur in the RHD of
Runx1. This suggests that this cleavage may be an important physiological process since
the RHD, and the cleavage site itself, is strongly conserved. As well, it implies that a
cleavage in that domain may abolish DNA binding and therefore, transcriptional
activation in the Runx1 protein.

Although some preliminary work was performed with Runx3, this PhD thesis mainly
focused on Runx1 as a candidate caspase-2 substrate. The work relating to Runx1 from
this PhD thesis is discussed in Chapters Four, Five and Six.

1.9

Hypothesis and project outcomes

Firstly, this study aimed to validate the preliminary specificity data for caspase-2 by
exploiting the caspase-2 substrate, Bid. Qualitative and quantitative data was generated to
find a caspase-2-specific consensus to enable the engineering of a caspase-2-specific
peptide which does not cross-react with caspase-3.

The hypothesis of this study was that there remained unidentified caspase-2 substrates
which could possibly account for the role of caspase-2 in cell cycle control and
suppressing oncogenesis. The four candidates identified by PoPS are potential novel
substrates for caspase-2. Since all of these proteins have roles in either cancer or the cell
cycle, it is likely that they may be important substrates for caspase-2, as it is also
implicated in these pathways (see section 1.4). In this study, only Runx1 was investigated
for proteolysis by caspase-2, in vitro.

The outcomes of this PhD thesis were that a novel caspase-2 peptide was identified,
which was better cleaved than the conventional “caspase-2-specific” peptide, VDVAD/,
and was slightly more specific for caspase-2 activity. In addition, the proposed caspase-2
cleavage-site in Runx1 was found to be efficiently proteolysed by caspase-2 in the context
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of a yeast reporter system and the caspase-2 substrate Bid. However, Runx1 itself was
found to be inefficiently cleaved by caspase-2. In addition, caspase-1 was serendipitously
found to cleave Runx1 with physiological efficiency. Importantly, the findings of this
study have revealed a novel caspase-2 peptide which is likely to aid caspase-2 researchers
in isolating caspase-2 activity amongst that of other caspases. This therefore has the
potential to more specifically identify the function of caspase-2 under various cellular
contexts.
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CHAPTER TWO
Materials and Methods
2.1

Bacterial plasmid construction and strains used

The plasmids used in this study were engineered using standard molecular cloning
techniques (Sambrook & Russell, 2001). Open Reading Frame (ORF) inserts were
generated either by Polymerase Chain Reactions (PCR) or restriction digest. PCR
amplification was performed using the PTC-200 Peltier Thermal Cycler (MJ Research,
Waltham, MA, USA) and either Taq polymerase or Phusion polymerase in a 50 μl
reaction.

2.1.1 Taq polymerase PCR
Reactions included 0.2 mM deoxyribonucleotides (dNTPs) (Promega), 0.1 volume 10x
Taq buffer (Applied Biosystems), 2 mM MgCl2, forward and reverse primers at 0.2 μM
each, 100 ng of template DNA and 1 U of Taq polymerase. Reactions were initially
heated to 98°C for two minutes before cycling through the template denaturation (94°C
for 30 seconds), primer annealing (55°C for 30 seconds) and novel strand
synthesis/elongation (72°C for 30 seconds per 1kb DNA template) steps for 20-30 cycles.
A final elongation step was performed at 72°C for five minutes. For cloning purposes,
reaction samples were collected at every 5th cycle after the elongation step.

2.1.2 Phusion polymerase PCR
Reactions included 0.2 mM dNTPs (Promega), 0.2 volumes 5x Phusion High Fidelity
buffer (Finnzymes), forward and reverse primers at 0.5 μM, 100 ng of DNA template and
1 unit (U) of Phusion polymerase (Finnzymes) for a 50 µl reaction. Reactions were
initially heated to 96°C for two minutes before cycling through the template denaturation
(94°C for 30 seconds), primer annealing (55°C for 30 seconds) and novel strand
synthesis/elongation (72°C for 20 seconds per 1kb DNA template) steps for 20-30 cycles.
A final elongation step was performed at 72°C for five minutes. For cloning purposes,
reaction samples were collected at every 5th cycle after the elongation step.
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2.1.3 Restriction digest
PCR-generated DNA fragments were extracted and purified using phenol/chloroform
(Invitrogen) and incubated with restriction enzymes according to the cloning procedure
with compatible restriction enzyme buffer (New England Biolabs) and MilliQ water at
37°C for two to three hours. Alternatively, 1 µg of circular plasmid DNA was used in
restriction digests following the same procedure as for PCR-generated DNA fragments.
Vector digest samples were treated with DNA phosphatase (Promega, Fitchburg, WI,
USA) at 37°C for fifteen minutes, following restriction enzyme incubation.

2.1.4 DNA ligation
Digested DNA fragments were extracted and purified from agarose gels using the
QiaQuick gel extraction kit (Qiagen, Hilden, Germany). One microlitre of vector DNA
was mixed with seven microlitres of insert DNA and incubated with 0.1 volumes of 10x
T4 DNA Ligase buffer (New England Biolabs) and 400 U of T4 DNA Ligase (New
England Biolabs) at 22–24°C (room temperature) for 2–5 hours, immediately followed by
DNA purification using the QiaQuick gel extraction kit (Qiagen, Hilden, Germany).

2.1.5 Bacterial strains used for plasmid amplification
Purified ligation products were either heat-shock transformed in Ca2+-competent MC1061
(F-araD139 Δ(ara-leu)7696 galE15 galK16 Δ(lac)X74 rpsL (Strr) hsdR2 (rK-mK+) mcrA
mcrB1) bacteria or electroporated in electro-competent MC1061 (F-araD139 Δ(araleu)7696 galE15 galK16 Δ(lac)X74 rpsL (Strr) hsdR2 (rK-mK+) mcrA mcrB1) bacteria.

Heat-shock transformation involved the incubation of 20 μl of competent bacterial cells
with 2 μl of purified ligation product on ice for two minutes, followed by 90 seconds at
42°C before a final incubation on ice for two minutes. Transformed bacterial cells were
plated onto agar plates containing antibiotic-selective 2YT media (1.6% tryptone, 1%
yeast extract, 0.5% NaCl).

Electroporation involved mixing 2 μl of purified ligation products with 20 μl water and 20
μl prepared bacterial cells in a 0.1 cm electroporation cuvette (Sigma Aldrich). The
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mixture was then electroporated at 1.7 kV, 250 μF and 200 Ω (BioRad) and quickly
diluted in 1 ml of cold 2YT liquid media, followed by centrifugation at 4000 g for four
minutes and plating onto agar plates containing ampicillin-selective (0.1 mg/ml) 2YT
medium.

One single colony from each transformation was grown overnight in a 50 ml culture
containing antibiotic-selective 2YT media. Amplified DNA was extracted and purified
using the Plasmid Midi Kit (Qiagen). Constructs were verified via DNA sequence
analysis by the Australian Genome Research Facilities (AGRF, Melbourne, Australia).

2.1.6 Construction of bacterial expression plasmids
Several of the plasmids used in this study were already engineered prior to this study.
Table 2.1 details these plasmids which had already been generated and by whom they
were made.

Table 2.1. List of plasmids which had already been engineered prior to this study.

Plasmid

Reference/Source

pET23a

Novagen, Madison, WI, USA

Caspase-2Δpro-domainHis6/pET23a

(Ho et al, 2005)

Caspase-3His6/pET23a

(Brand et al, 2011)

pET15b

Novagen, Madison, WI, USA

Caspase-8Δpro-domainHis6/pET15b

Christine Hawkins, this study

pGEX-6p3

GE Healthcare Life Sciences

GST-BidLQTD/pGEX-6p3

(Ho et al, 2005)

GST-BidLQTA/pGEX-6p3

(Ho et al, 2005)

AcP35-His6/pET23a

(Jabbour et al, 2004)

GST-His6/pET23a

(Wang et al, 1999b)
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The following plasmids were constructed in this study:

GST-BidDTTD/pGEX-6p3:
The 5’ part of Bid was generated by PCR using primers 702 and 1339 from
BidLQTD/pBSIISK+ (Ho et al, 2005) and digested with EcoRI and NheI. The 3’ part of Bid
was generated by PCR from the same DNA template with primers 704 and 1337, and was
digested with NheI and BamHI. These products were initially inserted by a three-way
ligation into pBSIISK+ which had been digested with EcoRI and BamHI. Upon
verification of the sequence, the BidDTTD/pBSIISK+ was used as a template to generate
BidDTTD by PCR with primers 795 and 796, which was digested with EcoRI and BamHI
and ligated into pGEX-6P3 which had been digested with EcoRI and BamHI.

GST-BidDTTA/pGEX-6p3:
This Bid construct was engineered in the same way as GST-BidDTTD/pGEX, except for
using primer 1338 instead of 1337 to generate the 3’ part of Bid.

BidLQTDHis6/pET23a:
The BidLQTD fragment was generated by PCR from BidLQTD/pBSIISK+ (Ho et al, 2005)
using primers 1037 and 1533. The PCR fragment was digested with EcoRI and XhoI and
ligated into a modified pET23a vector bearing an improved polylinker (Huang et al,
2012) (pET23a-T7) which had been digested with EcoRI and XhoI.

BidLQTAHis6/pET23a:
The BidLQTA fragment was generated by PCR from BidDA/pBSIISK+ (Ho et al, 2005) using
primers 1037 and 1533. Restriction enzyme digestion and ligation was performed in the
same way as for BidLQTDHis6/pET23a.
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BidDTTDHis6/pET23a:
The BidDTTD fragment was generated by PCR from BidDTTD/pBSIISK+ (this study) using
primers 1037 and 1533. Restriction enzyme digestion and ligation was performed in the
same way as for BidLQTDHis6/pET23a.

BidDTTAHis6/pET23a:
The BidDTTA fragment was generated by PCR from BidDTTA/pBSIISK+ (this study) using
primers 1037 and 1533. Restriction enzyme digestion and ligation was performed in the
same way as for BidLQTDHis6/pET23a.

Runx1WTFLAG/pET23a:
The Runx1WT fragment was initially cloned into pBSIISK+ (Addgene) by PCR with
primers 1307 and 1308 from the DNA template Runx1WT/pCMV2 (Addgene) and
restriction digest with EcoRI and SpeI. To generate a C-terminal FLAG-tagged version,
the Runx1WTFLAG fragment was generated by PCR with primers 1464 and 1483 from
the Runx1WT/pBSIISK+ DNA template. The fragment was digested with EcoRI and NotI
and ligated into pET23a which had also been digested with EcoRI and NotI.

Runx1DGFLAG/pET23a:
Initially, a Runx1DG/pBSIISK+ construct was made by generating a 3’ fragment which
encoded the cleavage site mutation. This 3’ fragment was generated by PCR with primers
1313 and 1308 from Runx1WT/pBSIISK+ as the DNA template. The PCR fragment was
digested with AvrII and SpeI and ligated into Runx1WT/pBSIISK+ which had been
digested with AvrII, SpeI and SphI. The Runx1DGFLAG fragment was generated by PCR
with primers 1464 and 1483 from the Runx1DG/pBSIISK+ DNA template. Restriction
enzyme digest and ligation was performed in the same way as for Runx1WTFLAG/pET23a.
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Runx1WTHis6/pET23a:
The Runx1WT fragment was generated by PCR with primers 1419 and 1420 from the
Runx1WT/pBSIISK+ DNA template. The PCR fragment was digested with NdeI and XhoI
and ligated into pET23a which had also been digested with NdeI and XhoI.

Runx1DGHis6/pET23a:
This construct was generated in the same way as Runx1WTHIS/pET23a except that
Runx1DG/pBSIISK+ was used as the DNA template instead of Runx1WT/pBSIISK+.
Commercial Caspase-1: Recombinant caspase-1 was purchased from Merck.

Commercial Runx1WTFLAG:: Recombinant Runx1WTFLAG purified from human cells
(hRunx1WTFLAG) was purchased from Origene.

Primers used in this study were purchased from Sigma Aldrich and are detailed in table
2.2.
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Table 2.2. Primers used in this study and their DNA sequences 5’ – 3’.

Primer

DNA sequence (5’ – 3’)

702

GGAATTCGCCGCCATGGACTGTGAGGTCAACAACGG

704

CCGGATCCTCAGTCCATCCCATTTCTGGC

795

GCGGATCCATGGACTGTGAGGTCAACAACGG

796

GAGAATTCTCAGTCCATCCCATTTCTGGC

1037

GTAATACGACTCACTATAGGGC

1307

CGAATTCATGGCTTCAGACAGCATATTTG

1308

GCACTAGTTCAGTAGGGCCTCCACACGGC

1313

GTGGCCCTAGGGGATGTTCCAGGTGGCACTCTGGTCAC

1337

CCAGTGCTAGCTCCCCAGTGGGAGGGCTACGATGAGGACACGAC
TGATGGCAACCGCAGCAGCCAC

1338

CCAGTGCTAGCTCCCCAGTGGGAGGGCTACGATGAGGACACGAC
TGCTGGCAACCGCAGCAGCCAC

1339

CCACTGGGGAGCTAGCACTGGCAGCTCGTG

1419

GGAATTCCATATGGCTTCAGACAGCATATTTG

1420

GACCTCGAGGTAGGGCCTCCACACGGCCTC

1464

AGGAATTCATATGCGTATCCCCGTAGATGCCAGCACGAGCCGC

1483

GCACTAGTGCGGCCGCTTACTTGTCATCGTCGTCCTTGTAGTCCA
TGTAGGGCCTCCACACGGCCTC

1533

2.2

TATGGACTACAAGGACGACGATGACAAGG

Bacterial transgene expression and purification

Plasmids bearing transgenes of caspases or substrates or controls were transformed in
either of two E. coli strains: BL21-(DE3)-pLysS (Merck, Darmstadt, Germany) or
ArcticExpress DE3 (Agilent Technologies). Transgene expression in either of these
strains was driven by the T7 promoter and the inducing reagent, Isopropyl-β-D-1galactopyranoside (IPTG) (Scimar). Bacterial expression cultures were grown under
constant temperature and a rotating speed of 130 rpm on a large incubated shaking
platform.
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2.2.1 Bacterial expression strains
Two bacterial strains were used in this study for transgene expression and purification.
The genotype of each is detailed below:

1) E. coli BL21-(DE3)-pLysS (Merck, Darmstadt, Germany): F- ompT gal [dcm] [lon]
hsdSB (rB-mB-; an E. coliB strain)
2) ArcticExpress DE3 (Agilent Technologies): E. coli B F– ompT hsdS(rB– mB–) dcm+
Tetr gal λ(DE3) endA Hte [cpn10 cpn60 Gentr]

Bacterial expression plasmids were transformed in both of these strains using the heatshock method detailed in section 2.1.5.

2.2.2 Media and reagents used for bacterial growth and transgene expression


2YT media was comprised of 1.6 % tryptone, 1 % yeast extract, 0.5 % NaCl. For
agar plates, 2 % agar was added.



Ampicillin (Sigma Aldrich) was used at a final concentration of 100 μg/ml.



Chloramphenicol (Sigma Aldrich) was used at a final concentration of 25 μg/ml.



Gentamycin (Sigma Aldrich) was used at a final concentration of 20 μg/ml.



IPTG (Scimar) was used at variable concentrations depending on the plasmid.

2.2.3 Bacterial induction of recombinant proteins
In all cases of recombinant protein purification, expression was induced in E. coli BL21(DE3)-pLysS (Merck, Darmstadt, Germany) or Arctic bacteria. One transformant colony
bearing the construct for transgene expression was initially grown in a small-scale
overnight culture containing antibiotic-selective 2YT at 37°C and 130 rpm. Overnight
cultures were expanded the following morning in a large-scale (0.5–2.0 L) culture
containing antibiotic-selective 2YT and grown at 37°C and 130 rpm until the culture
reached OD600 = 0.5–0.7 before the induction of transgene expression with IPTG
(Scimar). See table 2.3 for induction conditions used for bacterial expression of
recombinant proteins.
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Pre-induction and post-induction samples were analysed by centrifuging one millilitre of
bacterial culture at 16,100 g for two minutes and resuspending the pellet in SDS loading
buffer (see section 2.3.1) and boiling for five minutes. An OD600=0.1 in 20 µl was loaded
into wells of an SDS-PAGE gel (see section 2.3.1) for analysis.

Table 2.3. Details of induction conditions used for the bacterial expression of all recombinant proteins used
in this study.

Expressi

Bacterial

IPTG

on

strain

(mM)

BL21

0.4

Temperature

Time

Reference

(hr)

plasmid
Caspase-2
domain

Δpro-

pET23a

37°C

2.0

His6

Caspase-3-

domain

&

Salvesen, 1999a)
pET23a

BL21

0.2

30°C

3.0

His6
Caspase-8

(Stennicke

(Stennicke

&

Salvesen, 1999a)
Δpro-

pET15b

BL21

0.05

16°C

21.0

His6

(Stennicke

&

Salvesen, 1999a)

GST-Bid

pGEX6p3

BL21

1.0

25°C

4.0

(Ho et al, 2005)

Bid-His6

pET23a

Arctic

1.0

10°C

48.0

This study

Ac-p35-His6

pET23a

BL21

0.05

20°C

24.0

This study

GST-His6

pET23a

BL21

0.05

20°C

24.0

This study

Runx1-FLAG

pET23a

BL21

0.05

20°C

24.0
This study

Runx1-His6

pET23a

BL21

0.05

20°C

24.0

This study

Following induction, bacterial cultures were harvested at 13,900 g for 20 minutes at 4°C.
Supernatants were discarded and pellets were frozen at either -20°C overnight or -80°C
for a longer period of time.

2.2.4 Nickel affinity purification
Induced bacterial pellets were thawed on ice and resuspended in 0.01 culture volumes of
phosphate buffer (50 mM NaH2PO4; pH 7.4 and 500 mM NaCl) containing 10 mM
Imidazole (Sigma-Aldrich). Cell suspensions were sonicated at 70% sonication amplitude
for 30 seconds, 5-7 times, with at least 30 second intervals between each sonication on
ice. Lysates were then treated with DNase (Sigma Aldrich) at a final concentration of 10
μg/ml and 10mM MgCl2 and incubated on a rolling mixer at room temperature for 20
minutes, followed by centrifugation at 13,900 g for 20 minutes at 4°C to remove insoluble
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particles. The supernatant was syringed through a 0.45μm filter (Merck Millipore),
poured onto a poly-prep column (BioRad) containing 500 μl packed Ni-NTA resin
(Qiagen) that had been equilibrated with 12ml phosphate buffer containing 10mM
Imidazole and allowed to filter through by gravity. To remove binding of non-specific
proteins, the Ni-NTA resin was washed by pouring 12ml phosphate buffer containing 50
mM Imidazole onto the column and allowing it to flow through the Ni-NTA resin by
gravity. Target proteins were finally released from the Ni-NTA resin by four elutions with
phosphate buffer containing 150 mM Imidazole. In the case of Runx1-His6 Ni-NTA
purification, 1% Triton-X-100 was included in all buffers (see section 4.7 for details).

Each elution was tested for purity by SDS-PAGE (see section 2.3) and CoomassieStaining (0.25% w/v (Sigma Aldrich) in 45% methanol, 10% glacial acetic acid), before
being mixed in 1:1 ratio with glycerol (Astral), aliquotted into PCR tubes (Astral) and
snap-frozen in liquid nitrogen then stored at -80°C. In the case of recombinant His6tagged caspase purification, cleavage of fluorogenic substrates (see section 2.4) was
tested as well as purity, and an active-site titration was performed.

2.2.5 Caspase active-site titration
In most circumstances, a recombinant caspase preparation is a mixture of active and
inactive caspase molecules (Stennicke & Salvesen, 1999a). In this study, only the
concentration of active caspase molecules was considered in all in vitro caspase assays.
To measure the concentration of active caspase molecules, a caspase active-site titration
was performed by incubating serial dilutions of the pan-caspase inhibitor, z-VAD-fmk
(Abcam) ranging from 0.004-4 μM with a constant amount of caspase; either 2 μM or an
amount that gave an activity slope of approximately 3000 RFU/min in the absence of the
inhibitor. After one hour incubation at 37°C, a final concentration of 100 μM fluorogenic
peptide was added to each reaction and residual caspase activity was measured by
fluorescence. The slope of the caspase activity at each inhibitor dilution was determined
using the Microsoft Excel program and linear regression was used to determine at which
inhibitor dilution there was no caspase activity. This inhibitor concentration was assumed
to correspond to the concentration of active caspase. This protocol was adapted from
(Stennicke & Salvesen, 1999a)
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2.2.6 Glutathione sepharose purification
Induced bacterial pellets were thawed on ice, lysed with 5 ml/1g wet cell pellet of Bug
Buster (Novagen) and incubated at room temperature on a rotating platform for 15
minutes. The cell suspension was centrifuged at 13,900 g for 20 minutes at 4°C to remove
insoluble particles. The soluble supernatant was incubated with 200 μl packed
Glutathione Sepharose (Amersham) which had been equilibrated with three washes of 1
ml PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na2PO4, 1.8 mM KH2PO4); pH 7.4 at room
temperature on a rotating wheel for one hour. Unbound proteins were removed by
centrifugation at 500 g for five minutes at room temperature. Two washes were
performed at room temperature by incubating the Sepharose with 10 ml PBS on a rotating
wheel. After each wash, the Sepharose was centrifuged at 500 g for five minutes at room
temperature and the supernatant discarded, to remove any non-specifically bound
proteins. The GST-tagged proteins were eluted from the Sepharose by three incubations
with 200 μl elution buffer (0.05 M Tris-HCl; pH 7.5 and 10 mM Glutathione) for ten
minutes at room temperature on a rotating wheel and centrifugation at 500 g for five
minutes to release the target proteins in the supernatant.

Each elution fraction was tested for purity by SDS-PAGE (see section 2.3) and
Coomassie-Staining, before being mixed in 1:1 ratio with glycerol (Astral), aliquotted and
snap-frozen in PCR tubes (Astral) for storage at -80°C.

2.2.7 Anti-FLAG affinity purification of FLAG-tagged Runx1
Induced bacterial pellets were thawed on ice, lysed with 5 ml/g wet cell pellet of Bug
Buster (Novagen) and incubated at room temperature on a rotating platform for 15
minutes. The cell suspension was centrifuged at 13,900 g for 20 minutes at 4°C to remove
insoluble particles. The soluble supernatant was incubated with 250 μl Anti-FLAG® M2agarose beads (Sigma-Aldrich) which had previously been equilibrated by three
incubations with 5 ml wash buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl) for 30
minutes at 4°C on a rotating wheel. The suspension was centrifuged at 500 g for three
minutes at 4°C to remove unbound proteins. The Anti-FLAG® M2-agarose beads were
washed three times with 10 ml wash buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl) by
incubation at 4°C for ten minutes on rotating wheel and centrifugation at 500 g for three
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minutes at 4°C. Proteins which were non-specifically bound were removed in the
supernatant which was discarded. FLAG-tagged proteins were eluted from the AntiFLAG® M2-agarose beads (Sigma-Aldrich) by four rounds of incubation with 250 μl
elution buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 200 ng/µl FLAG peptide (SigmaAldrich)) for two minutes at 4°C on a rotating wheel. Eluted proteins were collected in
the supernatant after centrifugation at 16,100 g and 4°C for one minute.

Each elution fraction was tested for purity by SDS-PAGE and Coomassie-staining, before
being mixed in a 1:1 ration with glycerol (company), aliquotted and snap-frozen in PCR
tubes (company) for storage at -80°C.

2.2.8 Size-exclusion Fast Protein Liquid Chromatography (FPLC)
The Superdex-S200 column (GE Healthcare) and ÄKTA purifier (GE-Healthcare, Little
Chalfont, UK) were utilised for size-exclusion FPLC. The Superdex-S200 column (GE
Healthcare) was prepared with one matrix volume wash of filtered and de-gassed MilliQ
water, followed by equilibration with one matrix volume of PBS (140 mM NaCl, 2.7 mM
KCl, 10 mM Na2PO4, 1.8 mM KH2PO4) (for GST-tagged proteins) or Phosphate Buffer
(50 mM NaH2PO4, 500 mM NaCl) (for His6-tagged proteins) or FLAG wash buffer (50
mM Tris-HCl pH 7.4, 150 mM NaCl) (for FLAG-tagged proteins). Between 200 μl – 400
μl protein sample was loaded onto the column by injection into a 500 μl injection loop.
Size exclusion FPLC was performed on the protein samples for a set volume of 30 ml at a
steady flow rate of 0.6 ml/min and maximum pressure of 1.5 MPa. Fractions were
collected in 500 μl aliquots which were stored at 4 ºC and analysed by SDS-PAGE (see
section 2.3.1) and Coomassie-staining for target protein purity and yield.

2.2.9 Mass spectrometry
Mass Spectrometry was conducted by Dr. Gert Talbo and Dr. Vita Levina of the La Trobe
Institute for Molecular Science (LIMS) Mass Spectrometry and Proteomics Department.
Protein samples were excised from SDS-PAGE gel and trypsinised before being analysed
on HPLC (Ultimate 3000, Dionex, Holland) and microTof-Q (Bruker-Daltonics,
Germany). The eluent from the column was directly electrosprayed into the mass
spectrometer. Mass data was continuously acquired and for each MS spectrum three
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MS/MS were recorded of the most intense peaks.

The data was annotated and

deconvoluted using the Data Analysis program (Bruker-Daltonics) and the intensity of the
peaks corresponding to all variants of the N-terminal peptide were manually recorded.

2.2.10 Quantitation of purified proteins
The concentration of purified protein samples was estimated using the Bicinchoninic Acid
(BCA) kit (Sigma Aldrich) or the micro BCA kit (Sigma Aldrich) according to the
manufacturer’s instructions. Alternatively, a dilution of the protein sample was analysed
by SDS-PAGE (see section 2.3.1) and Coomassie-staining (see section 2.3.2), alongside a
dilution of non-stained molecular weight markers of known concentration (Protein Ladder
10-250 kDa; New England Biolabs). Target bands from the Coomassie-stained gel image
were then quantitated using the Image Labs program.

2.3

Electrophoresis protein analysis

Protein samples were analysed by size-separation using Sodium Dodecyl Sulphate – PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and visualised by Coomassie-staining or
immunoblotting after western transfer.

2.3.1 Sodium Dodecyl Sulphate – Poly-Acrylamide Gel Electrophoresis
(SDS-PAGE)
Both 12% and 15% SDS-PAGE separating gels (30% acrylamide mix (37.5:1; BioRad),
1.5 M Tris (pH 8.8), 10% SDS, 10% ammonium persulphate, 0.05% TEMED) with 5%
stacking gels (30% acrylamide mix (37.5:1; BioRad), 0.5 M Tris (pH 6.8), 10% SDS,
10% ammonium persulphate, 0.05% TEMED) were used to separate proteins based on
size from either complex protein mixtures such as cell lysates or purified protein samples.
SDS-PAGE was performed in SDS running buffer (3 g/L Tris base, 22 g/L glycine, 0.2%
SDS) at 30 mA per gel until the dye front reached the bottom of the gel. All protein
samples were boiled in SDS loading buffer (0.225 M Tris-HCl (pH 6.8), 50% glycerol,
5% SDS, 0.05% bromophenol blue, 0.25 M dithiothreitol (DTT)) for three to five minutes
before loading onto a gel and 8-10 μl molecular weight markers ranging from 250 kDa to
10kDa (Precision Plus Dual Colour Standards; BioRad) were loaded simultaneously for
size comparison.

43

Chapter Two: Materials and Methods

2.3.2 Coomassie staining
SDS-PAGE gels were stained with Coomassie brilliant blue at room temperature for 3060 minutes or 4°C overnight on a rotating platform and then de-stained (45% methanol,
10% glacial acetic acid) for 30–60 minutes at room temperature. Alternatively, PVDF
membranes (see section 2.3.3) were stained in the same way as SDS-PAGE gels, but destained with 100% methanol.

2.3.3 Western transfer
Proteins from the SDS-PAGE gel were transferred onto an polyvinylidene fluoride
(PVDF) membrane (Immobilin-P; Merck Millipore), which had been activated by
incubation in 100% methanol at room temperature for 2-5 minutes, before equilibration in
transfer buffer (25 mM Tris (pH 8.3), 192 mM glycine, 20% v/v methanol). The transfer
was conducted in a transfer sandwich containing three blotting papers (3MM) soaked in
transfer buffer above and below the SDS-PAGE gel and PVDF membrane, respectively,
for 40-60 minutes at 60 mA in a TE77PWR semi-dry transfer unit (GE Healthcare).

2.3.4 Immunoblotting
PVDF membranes were incubated in a blocking solution (1 % Block (Roche
Diagnostics); PBS) for one hour at room temperature or overnight at 4°C immediately
after western transfer, before incubation with primary antibodies. Alternatively, PVDF
membranes were also air dried after western transfer before incubation with primary
antibodies. Primary antibody incubation was performed at room temperature for 60-90
minutes or 4°C overnight. After incubation with primary and secondary antibodies, PVDF
membranes were washed 3-4 times for 5 minutes with wash buffer (0.1 % Tween-20;
PBS). See table 2.4 for details of all the antibodies used in this study.
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Table 2.4. Details of all antibodies used in this study.

Antibody

Species

Type

Dilution

Supplier

α-His

Mouse

Monoclonal

1:5,000

Genscript

α-Flag

Mouse

Monoclonal

1:4,000

Sigma-Aldrich

α-GST

Goat

Polyclonal

1:2,000

Amersham
Biosciences

α-Bid (A)

Rabbit

Polyclonal

1:1,000

Cell Signalling

α-Bid (B)

Goat

Polyclonal

1:333

R&D Systems

α-Runx (C)

Mouse

Monoclonal

1:1,000

MBL

α-Runx (N)

Rabbit

Polyclonal

1:1,000

Cell Signalling

α-Runx (M)

Rabbit

Polyclonal

1:1.000

Sapphire
Biosciences

α-mouse

Rabbit

Polyclonal

1:80,000

Sigma-Aldrich

α-rabbit

Donkey

Polyclonal

1:50,000

Amersham
Biosciences

α-goat

Swine

Polyclonal

1:10,000

Southern
Biotech

Chemiluminescent detection was performed with West Dura enhanced chemiluminescent
(ECL) substrate (Thermo Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions, in a Chemi-Doc apparatus (BioRad) or on film in a Xomat
film processor (Kodak).

2.4

In vitro caspase assays

All in vitro caspase assays used in this study followed stringent methodology to ensure
that the caspases being used in each experiment were active. Each caspase used in this
study was assayed in its preferred buffer (Garcia-Calvo et al, 1999) and tested for activity
against its preferred fluorogenic peptide (Talanian et al, 1997; Thornberry et al, 1997) or
custom peptide engineered specifically for this study (21st Century Biochemicals). See
table 2.5 for a summary of how in vitro caspase activity was tested.
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Table 2.5. Details of caspase buffers and fluorogenic peptides used in this study.

Caspase-1

Buffer

Fluorogenic peptide

0.1 M HEPES (pH 7.5), 10 % Sucrose,

Ac-WEHD-AFC

0.1 % CHAPTS, 10 mM DTT
Caspase-2

0.1 M MES (pH 6.5), 10 % PEG, 0.1 %
CHAPS, 10 mM DTT

Ac-VDVAD-AFC,
Ac-VDTTD-AFC, or
Ac-VDVPD-AFC

Caspase-3

0.1 M HEPES (pH 7.0), 10 % PEG, 0.1 %

Ac-DEVD-AFC

CHAPS, 10 mM DTT
Caspase-8

0.1 M HEPES (pH 7.0), 10 % PEG, 0.1 %

Ac-LETD-AFC

CHAPS, 10 mM DTT

All recombinant caspases were equilibrated in their preferred buffer at 37°C for 15–60
minutes (Stennicke & Salvesen, 1999a), before incubation with 100 μM fluorogenic
peptide. Caspase activity was determined by measuring fluorescence every 30-60 seconds
in a FluoStar Galaxy (BMG Lab Technologies) fluorimeter.

2.3.5 Caspase affinity for fluorogenic peptides: kcat/KM estimation
Initially, serial dilutions of the caspase were assayed against 100 μM fluorogenic peptide
to determine the amount of recombinant caspase required to give an activity slope of
approximately 3000 RFU/min. That amount of caspase was then assayed against serial
dilutions of the fluorogenic peptide ranging from 1-1000 μM. Caspase activity at each
peptide dilution was measured by fluorescence and the activity slope of the caspase at
each peptide dilution was calculated using Excel. The fluorophores used were AFC
(excitation: 400nm; emission: 505nm) or AMC (excitation: 380nm; emission: 460nm)
and the kinetic runs were 30 minutes long. Based on these slopes, the program PRISM
was employed to generate a non-linear regression relationship and determine the kcat and
KM parameters of the caspase for peptide. PRISM 5.0 software used the model: Y = Et x
kcat x X / (KM + X); kcat = (Y(KM + X))/(Et x X), where Y is the enzyme velocity, Et is
molar concentration of caspase and X is the substrate concentration.
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2.4.2 In vitro Transcription Translation of caspase substrates
The generation of caspase substrates in a lysate system was performed using the TnT T7
Quick-Coupled

Transcription/Translation

System

(Promega),

according

to

the

manufacturer’s instructions, using 0.5 μg plasmid DNA (pET23a containing the substrate
transgene) per reaction. Translation reactions were stopped by placing on ice for five
minutes, aliquotting 10 μl in separate eppendorf tubes and freezing at -20°C.

2.4.3 In vitro caspase-substrate cleavage assays
Initially serial dilutions of the substrate were analysed by SDS-PAGE, western transfer
and immunoblotting against the substrate (see section 2.3). This was performed to
determine the lowest concentration of substrate detectable by chemiluminescence. This
concentration of substrate was then incubated with serial dilutions of the caspase ranging
from 6.3-400 nM at 37°C for 30–60 minutes in the preferred caspase buffer. Reactions
were stopped by placing on ice for three to five minutes and then boiling in SDS loading
buffer (see section 2.3.1) for five minutes before SDS-PAGE analysis. The proteins from
these reactions were transferred onto a PVDF (see section 2.3.2) and immunoblotted (see
section 2.3.2) using an antibody against the substrate. Chemiluminescence (see section
2.3.4) was used to detect the full-length and cleaved product of the substrate. The Image
Lab program was used to quantitate the amount of cleaved substrate relative to full-length
substrate present at each caspase dilution. This ratio was plotted against caspase
concentration to determine the caspase concentration required to deplete half of the
substrate, E1/2. For kcat/KM estimates, the formula: kcat/KM= ln2/(E1/2.t), where t is time, was
used (Pop et al., 2008).

2.5

Yeast assays

Two strains of the yeast Saccharomyces cerevisiae were used in this study:
W303α: MAT α; can1-100; leu2-3,-112; his3-11,-15; trp1-1; ura3-1; ade2-1 (Hawkins et
al., 1999)
EGY48: MAT α; ura3; trp1; his3; LexAop6-LEU2 (Invitrogen)
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2.5.1 Yeast plasmids
The yeast plasmids utilised in this study were low-copy centrometric yeast plasmids
based on the pRS310 series which are efficiently transferred between bacteria and yeast
(Sikorski et al., 1989). All plasmids used were glucose-repressible and galactoseinducible (except for pSH18-34). For galactose-inducible expression, bases 1-815 of the
Gal1/10 promoter were employed (West et al., 1984; Hawkins et al., 1999). The yeast
actin terminator from bases 2,107 to 2,490 was used in all constructs (Genbank accession
no. L00026). Plasmids containing this combination of promoter and terminator are
referred to as pGALL-(XXXX), where XXXX indicates the yeast nutritional marker (TRP1,
LEU2, HIS3 or URA4).

Yeast plasmids were engineered in the same way as detailed in section 2.1. The yeast
plasmids which were already engineered prior to this study are detailed in Table 2.6.
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Table 2.6. Yeast plasmids which were engineered prior to this study.

Plasmid

Reference

pGALL-(TRP1)

(Hawkins et al, 2000b)

pGALL-(HIS3)

(Hawkins et al, 2000b)

pGALL-(LEU2)

(Hawkins et al, 2000b)

pGALL-(LEU2)-reverse Caspase-2

(Jabbour et al, 2004)

pGALL-(LEU2)-Caspase-1

(Brand et al, 2011)

pGALL-(HIS3)-WT-Ac-p35

(Jabbour et al, 2002)

pGALL-(HIS3)-WT-Bid

(Ho et al, 2005)

pGALL-(TRP1)-CD4-FLQTD’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-FLQTG’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-FDETD’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-FDETG’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-FDTTD’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-FDTTG’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-VDVAD’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-VDVAG’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-FDVPD’G-

Dr. Christine Hawkins, this study

LexAB42
pGALL-(TRP1)-CD4-FDVPG’G-

Dr. Christine Hawkins, this study

LexAB42
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Two other constructs were made for the purposes of the yeast experiments in this study
and their cloning details are as follows:

pGALL-(HIS3)-Runx1WTFLAG:
The Runx1WTFLAG fragment was generated by PCR using primers 1464 and 1483 and
Runx1WTFLAG/pET23a (see section 2.1.6) as the DNA template. The PCR fragment was
digested with EcoRI and NotI and ligated into pGALL-(HIS3) which had also been
digested with EcoRI and NotI.

pGALL-(HIS3)-Runx1DGFLAG:
The Runx1DGFLAG fragment was generated by PCR using primers 1464 and 1483 and
Runx1DGFLAG/pET23a (see section 2.1.6) as the DNA template. Restriction enzyme
digestion and ligation was performed in the same way as for pGALL-(HIS3)Runx1WTFLAG.

See table 2.2 for the details of primers 1464 and 1483.

2.5.2 Yeast transformation
Transformation of yeast followed the Lithium Acetate method, as detailed by (Ito et al,
1983). Yeast transformants were plated on agar plates containing repressing selective
minimal medium.

2.2.1 Yeast death (spotting) assay
Two or three colonies of each yeast transformation were separately inoculated in
repressing selective minimal media and incubated at 30°C and 230 rpm. After overnight
growth, the yeast was washed twice with TE (10 mM Tris-HCl (pH 7.5), 1 mM EDTA) to
remove residual glucose, before diluting each yeast clone in a 1:4 ratio with MilliQ water.
The density was then determined by measuring the absorbance at 620 nm before diluting
each yeast clone to an equivalent of OD620 = 0.8, which corresponds to 1250 colony
forming units (CFU) per microlitre. These dilutions were made with TE in wells of a
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sterile 96-well plate and five 1:5 serial dilutions for each yeast clone were performed.
Five microlitres of each dilution was then spotted onto two agar plates containing
selective minimal medium; one with repressing glucose and the other with inducing
galactose. Repressing glucose-containing agar plates were grown at 30°C for 48 hours
and were used as controls to ensure that equal loading of each clone was performed at
each dilution. Inducing galactose-containing agar plates were grown 30°C for 72 hours
and were used to visualise the toxic effect of caspases in yeast.

2.2.2 X-Gal-staining of caspase-2 reporter constructs
Clones were prepared in the same manner as for the yeast death (spotting) assay (see
section 2.5.3), however, serial dilutions of the yeast culture were not performed. Two
microlitres of yeast culture were spotted onto a Hybond N+ filter (Amersham) which had
been placed onto an agar plate containing repressing minimal medium. These plates
containing Hybond N+ filters were incubated at 30°C for 24 hours before the filters were
lifted off and transferred yeast-side-up onto agar plates containing inducing complete
medium (2 % peptone, 1 % yeast extract, 2 % galactose or glucose, 2 % agar) (Westein et
al., 2008). After a 24 hour incubation at 30°C, the filters were removed from the inducing
agar plates and immersed in N2(l) for 30–60 seconds to lyse the yeast cells, before
thawing at room temperature. The filters were then placed yeast-side-up onto blotting
paper (3MM) which had been soaked in X-Gal stain (1.5 % v/v 5-bromo-4-chloro-3indolyl-β-D-galactopyranoside (X-Gal) [20 mg/ml in dimethyl formamide] and 0.25% v/v
β-mercaptoethanol per millilitre of buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM
KCl, 1 mM MgSO4, pH 7.0), followed by incubation at 37°C for three hours. Reactions
were stopped by microwaving the filters for 20 seconds on high to inactivate the βgalactosidase and cease colour development (Hawkins et al, 2000a; Westein et al, 2008).

2.2.3 ONPG assay: a quantitative measurement of β-galactosidase activity in
caspase-2 reporter constructs
The same yeast cultures which were used for the X-Gal assay detailed in section 2.5.4
were used for the ONPG assay and overnight cultures were prepared in the same way.
After overnight growth, the density of each culture was equalised to that which measured
the lowest at OD620 and grown for six hours at 30°C and 230 rpm, before being washed
twice with TE to remove all residual glucose and resuspended in inducing complete
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media. After 19 hours incubation at 30°C and 230 rpm, the OD620 was measured again
and yeast cultures were pelleted and washed in 1 mM MgSO4/PBS before being
repelleted and frozen at -80°C overnight. After quickly thawing, yeast were resuspended
in 700 μl ONPG buffer (0.09 % w/v ONPG, 0.28 % (v/v) β-mercaptoethanol per milli
litre of 1 mM MgSO4/PBS) and incubated at 30°C until distinct yellow colour formation
for up to three hours. Reactions were stopped with a final concentration of 0.36 M
Na2CO3 and incubation time was recorded. Yeast clones were centrifuged at 16,000 g for
five minutes at room temperature and the supernatant was measured for absorbance at
414nm. The β-galactosidase (β-galactosidase Units) activity was quantitated according to
the formula: β-galactosidase Units= (2500 x Abs414) / (time(seconds) x Abs620) (Hawkins
et al, 2000a)

2.2.4 Preparation of yeast lysates
For yeast lysates, the same yeast cultures were used as for the yeast death (spotting) assay
(see section 2.5.3) and cultures were prepared in the same way. After overnight growth in
repressing minimal media, each yeast culture was washed twice with TE before being
resuspended in inducing complete media and incubated for six hours at 30°C and 230
rpm. Each culture was diluted with MilliQ water in a 1:4 ratio and the absorbance was
measured at 620nm, before being pelleted and frozen overnight at -80°C with an
equivalent volume of acid-washed glass beads (Sigma Aldrich). Yeast/glass beads pellets
were then thawed and resuspended in boiling yeast cracking buffer (8 M Urea, 5 % SDS,
40 mM Tris (pH 6.8), 0.1 mM EDTA, 1 % β-mercaptoethanol, 0.4 mg/ml bromophenol
blue) (Hawkins et al., 2000) in a ratio consistent with Abs620=0.1 to be resuspended in
1543 μl buffer. The cell suspension was cycled through three sets of 30 second boiling
intervals with 30 second vortexing intervals. Lysates were analysed by SDS-PAGE,
Coomassie-staining (for visualisation of equivalent protein loading) and immunoblotting
(see section 2.3).

2.2.5 Purification of Runx1WTFLAG and Runx1DGFLAG from yeast
Induction of transgene expression: One yeast clone bearing the transgene was inoculated
in selective repressing minimal media and grown for 24 hours at 30°C and 230 rpm,
before being expanded in a larger volume of selective repressing minimal media for
overnight growth at 30°C and 230 rpm. The yeast culture was centrifuged at 1000 g for
52

Chapter Two: Materials and Methods
five minutes at room temperature and washed once with 30 ml TE, before being
repelleted. Yeast was resuspended in 200 ml inducing complete media and incubated at
30°C and 230 rpm for six hours before being centrifuged at 5000 g for 15 minutes at 4°C.
Induced yeast pellets were frozen at -20°C overnight.
Lysis of induced yeast: Yeast pellets were resuspended in 10 ml Triton-X-100 lysis buffer
(Westphal et al., 2009) which was modified with EDTA instead of EGTA and cell
suspensions were poured in Lysing Matrix C tubes (MP Biomedicals) which were shaken
twice in a FastPrep Machine for 40 seconds at 6.0 m/s. Cell suspensions were pelleted at
16, 100 g for ten minutes at 4°C and the supernatant was syringed through a 0.45 μm
filter (Merck Millipore) into a 50 ml tube. Tube was placed on ice for anti-FLAG affinity
purification according to section 2.2.6.

Elution fractions from the anti-FLAG affinity purification were analysed by SDS-PAGE,
coomassie-staining and immunoblotting according to section 2.3.

2.6

Mammalian cell assays

The immortalised human cell line, 293T (ATCC; Manassas, Virginia, USA) was
employed in all mammalian cell assays. The 293T cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; GIBCO) with 10 % Fetal Calf Serum (FCS;
Invitrogen) at 37°C + 5 % CO2.

2.6.1 Mammalian cell expression plasmids
Mammalian cell expression plasmids were generated according to the methodology
detailed in section 2.1. Most mammalian cell transgenes were cloned into the pEF
expression plasmid (Hawkins et al, 1996). Transgene expression was driven by intron 1
(bases 706-1644) of the Elongation Factor-1α (EF-1 α) promoter and transcription was
ceased by the SV40 polyA terminator.

Some of the expression plasmids used for this part of the study were already made prior
to this study. Details of these mammalian cell expression plasmids are detailed in table
2.7.
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Table 2.7. Details of mammalian cell expression plasmids used in this study which were made prior to this study.

Plasmid

Reference

pEF

(Hawkins et al, 1996)

pEGFP-C1

Clontech Laboratories

Caspase-1/pEF

(Brand et al, 2011)

Bid-FLAG/pEF

Dr. Christine Hawkins, this study

Pro-IL1β-FLAG/pEF

Dr. Christine Hawkins, this study

Two mammalian cell expression constructs were engineered in this part of the study. The
details of the cloning procedures are as follows:

Caspase-2reverse/pEF:
This construct was engineered with a Kozak sequence by PCR amplification from
pGALL-(LEU2)-reverse Caspase-2 (see table 2.6) with primers 1211 and 1349. The PCR
fragment was digested with BglII and XbaI and ligated into pEF which had been digested
with BamHI and XbaI.

Runx1WTFLAG/pEF:
The Runx1WTFLAG fragment was generated by PCR with primers 1483 and 1484 and
Runx1WTFLAG/pET23a as the DNA template. The PCR fragment was digested with BglII
and SpeI and ligated into pEF which had been digested with BamHI and XbaI.

Primers used for this part of the study are detailed in table 2.8.
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Table 2.8. Details of the primers used for cloning mammalian cell expression constructs.

DNA sequence 5’ – 3’

Primer
1211

CTTTATTATTTTTATTTTATTGAGAGGGTGG

1349

GCAGATCTCCACCATGGACCAACAAGATGGAAAG

1483

GCACTAGTGCGGCCGCTTACTTGTCATCGTCGTCCTTGTAGTCCA
TGTAGGGCCTCCACACGGCCTC

1484

GCAGATCTACCATGCGTATCCCCGTAGATGCCAG

2.6.2 293T cell transfection with Lipofectamine 2000
Cells were seeded in sterile 6-well plates at a density of 3 x 105 cells per well in DMEM +
10 % FCS and allowed to adhere to the surface of wells by incubation at 37°C + 5 % CO 2
for at least 24 hours. A final DNA concentration of 1.65 μg/well was used for all
transfections, which was incubated in 125 μl final volume with DMEM lacking FCS for
five minutes at room temperature. Simultaneously, 2.5 μl Lipofectamine 2000 was
incubated in 125 μl final volume with DMEM lacking FCS. For each transfection, the
DNA/DMEM mixture was then combined with the Lipofectamine 2000/DMEM mixture
at room temperature for 30 minutes to allow the formation of DNA liposomes, during
which the media on the cells was replaced with 2 ml/well DMEM lacking FCS. After the
30 minute incubation, the DNA liposomes were very gently added drop-wise to each well.
Cells were incubated with DNA liposomes for four to six hours at 37°C + 5% CO2,
followed by media replacement with DMEM + 10% FCS. Recovered cells were incubated
at 37°C + 5 % CO2 for 20–24 hours before harvesting.

2.6.3 Flow cytometry
In all cases of cell transfection, plasmid DNA encoding GFP was added at a final DNA
concentration of 10 % to enable GFP detection and therefore, transfection frequency
estimation. After harvesting transfected cells and washing with PBS, cells were
resuspended in 200 μl PBS for Fluorescence Activated Cell Sorting (FACS) analysis,
using the BD FACSCanto II HTS (2 laser/ 5 colour) flow cytometer.
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2.6.4 Mammalian cell lysis
After harvesting approximately 1 x 106 cells post-transfection, cells were pelleted by
centrifugation at 1,000 g for five minutes at room temperatures, before being resuspended
in 100-200 μl mammalian cell lysis buffer (50 mM Tris, pH 7.5; 375 mM NaCl; 1 mM
ethylenediamine tetraacetic acid; 1% Triton X-100) containing protease inhibitors
(Protease inhibitor cocktail set 1; Calbiochem, Darnstadt, Germany) (Ashley et al., 2005)
and titurated 15 x through a 25G needle (Terumo). Insoluble particles were pelleted by
centrifugation at 16,100 g for 20 minutes at 4°C and the supernatant was collected for
protein estimation (see section 2.2.9) and subsequent SDS-PAGE analysis, Coomassiestaining, and immunoblotting (see section 2.3).
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CHAPTER THREE
Characterisation of the Minimal Substrate Specificity of
Caspase-2
3.1

Substrate specificity of caspases

Caspases are a class of proteases that are characterised by a preference for cleaving their
substrates at the Carboxyl terminus (C-terminus) of aspartate residues (Alnemri et al,
1996). As discussed in Chapter 1, the amino acid in this position of the substrate is termed
the P1 residue. Previous studies have reported that some caspases may also cleave at the
C-terminus of a non-aspartate residue, such as glutamate in the case of the Drosophila
melanogaster caspase, Dronc (Hawkins et al, 2000b), however this represents only a
minority of cases.

For caspase-mediated substrate cleavage, it is not only the P1 residue which influences
the efficiency of proteolysis. A number of amino acids, including P1, comprise the
cleavage site. The cleavage site generally represents five to six amino acids that are
recognised by the caspase which are generally termed P5-P4-P3-P2-P1/P1’ (Please refer
to Figure 1.2). These may all be important for the recognition and cleavage efficiency by
the caspase.

Previous studies have employed the use of small synthetic fluorogenic peptides to
investigate the degree of tolerance for each amino acid in each position of the caspase
cleavage site during cleavage (Talanian et al, 1997; Thornberry et al, 1997). Although this
can be quite a thorough and comprehensive approach, the cleavage sites are not presented
to the caspase in a natural context, since under physiological conditions, caspases would
encounter cleavage sites in a protein surrounded by a cellular environment. As well, the
use of fluorogenic peptides to investigate caspase specificity is likely to generate false
positive data, or over-estimate caspase cleavage efficiency, since these small molecules
wouldn’t provide any steric hindrance, as proteins do, and therefore would be cleaved
more efficiently due to their small size and relatively linear structure. It was hypothesised
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that investigating caspase-2 specificity in a cellular context would be more
physiologically relevant.
In order to address the limitations of using such synthetic peptides for caspase specificity
information, an initial study investigated the P5-P4-P3-P2-P1/P1’ specificity of caspase-2,
using a unique yeast-based transcriptional reporter system, where cleavage sites were
presented in the context of a fusion protein with an N-terminal transmembrane domain
and a C-terminal transcription factor domain (Honours thesis: “Identification of substrates
for caspase-2 and proteases that cleave Bid”. Kitevska T, 2008).

This chapter presents and discusses findings obtained during this PhD thesis, which
stemmed from the initial yeast-based transcriptional reporter library screens.

3.1.1 Analysis of the P5, P4, P1 and P1’ caspase-2 reporter libraries
Prior to the commencement of this study, the specificity of caspase-2 was investigated
using the yeast-based transcriptional reporter system (Kitevska et al, 2013. Manuscript
submitted). To provide context for the subsequent experiments performed during this
PhD. thesis, these previous results are briefly summarised in sections 3.2.1-3.2.2.

The yeast-based transcriptional reporter system is a unique technique which enables the
presentation of random cleavage-sites in the context of a protein to a caspase. This
approach is more illustrative of caspase specificity in a cellular context as opposed to
using synthetic peptides. The yeast system entails the use of a fusion protein containing
an amino-terminal (N-terminal) transmembrane domain; a C-terminal LexAB42
transcription factor domain and a cassette domain in between which contains random
sequences (potential caspase cleavage-sites) encoded by a library (see Figure 3.1A). Upon
expression of the library-generated fusion protein and a caspase, yeast clones bearing
caspase-cleavable fusion constructs (X-Gal-positive clones) become blue when stained
with the β-Galactosidase substrate, X-Gal, since the C-terminal transcription factor is
released upon cleavage to induce expression of β-Galactosidase. In contrast, X-Galnegative clones were those which did not contain caspase-cleavable fusion constructs and
remained white upon X-Gal staining, since the reporter does not become released from
the fusion protein to induce β-Galactosidase expression (see Figure 3.1B).
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Four libraries were separately screened using the yeast-based reporter system to identify
which amino acids were tolerated in each position of the P5-P4-P3-P2-P1/P1’ cleavage
site. The data obtained was as expected for P5, P4 and P1 but the stringency observed for
P1’ was slightly surprising (see Figure 3.1D).

Figure 3.1. Summary of the caspase-2 specificity data obtained from the yeast reporter system.
(A) An illustration of the reporter protein exploited in the library screens including the membrane anchor, cassette and
transcription factor domains. (B) A schematic of a reporter yeast clone with an uncleavable cassette, resulting in no
colour change upon X-Gal incubation. (C) A schematic of a reporter yeast clone with a cleavable cassette, resulting in
blue colour formation upon X-Gal incubation. (D) Pie graphs representing the amino acids in all cleavable/blue yeast
analysed from the P5, P4, P1 and P1’ reporter library screens. Amino acid group colour representations: red= acidic,
grey= hydrophobic/small, blue= basic/aromatic.

The P5 library screen revealed nearly complete promiscuity for caspase-2 in the amino
acids it tolerates in this position, with some preference by caspase-2 for
hydrophobic/small and nucleophilic/amide amino acids. All of the X-Gal-negative clones
however either bore stop codons in the cassette domain or had mutations in one or more
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of the fusion protein’s domains, thus implying that no amino acid prevented caspase-2
mediated cleavage. The P4 library screen showed that caspase-2 has a high preference for
aspartate in this cleavage site position and the P1 screen confirmed that caspase-2
exclusively requires aspartate in this position. Additionally, all Xgal-positive clones
which were sequenced revealed that caspase-2 only cleaved at the amino-terminus of
glycine residues (P1’).

3.1.2 Threonine in P3 and P2 enhances caspase-2 cleavage efficiency
The combined P3 and P2 library screen exhibited an array of amino acids tolerated in
these positions, however upon quantitative analysis, using the ONPG substrate, there was
striking evidence that the presence of threonine in both P3 and P2 significantly enhanced
the efficiency of caspase-2 cleavage (see Figure 3.2).

Figure 3.2. Analysis of the amino acid groups present in P3 and P2 from Xgal-positive yeast clones.
(A) Pie graphs representing the amino acids in all cleavable/blue yeast analysed from the P3 and P2 reporter library
screens. Amino acid group colour representations: red= acidic, grey= hydrophobic/small, green= nucleophilic/amide,
blue= basic. (B) A heat map was generated based on quantitative data obtained using ONPG as a substrate for βgalactosidase (not shown), which illustrates a combined effect of P3 and P2 amino acids on the degree of caspase-2
cleavage.
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3.1.3 XDTTD’G is an optimal caspase-2 cleavable sequence
The combined findings of the caspase-2 reporter library screens revealed that XDTTD’G
(where X represents any amino acid) is a cleavage-site most efficiently cleaved by
caspase-2 in the context of this yeast system. The approach taken to identify this
consensus was a realistic illustration of how caspase-2 would usually encounter a
cleavage-site in a protein surrounded by a cellular environment, and contrary to other
approaches which utilised synthetic peptides. However, one of the limitations of the yeast
system is that it does not allow for the investigation and determination of any enzyme
kinetic data, and therefore, in this PhD thesis, it was necessary to take these findings and
employ them in vitro to determine the reaction rate (kcat/KM) of caspase-2 for XDTTD’G.

3.2

Modelling the DTTD’G cleavage-site in the natural caspase-2
substrate, Bid.

3.2.1 The pro-apoptotic Bcl-2 relative, Bid
Bid is a pro-apoptotic member of the Bcl-2 family of proteins with only a Bcl-2
Homology (BH) 3 (BH3) domain (Wang et al, 1996). Its main function is to
heterodimerize with both anti-apoptotic (such as Bcl-2 and Bcl-xL) and pro-apoptotic
(Bax and Bak) Bcl-2 family members via its BH3 domain (Wang et al, 1996). Eventually,
this leads to Mitochondrial Outer Membrane Permeabilisation (MOMP) and the release of
apoptotic proteins, such as cytochrome c (Li et al, 1998; Luo et al, 1998; Wang et al,
1996).

Guo and colleagues initially published the finding that caspase-2 is capable of cleaving
Bid, resulting in the cleaved product, truncated Bid (tBid) which induced the release of
cytochrome-c from the mitochondria (Guo et al, 2002). Some years later, a link was made
between heat-shock induced activation of caspase-2, Bid cleavage and apoptosis (Bonzon
et al, 2006). This developed the notion that the involvement of caspase-2 in cell death was
dependent on Bid cleavage, which placed caspase-2 in the apoptotic class of caspases.
These findings also established that Bid is a natural caspase-2 substrate, and other than
Golgin-160 (Mancini et al, 2000), was probably one of the most physiologically relevant
and extensively studied caspase-2 substrates identified.
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It is important to reiterate though, that despite initial reports (Guo et al, 2002) and in the
light of other known caspase cleavage events, that of Bid by caspase-2 is not very
efficient (Ho et al, 2005; Li et al, 1998). Nevertheless, because Bid cleavage is a gain-offunction event, it was possible that inefficient cleavage of Bid by caspase-2 could still
have released sufficient numbers of tBid molecules to trigger MOMP and apoptosis.

For this study; the structure of Bid and the location of the ELQTD’G caspase-2/-8
cleavage site in the “Flexible loop” region made it an ideal protein to model caspase
cleavage in vitro (see Figure 3.3).

Figure 3.3. Solution structure of Bid.
The predominantly alpha helical structure of Bid is shown with each alpha helix labelled “H” 1-8. The Bcl2-Homology
domain 3 (BH3) domain (labelled in purple) is located within helix three. The flexible loop (labelled in green)
containing the ELQTD’G caspase-2/-8 cleavage site sits between the second and third alpha helices. Figure adapted
from (Chou et al, 1999).

This part of the study discusses the modelling of the DTTD’G (the P5 residue was not
considered since caspase-2 was not selective for it) cleavage-site identified to be most
efficiently cleaved by caspase-2 earlier, in the context of the Bid protein, and comparing
the cleavage efficiencies of caspase-2 for wild-type Bid (BidLQTD) and optimal Bid
(BidDTTD).
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3.2.2 Expression and purification of N-terminally GST-tagged BidLQTD and
BidDTTD
Previously, our laboratory published the expression and purification of N-terminally
GST-tagged BidLQTD and the corresponding D-G P1 mutant (BidLQTA) proteins (Ho et al,
2005). The conditions established in that study were used to express and purify GSTBidLQTD and GST-BidDTTD proteins, as well as their corresponding P1 mutant (GSTBidLQTA and GST-BidDTTA) forms.

The four N-terminally GST-tagged Bid proteins of the expected 47 kDa size were trapped
and subsequently purified in relatively good yields from three elutions (see Figure 3.4).

Figure 3.4. Glutathione Sepharose purification of N-terminally tagged GST-Bid proteins.
BL21 bacterial transformants bearing plasmids encoding GST-BidLQTD as well as cleavage-site mutant transgenes were
separately induced at a large-scale, from which lysates were extracted for incubation and binding with Glutathione
Sepharose. The GST-Bid proteins were eluted from the resin, and samples from each stage of the purification process,
including the elutions, were prepared for SDS-PAGE analysis and Coomassie staining. L= lysate, UB = unbound
fraction, W1= first wash and W2= second wash.

Although the yield of these purifications was good, the purity was not, as is evident by the
contaminating proteins migrating between 37 kDa and 20 kDa. To address the lack of
purity, these samples were subjected to a second-step purification method using FastProtein Liquid Chromatography (FPLC), as detailed in section 2.2.7. This method was
chosen because the 47kDa GST-Bid proteins would theoretically be isolated in pure form
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based on molecular weight, since there was a large discrepancy in size between the
contaminating proteins and GST-Bid (see Figure 3.5).

Figure 3.5. FPLC purification of the Glutathione Sepharose purified N-terminally tagged GST-Bid proteins.
(A) Size-Exclusion Chromatography standards were subjected to FPLC using a Superdex 200 10 30 column, for which
the elution profile, including the name of the standard corresponding to the UV absorbance peak in mAU, is shown. (B)
The FPLC elution profiles of GST-BidLQTD and GST-BidLQTA and (C) the Coomassie-stained SDS-PAGE gel of the
elution samples corresponding to each peak of UV absorbance. (D) The FPLC elution profiles of GST-BidDTTD and
GST-BidDTTA and (E) the Coomassie-stained SDS-PAGE gel of the elution samples corresponding to each peak of UV
absorbance.

Size exclusion chromatography was successful in eliminating most of the contaminants
from the GST-Bid samples. Some contaminants still remained in the samples, proteins
that migrated at approximately 30kDa and 25kDa (Fig. 3.5 C and E). However, the

64

Chapter Three: Characterisation of the Minimal Substrate Specificity of Caspase-2
contaminants in these post-FPLC samples were much more dilute than in the initial
samples. The fact that these contaminants still remained in the samples even after FPLC
size-exclusion purification, suggests they are either degradation products of the GST-Bid
proteins or entirely unrelated proteins which co-migrated through the column. The
majority of all four GST-Bid proteins were eluted in the fraction corresponding to the
second peak of the chromatography profile. These elutions were prepared and aliquotted
for storage and in vitro caspase cleavage assays.

Caspases-2 and -8 were equilibrated, then serially diluted and incubated with the GSTBid proteins. The corresponding P1 mutants for each were only incubated with the
highest (active site-titrated) caspase concentration, to confirm that the caspases were only
cleaving at the site being investigated in GST-Bid (see Figure 3.6).

Figure 3.6. In vitro caspase cleavage assays with GST-BidLQTD and GST-BidDTTD.
(A) Serial dilutions of caspase-2 were incubated with 73.3 nM GST-BidDTTD and only 200 nM caspase-2 was incubated
with GST-BidDTTA. (B) Serial dilutions of caspase-2 were incubated with 73.3 nM GST- BidLQTD and only 200 nM
caspase-2 was incubated with GST-BidLQTA. (C) Serial dilutions of caspase-8 were incubated with 73.3 nM GSTBidDTTD and only 200 nM caspase-8 was incubated with GST-BidDTTA. (D) Serial dilutions of caspase-8 were incubated
with 73.3 nM GST- BidLQTD and only 200 nM caspase-8 was incubated with GST-BidLQTA. After 30 minute incubation,
all cleavage reactions were prepared for SDS-PAGE analysis and western blotting with an α-Bid antibody recognising
an epitope that spans the cleavage site (α-Bid (A)). Western images are autoradiographs.

The α-Bid (A) westerns of the caspase cleavage assays very clearly illustrated the
preference of caspase-2 for the DTTD’G cleavage site (Figure 3.6 A) in the GST-BidDTTD
protein substrate over the LQTD’G cleavage site (Figure 3.6 B), since all of the GSTBidDTTD substrate was depleted before caspase-2 concentrations reached 125 nM. In
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contrast, not even the highest concentration of caspase-2 at 200 nM was sufficient to
proteolyse all of the GST-BidLQTD molecules (Figure 3.6 B).

According to the α-Bid (A) western blots, caspase-8 cleaved GST-BidLQTD much more
efficiently (Figure 3.6 D) than GST-BidDTTD (Figure 3.6 C). All of the GST-BidLQTD
substrate was proteolysed before caspase-8 concentrations reached 100 nM; however, not
even the highest caspase-8 concentration of 200 nM was sufficient to deplete all of the
GST-BidDTTD molecules. Unfortunately the antibody used in these immunoblots
recognised an epitope spanning the cleavage site, and therefore was incapable of detecting
the cleavage product.

The results of these cleavage assays thus provide evidence that caspase-2 has a preference
for cleaving DTTD in the context of the GST-Bid protein substrate, but caspase-8 does
not. These preferences were subsequently confirmed using C-terminally hexa-his (His6)tagged Bid proteins, as discussed below.

3.2.3 Expression and purification of C-terminally his tagged Bid in Arctic
Express bacteria.
To quantitate the cleavage efficiency of the caspases for the cleavage-sites being
compared, a second system was employed. This was mainly due to complications which
arose with quantitation when GST-related breakdown products were interfering with
cleavage efficiency estimation (data not shown). All four Bid substrates were expressed
and purified as C-terminally hexa-his (His6)-tagged proteins from Arctic Express
competent cells (Agilent technologies) (see section 2.1.5).

Arctic Express competent cells (Agilent technologies) are derived from the BL21-Gold
competent cells (Stratagene) and have been engineered to co-express the Cpn10 and
Cpn60 cold-adapted chaperonins from the psychrophilic bacterium, Oleispira antarctica
(Agilent technologies). This allows a high level of transgene overexpression, without
compromising the integrity of the protein being overexpressed, thus reducing the
possibility of misfolding, aggregation and protein breakdown.

66

Chapter Three: Characterisation of the Minimal Substrate Specificity of Caspase-2
As detailed in section 2.1.6, all four Bid genes, each encoding different cleavage sites,
were cloned as C-terminally His6-tagged transgenes into a modified pET23a vector
bearing an improved polylinker (pET23a-noT7). The DNA construct encoding
BidDTTDHis6 was transformed into Arctic Express competent cells and tested for
expression of the transgene under different conditions (see Figure 3.7).

Figure 3.7. Expression test of BidDTTDHis6 in Arctic Express cells.
(A) Arctic Express cells were transformed with the vector encoding BidDTTDHis6, grown and induced with 1mM IPTG
for the expression of the transgene for four, 24 and 48 hours at 16°C. A crude cell extract of the pre-induction sample
was prepared for SDS-PAGE analysis, whilst the induced samples were solubilised, and the insoluble (pellet “P”) and
soluble (“S”) fractions were prepared for SDS-PAGE analysis and subsequent Coomassie staining and immunoblotting
with the α-Bid (B) antibody. (B) The same procedure was performed at 10°C and samples for expression analysis were
prepared in the same way. (C) The soluble (“S”) fraction of the 48 hour samples induced at 16°C and 10°C were both
additionally subjected to SDS-PAGE analysis and western transfer for immunoblotting with the α-his antibody.

The expression test of BidDTTDHis6 in Arctic cells determined that this was a cleaner
method for Bid overexpression in bacteria. Unlike some preparations of GST-Bid (data
not shown), this method yielded Bid-His6 protein with no degradation products. The level
of expression increased with time and temperature, and most of the protein expressed was
soluble (see Figure 3.7).

The best expression conditions yielding substantial amounts of BidDTTDHis6 with no
detectable degradation products were 48 hours at both 16°C and 10°C. In addition, the
soluble fraction samples corresponding to these two conditions were subjected to α-his
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immunoblotting, confirming that the C-terminal His6 tag remained intact after expression.
When overexpression was performed at 16°C, minor degradation products became
visible. The 10°C condition however, did not appear to have any degradation products.
For this reason, a one litre overexpression culture was prepared for each Bid-His6 protein
with 1mM IPTG at 10°C for 48 hours. The cultures were lysed and prepared for NiNTA
purification (see section 2.2.4 for details) (see Figure 3.8).

Figure 3.8. NiNTA purification of four Bid-His6 proteins from overexpression in Arctic Express cells.
(A) Lysates were prepared from Arctic Express cultures which had overexpressed BidDTTDHis6. Lysates were incubated
with NiNTA agarose and the Ni-bound proteins were eluted with Imidazole. Samples at each step of the NiNTA
purification were prepared for SDS-PAGE analysis and Coomassie staining. (B) The same was performed for BidDTTA
His6. (C) The same was performed for BidLQTDHis6. (D) The same was performed for BidLQTAHis6. Molecular weight
markers are indicated on the left of each SDS-PAGE gel in kDa and target Bid-His6 proteins are indicated by an arrow
on the right of the SDS-PAGE gels. Elution contaminants are indicated by *. L= lysate, FT= flow-through/unbound
fraction, W= wash and E (1-4) = elution fractions.

The purification of each Bid-His6 protein was successful in generating a good yield. Most
of the protein was eluted in the second elution fraction, and there were no degradation
products. However, one of the limitations of this method of purifying the Bid-His6
proteins from an E.coli lysate using NiNTA agarose was that an abundant 25 kDa
contaminant co-purified with the Bid-His6 proteins. There have been some reports that
E.coli contains some proteins with clustered groups of histidine, which co-purify in
metal-affinity chromatography (Robichon et al, 2011). Hence, it is logical to assume that
this 25kDa contaminant was most likely one of these E.coli histidine-rich proteins;
probably Sly-D (Robichon et al, 2011).
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Size-exclusion FPLC was not performed as a second step purification method because it
was hypothesised that since the contaminant and the Bid-His6 protein were very close in
size, size-exclusion FPLC would not be a good approach to separate them. Another
method to eliminate this contaminant such as Ion-Exchange chromatography could have
been used. This option was not pursued as it was reasoned that the existence of a constant
concentration of a contaminant protein, not detected by α-his or α-bid immunoblotting,
was unlikely to confound comparisons of the efficiency with which the Bid-His6 variants
were processed by caspases.

Each of the Bid-His6 proteins was quantitated (see section 2.2.9) and 10 ng (30 nM) and
100 ng (300 nM) of each was analysed by SDS-PAGE and immunoblotting with α-his
and α-bid antibodies. This was performed to determine the threshold of detection by each
of the antibodies (see Figure 3.9).

Figure 3.9. Antibody test experiments.
(A) 10 ng (30 nM) and 100 ng (300 nM) of each Bid-His6 variant was prepared for SDS-PAGE analysis and α-his and
α-bid (B) immunoblotting to determine the optimal amount of substrate to be used in subsequent cleavage assays and
optimal antibody to be used. (B) 30 nM BidDTTDHis6 was assayed with 0 nM, 50 nM and 100 nM caspase-2. The
reactions were prepared for SDS-PAGE analysis and subsequent α-his immunoblotting to determine if the Caspase-2
p12- His6 band would interfere with the detection of the tBid- His6 band.

It is evident from Figure 3.9 A that both amounts (10 ng and 100 ng) were efficiently
detected by both antibodies. A small-scale caspase-2 cleavage assay was performed using
30 nM (10 ng) of the BidDTTDHis6 substrate and then immunoblotted with the α-his
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antibody. This revealed that the p12- His6 sub-unit of caspase-2 slightly interfered with
the resolution of tBid-His6. For this reason, it was decided that immunoblotting of the
caspase cleavage assays with the Bid-His6 proteins would be performed with the α-bid
(B) antibody.

Figures 3.10 A and B clearly depicts the preference of caspase-2 for cleaving the DTTD
cleavage site in Bid, since lower concentrations of caspase-2 were required to deplete half
of the DTTD cleavage-site bearing substrate. Consistent with the initial caspase cleavage
experiments using the GST-Bid substrates, the preference seen here of caspase-2 for
BidDTTDHis6 was not mimicked by caspase-8 (see Figure 3.10B). Figure 3.10 A shows
that caspase-8 still preferred BidLQTDHis6 over BidDTTDHis6.
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Figure 3.10. Bid-His6 and caspase cleavage assays.
(A) 150 nM BidLQTAHis6 was incubated with 0 nM and 400 nM caspases-2, -3 and -8, whilst 150nM BidLQTDHis6 was
incubated with serial dilutions of caspases-2, -3 and -8. Reactions were prepared for SDS-PAGE analysis, western
transfer and α-Bid (B) immunoblotting. (B) ) 150 nM BidDTTAHis6 was incubated with 0 nM and 400 nM caspases-2, -3
and -8, whilst 150nM BidDTTDHis6 was incubated with serial dilutions of caspases-2, -3 and -8. Reactions were prepared
for SDS-PAGE analysis, western transfer and α-Bid (B) immunoblotting. All immunoblots were developed by
chemiluminescent detection. The caspase concentration required to proteolyse half of the substrate (E1/2) is indicated by
black vertical arrows. Molecular weight markers (MW) are labelled in kDa on the left side of each immunoblot, whilst
the bands representing Bid-His6 (22kDa) and tBid-His6 (15kDa) proteins are indicated by horizontal arrows on the right
side of each immunoblot.

Caspase-3 was also capable of proteolysing BidDTTDHis6 (Figure 3.10 B), although not as
efficiently as caspase-2. It has once before been shown that caspase-3 weakly cleaved Bid
(Walsh et al, 2008), and the same was observed in this study. Figure 3.10A shows that
high concentrations of caspase-3 could proteolyse BidLQTDHis6. Interestingly, caspase-8
cleaved BidDTTAHis6, albeit inefficiently (approximately 5% cleaved by 400 nM). A
barely visible band suggested that caspase-2 could also cleave this protein, but with even
weaker potency. Given this fragment’s similarity in size to the other Bid cleavage
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products, and the insensitivity of BidLQTAHis6 to cleavage, it seems likely that the
inefficient cleavage of the BidDTTAHis6 protein may have occurred after the upstream
aspartate (intended to be P4) within the sequence YDED’TTAG.

3.2.4 Estimation of caspase cleavage efficiency
The efficiency of substrate cleavage by a caspase is frequently described as the second
order rate constant, k, which takes into consideration the concentration of caspase
required to deplete half of the substrate (E1/2) during the incubation period, t (Stennicke &
Salvesen, 1999b). This kinetic parameter essentially describes the number of reactions per
molar of enzyme, per second, that take place between an enzyme and substrate. In the
context of these assays, it is assumed that the concentration of protein substrate used is
below the KM (substrate concentration required for an enzyme to reach half of it maximal
velocity, Vmax) and providing that the enzyme behaves according to Michaelis-Menten
kinetics, it can be said that k is equivalent to kcat/KM. Thus, the catalytic efficiency of a
substrate by a caspase can be determined according to the formula: kcat/KM = k = ln2/E1/2.t
(Pop et al, 2008a; Stennicke & Salvesen, 1999b). It is important to note that using
substrate concentrations above the KM underestimates the cleavage efficiency (Pop et al,
2008a) and so it is crucial to use the lowest detectable amount of substrate.

The efficiency of each cleavage event was estimated by quantitating the amount of
cleaved product (tBid-His6) relative to the amount uncleaved Bid-His6 at each caspase
dilution. As detailed in section 2.4.4, these values were then used to quantitate the E1/2
(caspase concentration required to deplete half of the substrate) for calculation of the
kcat/KM of each caspase for each substrate (see Table 3.1).
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Table 3.1. The kcat/KM of each caspase for each Bid-His6 substrate.
The molar concentration of each caspase required to deplete half of each Bid-His6 substrate, E1/2, was estimated using
chemiluminescent quantitation (see Figure 3.10) and non-linear regression. Those E1/2 values were then exploited in the
formula kcat/KM = k = ln2/E1/2 .t to estimate the kcat/KM ratio of each caspase for each Bid-His6 substrate.

BidDTTDHis6

BidLQTDHis6

Caspase-2

7.2 x 103 M-1s-1

3.2 x 103 M-1s-1

Caspase-3

1.6 x 103 M-1s-1

1.6 x 102 M-1s-1

Caspase-8

3.3 x 103 M-1s-1

2.2 x 104 M-1s-1

Table 3.2. Published kcat/KM values of already identified substrates.
Some kcat/KM values which have already been identified for some well-know protease-substrate cleavage events. + was
calculated based on the E1/2 provided and * was calculated by estimating an E1/2 based on the graph provided showing
dose-dependent cleavage of Bid by Granzyme B.

Protease

Substrate

kcat/KM

Reference

Caspase-8

pro-Caspase-3

8.7 x 105 M-1s-1

(Stennicke et al, 1998)

Caspase-10

pro-Caspase-3

2.8 x 105 M-1s-1

(Stennicke et al, 1998)

Caspase-8

Bid

6.2 x 103 M-1s-1 +

(Scott et al, 2008)

Granzyme B

Bid

1.2 x 105 M-1s-1 *

(Plasman et al, 2011)

Caspase-1

Gasdermin-D

1.3 x 105 M-1s-1

(Agard et al, 2010)

Caspase-3

PARP

8 x 104 M-1s-1

(Boucher et al, 2012)

Caspase-7

PARP

6.2 x 105 M-1s-1

(Boucher et al, 2012)

By comparing some of the values listed in table 3.1 to those listed in table 3.2, it is
evident that none of the kcat/KM values obtained for caspase-2 in this study are similar to
any of the values describing the efficiency of some physiologically relevant cleavages,
such as caspase-8 of pro-Caspase-3 or caspase-7 of PARP. However, it is clear that the
mutation of the natural Bid cleavage site from LQTD to DTTD, enhanced caspase-2
mediated cleavage by an approximate factor of two. It is also important to note that the
cleavage efficiency of caspase-2 for BidDTTDHis6 was higher than the two other caspases
tested for this substrate (see Table 3.1). Another interesting observation is that the kcat/KM
of caspase-8 for BidLQTDHis6 is significantly greater (Table 3.1) than that of caspase-8 for
GST-Bid (Table 3.2). This may be due to the presence of GST potentially creating an
obstruction for caspase-8 accessibility to the cleavage site, thus decreasing the cleavage
efficiency.
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3.3

Modelling the VDTTD cleavage site in a fluorogenic peptide

3.3.1 Fluorogenic peptide specificity of caspase-2
As discussed earlier in this chapter, small synthetic fluorogenic peptides have previously
been employed to determine the specificity of caspases (Talanian et al, 1997; Thornberry
et al, 1997). The first study to determine the specificity of caspase-2 using this approach
was performed by Nancy Thornberry and colleagues in 1997, who found that caspase-2
most efficiently cleaved the peptide Ac-DEHD-AFC (Thornberry et al, 1997). Later that
year, a study by Talanian and colleagues found that caspase-2 required a P5 residue in
order to more efficiently cleave a peptide and determined that a peptide bearing a
VDVAD/ sequence of amino acids was in fact a better substrate than DEHD/ (Talanian et
al, 1997). Since then, fluorogenic peptides bearing a VDVAD/ sequence have been used
as the “caspase-2-specific” fluorogenic peptide to identify caspase-2 activity (Kim et al,
2012; Lin et al, 2004; Oh et al, 2011; Seth et al, 2005; Vigneswara et al, 2012; Wagner et
al, 2004). However, it is often neglected that other caspases also cleave these VDVAD/
cleavage-site-bearing peptides (Delgado et al, 2013). In fact, caspase-3 cleaves it more
efficiently than caspase-2 does (McStay et al, 2008), and therefore VDVADase activity is
not indicative of “caspase-2-specific” activity.

3.3.2 Ac-VDTTD-AFC: a novel caspase-2 fluorogenic peptide
With the identification that the DTTD’G cleavage site was efficiently proteolysed by
caspase-2 in the context of a protein, it was hypothesised that a DTTD cleavage site may
be cleaved in the context of a fluorogenic peptide by caspase-2 more efficiently than
VDVAD/. The custom fluorogenic peptide Ac-VDTTD-AFC was engineered (21st
Century Biochemicals), linking the VDTTD/ peptide sequence to the fluorophore 7Amino-4-(trifluoromethyl) coumarin (AFC), and compared with the conventional AcVDVAD-AFC caspase-2 fluorogenic peptide. The incorporation of a P5 Valine was done
for consistency with VDVAD/. Active-site titrated caspase-2 was assayed at 30 nM
against dilutions of the custom and VDVAD/ peptides. Active-site titrated caspase-3 at
150 nM was also assayed against dilutions of these peptides, alongside its preferred
peptide substrate, Ac-DEVD-AFC, for comparison (see Figure 3.11).
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Figure 3.11. Fluorogenic peptide specificity of caspase-2.
An active-site concentration of 30 nM caspase-2 was assayed against a serial dilution of both Ac-VDVAD-AFC and
Ac-VDTTD-AFC. Experiments were performed at 37°C and fluorescence was monitored (RFU: Relative Fluorescence
Units). Error bars represent standard error of the mean from at least three independent replicates.

Using this data, the program PRISM graphpad was exploited to calculate kcat, KM and
kcat/KM values for cleavage of these substrates by both caspases. The following data
illustrates these kinetic parameters, which reiterate that VDTTD/ is a better substrate for
caspase-2 than VDVAD/ is.

Figure 3.11 clearly illustrates that VDTTD/ is a better substrate than VDVAD/ in the
context of a fluorogenic peptide for caspase-2, and is cleaved more efficiently by caspase2 than caspase-3, thus identifying a novel and more selective caspase-2 peptide (see
Figures 3.11 and 3.12). These kinetic parameters are summarised in Table 3.3. For
comparison, Table 3.4 details some already published kinetic parameters of some
caspases for some peptide substrates.

75

Chapter Three: Characterisation of the Minimal Substrate Specificity of Caspase-2
Table 3.3. Cleavage efficiency of caspases-2 and -3 for peptides.
Non-linear regression in the PRISM graphpad program was used to determine the kcat, KM, and hence the kcat/KM of each
caspase for each peptide. This is summarised in the table below. * Data for caspase-3 was obtained by C Hawkins.

Peptide

Kinetic Parameter

Caspase-2

Caspase-3*

Ac-VDVAD-AFC

kcat (s-1)

3.3 ± 0.5

2.2 ± 0.4

KM (μM)

85 ± 18

526 ± 189

kcat/KM (M-1s-1)

43,737 ± 10,847

4,945 ± 1,190

kcat (s-1)

2.6 ± 0.3

2.9 ± 0.1

KM (μM)

19 ± 7

366 ± 79

kcat/KM (M-1s-1)

177,589 ± 63,577

8,652 ± 2,053

kcat (s-1)

not done

2.7 ± 0.1

KM (μM)

not done

62 ± 15

kcat/KM (M-1s-1)

not done

53,760 ± 18,456

Ac-VDTTD-AFC

Ac-DEVD-AFC

Table 3.4. Published kinetic parameters of some caspases for peptide substrates.

Caspase

Substrate

kcat

KM

kcat/ KM

(s-1)

(μM)

(M-1 s-1)

Reference

1

Ac-WEHD-AMC

13

4

3,300,000

(Garcia-Calvo et al, 1999)

2

Ac-VDVAD-pNA

4.5

53

84,000

(Talanian et al, 1997)

3

Ac-DEVD-AMC

9.1

5

1,800,000

(Garcia-Calvo et al, 1999)

3

Ac-VDVAD-pNA

5.1

67

76,000

(Talanian et al, 1997)

3

Ac-DEVD-pNA

2.4

11

218,000

(Talanian et al, 1997)

3

Ac-DEVD-pNA

NA

NA

48,600

(Stennicke & Salvesen,
1998)

Table 3.3 clearly illustrates the preference of caspase-2 for Ac-VDTTD-AFC over AcVDVAD-AFC, reiterating earlier findings in this chapter that DTTD/ is an optimal
cleavage-site for caspase-2 identified to date. Overall, the kinetic parameters identified for
caspase-3 in this study are unexpectedly low; especially in comparison to those which
have previously been identified and published (see Table 3.4). Differences in cleavage
efficiencies could be due to the use of different buffers. Although the reaction rate of
caspase-3 for Ac-VDTTD-AFC was greater than it was for Ac-VDVAD-AFC, the kcat/KM
ratio of caspase-2/caspase-3 activity for Ac-VDTTD-AFC (20.5) is much greater than that
for Ac-VDVAD-AFC (8.8), meaning that Ac-VDTTD-AFC is still a more selective
substrate for caspase-2 activity than Ac-VDVAD-AFC. Researchers could therefore
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employ this substrate when looking at caspase-2-specific activity as a more reliable
approach.
The fluorogenic peptide specificity data for caspase-2 illustrates that VDTTD/ is a better
cleavage site than VDVAD/. This reiterates the findings from the yeast library screen (see
section 3.2) and the experiments analysing cleavage of mutant Bid substrates in vitro (see
section 3.3).

The overall findings of this portion of the study suggest that VDTTD/ may be a better
peptide to use for not only detecting caspase-2 activity, but for detecting caspase-2
activity more specifically than is possible with VDVAD/. A combination of a VDTTDbased peptide and a DEVD-based peptide, to account for caspase-3 activity, may address
some limitations to caspase-2 research which currently exist.

3.4

Chapter Three Conclusions

The investigation of the specificity of caspase-2 has led to some novel findings that may
aid some areas of caspase-2 research. Firstly, the yeast specificity screen identified a
minimal cleavage site for caspase-2 which had not previously been defined. As well, the
investigation of the specificity within a cellular context provides some reliability since
this approach seems to mimic the natural environment of caspase-2.

The novel caspase-2 cleavage site was validated by the in vitro Bid cleavage-site mutant
experiments. The optimal caspase-2 cleavage-site (DTTD/) was also validated in the
context of fluorogenic peptide. This indicates the potential of these findings to aid the
caspase-2 research community by identifying a peptide that offers better activity and
slightly more specificity for caspase-2 than the conventional VDVAD-based “caspase-2specific” peptide.

The novel caspase-2 specificity data is also relevant in providing some tools to search for
novel caspase-2 substrates. This could be used to screen for novel caspase-2 cleavagesite-bearing substrates using a bioinformatics approach.
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The fluorogenic peptide specificity data for caspase-2 illustrates that VDTTD/ is a better
cleavage site than VDVAD/. This reiterates the findings from the yeast library screen (see
section 3.2) and the experiments analysing cleavage of mutant Bid substrates in vitro (see
section 3.3).The overall findings of this portion of the study suggest that a combination of
a VDTTD-based peptide and a DEVD-based peptide, to account for caspase-3 activity,
may address some limitations to caspase-2 research which currently exist.
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CHAPTER FOUR
Investigating a DVPD Cleavage Motif and Runx1 Purification.
4.1

Caspase substrates

Caspases cleave a range of proteins in the cell upon a specific trigger and their activation.
In contrast to some other more broad-spectrum proteases however, caspases have a
slightly higher specificity (Fuchs et al, 2013). As discussed in Chapter Three, caspases
have a preference for the amino acids that extend beyond the P1 aspartate. This stringency
suggests that the repertoire of caspase substrates may be a lot smaller than that of other
proteases.

A cleavage event by a protease is not only a result of a stimulus, but it is also what
determines the outcome of that stimulus. For example, an apoptotic stimulus such as
DNA damage leads to caspase activation which results in cleavage of specific proteins in
the cell which are important for the cell’s integrity. Thus, cleavage of those proteins
dismantles the cell, which is a characteristic of apoptosis. For this reason, proteases,
including caspases can be characterised by which substrates they target for proteolysis
upon activation.

Although numerous substrates have been identified for caspases which have a well
characterised role in the cell, few have been identified for enigmatic caspases such as
caspase-2. Even fewer substrates have been identified as being caspase-2-specific (see
Table 1.1, Chapter 1). This prompts the question: would the identification of a novel
caspase-2 substrate clarify the precise role of caspase-2?

This chapter discusses the hypothesis that a novel caspase-2 substrate may provide insight
into the role of caspase-2. Using the specificity data discussed in Chapter Three, a
bioinformatics approach was taken to identify candidate caspase-2 substrates.
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4.2

The PoPS Screen

Prediction of Protease Specificity (PoPS) is a computational program which considers all
proteins in databases for a cleavage site which may be recognised and cleaved by a
protease of interest (Boyd et al, 2004b). The program allows for the application of certain
stringencies in the screen such as specificity and structure of candidate substrates. In this
study, Dr. Fiona Scott and Dr. Sarah Boyd used PoPS to screen for candidate caspase-2
substrates using the specificity data previously generated, which was discussed in Chapter
Three.

The computational model of PoPS has three components, taking into consideration: the
number of sub-sites in a protease, the contribution of each of the 20 amino acids at each
sub-site to the overall specificity of the protease, and the contribution of each sub-site
itself to the specificity of the protease for substrate cleavage. The main component is the
score generated for a cleavage site, which derives from the summation of the individual
score of each amino acid in each position of a cleavage sequence. The program uses
floating point numbers, ranging from -5 (most negative influence on cleavage) to +5
(most positive influence on cleavage) because they allow very high precision and are still
comprehensible to the user. For a protease with J sub-sites, PoPS then generates a 20x J
position specific scoring matrix (PSSM) and uses this to not only identify cleavage sites
in substrates, but score them for susceptibility to cleavage, as well. If the binding of an
amino acid in a certain sub-site of the protease active site inhibits cleavage, then that
amino acid will be given a score of ‘#’. If the specificity data is not thorough and the
effect on cleavage of a certain amino acid in a certain sub-site is unknown, then that
amino acid will be given a score of 0.0. This can generate false data, as the true effect of
that amino acid binding to a certain sub-site may be over-represented (resulting in falsepositive data) or under-represented (false-negative data). It is for this reason, that a
reliable specificity model should be applied to the PoPS program when screening for
novel substrates (Boyd et al, 2004b).

The program used the weighted specificity data, screening for numerous cleavage sites
predicted to be efficiently cleaved by caspase-2, not just the optimal cleavage site which
was determined to be XDTTD’G. PoPS identified numerous candidate caspase-2
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substrates, which were manually filtered to exclude some proteins which were larger than
200kDa, secreted or did not co-localise with caspase-2. The four highest scoring
candidates with the greatest potential to co-localise with caspase-2 and likely to be
cleaved by it based on size and structure are listed in Table 4.2. Interestingly, all of these
candidate substrates have a valine in the P3 site of the proposed caspase-2 cleavage-site.
Valine in P3 contributed to 24% of the weighted data from the yeast reporter experiments,
whilst threonine contributed to 36% (see Chapter Three, Figure 3.2).
Table 4.1. Top four caspase-2 substrate candidates identified by PoPS.
The bioinformatics program PoPS identified numerous proteins which complied with the caspase-2 specificity data.
Four of those were selected as being most likely candidates to be cleaved by caspase-2, based on size, structure and
cellular localisation. Runt-related transcription factor 1 (Runx1) is highlighted in red as this was the candidate which
was primarily investigated and documented in this study.

Candidate
Substrate

Species

NCBI
accession

PoPS
score

Predicted
caspase-2
cleavagesite

Ankyrin repeat
domain 30A
Echinoderm
microtubule
associated
protein like 3
Runt-related
transcription
factor 1
Runt-related
transcription
factor 3

Homo
sapiens

NP_443723

16.23

DVLD47G

1341

NP_694997

16.17

DVID650G

889

NP_001001890

16.15

DVPD99G

453

NP_004341

16.15

DVPD103G

415

4.3

Homo
sapiens

Length
(amino
acids)

Homo
sapiens
Homo
sapiens

Runt-related Transcription Factor 1 (Runx1)

Runt-related transcription factor 1 (Runx1) is a member of the Runt-related proteins, all
of which are transcription factors and most of which have a crucial role in haemopoiesis
or oncogenesis (recently reviewed by (Ichikawa et al, 2013)). Runx1 has a very well
documented role in this process and the importance of this gene was reinforced when
Runx1 knockout mice were observed to die at embryonic day 13, most likely due to a lack
of definitive haemopoiesis (Okuda et al, 1996). Furthermore, Runx1 mutations and
additional genetic alterations encompassing the runx1 gene have been implicated in
numerous cases of Acute Myeloid Leukaemia (AML) (Krauth et al, 2014). It has been
documented that mutations, deletions and chromosomal translocations in the runx1 gene
can give rise to these forms of cancer (Ichikawa et al, 2013).
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The decision to investigate the potential of Runx1 as a novel caspase-2 substrate was
initially based on its high PoPS score and its implication in cancer. Since caspase-2 had
been suggested to be a tumour suppressor (Ho et al, 2009), the involvement of both of
these proteins in the same disease and potentially the same molecular pathways, led to a
plausible hypothesis that Runx1 may in fact be a caspase-2 substrate. In addition, the
PoPS program predicted that cleavage would occur in the Runt/DNA binding domain and
upon investigating the structure of this domain, it was noted that the predicted caspase-2
cleavage site at DVPD99G (which would potentially yield a 37kDa cleavage product) was
located in an exposed region of the domain that did not conform to a recognisable
secondary structure (see Figure 4.1). Interestingly, caspase-2 cleaves MDM2 at
DVPD367C (Oliver et al, 2011).

A DVPD’G motif in the cassette domain of caspase-2 reporter yeast was never identified
in any of the library screens (see section 3.1) and so the degree of cleavage by caspase-2
in this sequence was not known. To investigate whether caspase-2 would cleave this
sequence, a custom reporter construct was engineered bearing the DVPD’G cleavage-site.
This construct and a caspase-2 expression plasmid were transformed into yeast bearing
the lacZ reporter plasmid. Expression of both transgenes was induced and X-Gal and
ONPG experiments were performed. Controls for this experiment included reporter
constructs bearing the wild-type Bid cleavage-site, LQTD’G, the positive control,
DETD’G, the optimal caspase-2 cleavage-site, DTTD’G, the caspase-2 “specific” peptide
sequence, VDVAD’G, and the predicted Runx1 cleavage site, DVPD’G. Corresponding
reporter constructs in which the P1 aspartate residues were replaced with glycines were
also created and tested. Both X-Gal and ONPG data showed that DVPD’G was cleaved
more efficiently by caspase-2 than the other sequences (see Figure 4.1).
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Figure 4.1. Runx1 structure and custom yeast reporter cleavage assays.
(A) A schematic of the Runx1 protein shows its three functional domains in grey: the Runt Homology Domain
(RHD)/DNA binding domain, and the regulatory Transactivation domain (TD) and Inhibition Domain (ID).
Furthermore, the Nuclear Matrix Targetting Signal (NMTS) and the N-terminal highly conserved sequence VWRPY are
highlighted by brackets (Mikhail et al, 2006). The potential caspase-2 cleavage site (DVPD99G) predicted by PoPS to
occur in the RHD is highlighted in red. (B) The location of the predicted caspase-2 cleavage site (DVPD99G) is
indicated by a black arrow in a ribbon structure of the Runx1 RHD. Ribbon structure was generated using Jalview based
on a crystal structure by (Backstrom et al, 2002). Colour scheme: Red (Hydrophobic) to Blue (Hydrophillic). (C)
Custom yeast reporter assays showing the degree of caspase-2 cleavage in the presence of reporter constructs bearing
some caspase-2 cleavage-sites, including the Runx1 predicted cleavage-site.

4.4

Investigating the DVPD cleavage-site

4.4.1 Caspase-2 cleavage of BidDVPDHis6
Data from the custom yeast reporter experiments (see Figure 4.1) suggested that the
predicted caspase-2 cleavage-site in Runx1, DVPD may in fact be an even better
cleavage-site than DTTD previously identified (see Chapter Three). To determine
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whether or not this was the case, some experiments were performed to estimate the
cleavage efficiency.

Similar to the Bid cleavage-site mutants discussed in Chapter Three, BidDVPDHis6 and
BidDVPAHis6 proteins were expressed and purified according to section 2.1.5. These
substrates were then incubated with varying concentrations of caspases-2, -3 and -8 to
observe and estimate the degree of cleavage (see Figure 4.2).

Figure 4.2. Caspase cleavage assays with BidDVPDHis6.
(A) 40 nM caspase-2 was incubated with BidDVPAHis6 and serial dilutions starting from 40 nM were incubated with
BidDVPDHis6. Reactions were prepared for SDS-PAGE analysis, western transfer and α-Bid (B) immunoblotting. (B)
400 nM caspase-2 was incubated with BidDVPAHis6 and serial dilutions starting from 400 nM were incubated with
BidDVPDHis6. Reactions were prepared for SDS-PAGE analysis, western transfer and α-Bid (B) immunoblotting. The
same experiment was performed with caspases-3 and -8. Molecular weight markers are indicated on the left of each
immunoblot in kDa, whereas a description of each band is indicated by horizontal arrows on the right of each
immunoblot. Vertical arrows indicate the E1/2 of each caspase. These experiments were performed by my supervisor,
Dr. Christine Hawkins.

The α-Bid (B) immunoblots clearly illustrate that the DVPD cleavage-site is efficiently
cleaved by caspase-2 in the context of Bid-His6 (see Figure 4.2A). As indicated by the
vertical arrows, an approximate concentration of only 14 nM caspase-2 is required to
cleave half of the substrate. Caspase-3 cleaved BidDVPDHis6 well too, and caspase-8
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seemed to cleave it almost as well as caspase-2 (see Figure 4.2B). The concentration of
each caspase required to cleave half of the substrate was used to estimate the kcat/KM (see
Table 4.3).

Table 4.3. Cleavage efficiencies of caspases-2, -3 and -8 for BidDVPDHis6.
The concentration required to cleave half of the Bid DVPDHis6 substrate (E1/2), was determined using chemiluminescent
detection. This value was then used to estimate the kcat/KM of each caspase for BidDVPDHis6.

BidDVPDHis6

Caspase-2

Caspase-3

Caspase-8

E1/2 (nM)

14

132

22

kcat/KM (M-1s-1)

2.8 x 104

2.9 x 103

1.8 x 104

The kcat/KM values reinforce the α-Bid (B) immunoblot results; that caspases-2 and -8
cleave BidDVPDHis6 efficiently. In comparison to BidDTTDHis6 (see Chapter Three, Figure
3.10), caspase-2 cleaves BidDVPDHis6 approximately four times more efficiently. This
suggests that in the context of the Bid-His6 substrate, DVPD is a better cleavage-site than
DTTD. The efficiency of caspase-8 for this cleavage-site also suggests that it may not be
as specific as DTTD is for caspase-2.

4.4.2 Caspase-2 cleavage of Ac-VDVPD-AFC
In addition to investigating the cleavage efficiency of caspase-2 for DVPD/ in the context
of Bid-His6, this cleavage-site was also tested in the context of a fluorogenic peptide (as
discussed in Chapter Three). A custom peptide was engineered (21st Century
Biochemicals) containing the amino acid sequence VDVPD/ (a P5 valine residue was
incorporated for consistency with VDVAD/ and VDTTD/) flanked by a C-terminal acetyl
group and N-terminal AFC group.

Serial dilutions of this Ac-VDVPD-AFC peptide were assayed against 30 nM caspase-2
and compared with Ac-VDVAD-AFC and Ac-VDTTD-AFC (see Figure 4.3).
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Figure 4.3. Caspase-2 cleavage of Ac-VDVAD-AFC, Ac-VDTTD-AFC and Ac-VDVPD-AFC.
30 nM caspase-2 was assayed against a serial dilution of all three peptides. Activity against each was measured in
Relative Fluorescence Units (RFU) which was converted to amount of free AFC based on an AFC standard curve (data
not shown).
Table 4.4. Cleavage efficiency of caspase-2 for Ac-VDVAD-AFC, Ac-VDTTD-AFC and Ac-VDVPD-AFC.
The program Prism Graphpad was used to estimate the kcat/KM of caspases-2 and -3 for Ac-VDVPD-AFC.
*Experiments were performed by my supervisor, Dr. Christine Hawkins.

Ac-VDVPD-AFC

Caspase-2

Caspase-3*

kcat (s-1)

3.0 ± 0.6

1.6 ± 0.2

KM (μM)

46 ± 13

115 ± 6

kcat/KM (M-1s-1)

81,317 ± 31,008

14,065 ± 2,348

Figure 4.3 shows that at lower peptide concentrations, Ac-VDVPD-AFC is cleaved by
caspase-2 better than Ac-VDVAD-AFC, but not as efficiently as Ac-VDTTD-AFC. At
higher peptide concentrations, both Ac-VDVAD-AFC and Ac-VDVPD-AFC are cleaved
better than Ac-VDTTD-AFC.

The kinetic estimates of caspases-2 and -3 for Ac-VDVPD-AFC suggest that caspase-2
has a higher affinity for this peptide than caspase-3. Caspase-2 has an approximate
reaction rate (kcat) which is twice that of caspase-3, and the concentration required to
reach Vmax (KM) is less than half of that for caspase-3. Overall, the cleavage efficiency
(kcat/KM) of caspase-2 is approximately six times greater than the kcat/KM of caspase-3.
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However, caspase-2 not only cleaved Ac-VDTTD-AFC twice as well as it cleaved AcVDVPD-AFC, but it cleaved Ac-VDTTD-AFC approximately 21 times more efficiently
than caspase-3 cleaved this substrate (see Chapter Three, Table 3.3). Since caspase-3mediated VDTTDase was only 5% of caspase-2-mediated VDTTDase, this suggests that
Ac-VDTTD-AFC is a better and more specific peptide to use than Ac-VDVAD-AFC and
Ac-VDVPD-AFC (see Figure 4.4A). .

Figure 4.4. Cleavage of Ac-VDVAD-AFC, Ac-VDTTD-AFC and Ac-VDVPD-AFC by caspases-2 and -3 in vitro
and in 293T cells.
(A) a graph illustrating the comparative kcat/KM of caspases-2 and -3 for each of the peptides tested in this study. The
proportion of caspase-3 activity to caspase-2 activity for each peptide is indicated by a percentage. (B) 293T cells were
transfected with vector or caspase-2 or caspase-3 and the activity of the lysates was measured against each peptide.
Activity was measured by Relative Fluorescence Units (RFU).

The fluorogenic peptides tested using recombinant caspases, were also tested using
lysates from cells which had been transfected with an empty vector or plasmids encoding
autoactivating forms of caspase-2 or caspase-3. The abilities of those lysates to cleave
each peptide suggested that Ac-VDTTD-AFC is a better and more specific peptide to use
for caspase-2 in this context also.

4.5

Bacterial expression of Runx1

With preliminary data from yeast reporter, BidDVPDHis6 cleavage and fluorogenic peptide
experiments suggesting that DVPD was cleaved efficiently by caspase-2 , the next aim of
this study was to express and purify recombinant Runx1 in high quantities and pure yield,
to perform in vitro experiments to test whether caspase-2 cleaves it. A C-terminal FLAGtagged construct of Runx1 (Runx1WTFLAG) was engineered and cloned into a pET23a-
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noT7 vector (see section 2.1.6 for cloning details). This construct was transformed in
BL21 bacteria and one clone was subjected to different expression conditions.
Expression of Runx1WTFLAG was tested under thirty different induction conditions,
alongside an empty vector control (‘C’) to exclude the possibility of non-transgenic
proteins interfering with the detection of the Runx1WTFLAG protein. This experiment was
performed by subjecting one clone of BL21 bacteria carrying the Runx1WTFLAG
transgene to five concentrations of IPTG, for three time-points and at two temperatures.
Induced cultures were harvested and prepared for separation of soluble fractions from
insoluble (pellet) fractions. Soluble and pellet fractions were analysed by SDS-PAGE;
Coomassie-staining and anti-FLAG immunoblotting (see Figure 4.5).

Figure 4.5. Bacterial expression of Runx1.
One clone of BL21 bacteria transformed with a pET23a-noT7 plasmid encoding C-terminal FLAG-tagged version of
Runx1 was subjected to numerous expression conditions. (A) Coomassie-stained SDS-PAGE gels and corresponding
westerns from a 30°C induction. (B) Coomassie-stained SDS-PAGE gels and corresponding westerns from a 20°C
induction. The black box in the 24hr gel from panel B highlights the best expression condition. The bands indicative of
Runx1 are highlighted by black horizontal arrows on the right of each immunoblot.

4.6

Purification of Runx1 from BL21 bacteria

Expression of Runx1WTFLAG in BL21 bacteria was tested using numerous conditions
and the optimal condition based on those experiments was to express Runx1WTFLAG
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using 0.05 mM IPTG for a period of twenty four hours at 20°C and extracting
Runx1WTFLAG from the soluble fraction of this induced culture (see Figure 4.5B). This
expression was performed on a large scale and the soluble fraction was prepared for antiFLAG antibody affinity purification. Upon numerous attempts, the results of the
purification continuously yielded very low amounts of purified recombinant
Runx1WTFLAG (data not shown). It was hypothesised that perhaps the FLAG-tag became
buried inside the conformational folding of recombinant Runx1WTFLAG in bacteria and
shielding it from binding to the anti-FLAG resin, but experimentally testing this
possibility was not a priority in this study.

The yield from the anti-FLAG purification system was not sufficient for the subsequent in
vitro experiments, and so another purification system was employed, which was
hypothesised to enhance yield. This was Nickel affinity purification, exploiting the Cterminal His6 tag in a novel Runx1WTHis6/pET23a-noT7 construct (see section 2.1.6). At
first, two control proteins; Ac-p35-His6 and GST-His6, were purified from BL21 bacteria
which had been transformed and induced using the condition (24hr, 0.05mM IPTG at
20°C) previously optimised for isolation of soluble Runx1WTFLAG (see Figure 4.5). The
second elution of each purification was further purified using FPLC to eliminate some
contaminants and yield even more pure preparations of each control protein (see Figure
4.6).
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Figure 4.6. NiNTA Purification of the control proteins, AcP35-His6 and GST-His6.
(A) Coomassie-stained SDS-PAGE gel of NiNTA purification of AcP35-His6 and (B) for GST-His6. (C) Chromatogram
of size-exclusion FPLC of the second elution (E2) of AcP35-His6 and (D) the same for GST-His6. (E) Coomassiestained gel of the elution samples corresponding to each peak in the chromatogram from the AcP35-His6 size-exclusion
FPLC and (F) the same for GST-His6. Molecular weight markers are indicated on the left of each SDS-PAGE gel in
kDa and the target proteins are indicated by a black horizontal arrow on the right of each SDS-PAGE gel. ‘Pre’ and
‘Post’ refer to the induction phase, L= lysate, FT= flow-through/unbound, W= wash, E1-E4= elutions. For FPLC,
proteins were detected by absorbance which is represented as milli Absorbance Units (mAU). The ‘Pre’ samples in
SDS-PAGE gels E and F represents the sample before size-exclusion FPLC. The black boxes indicates the samples
which were kept and used for further analysis.

Since the control proteins were purified in such high yield, the same approach was taken
to purify Runx1-His6. Wild-type (Runx1WTHis6) and P1-mutant (DG) (Runx1DGHis6)
forms of Runx1-His6 were expressed in BL21 bacteria using the same induction
conditions previously noted. Lysates of these induced cultures were prepared from the
soluble fractions for Nickel affinity purification. Samples throughout the purification
were collected for SDS-PAGE analysis, Coomassie-staining and α-Runx immunoblotting
(see Figure 4.7).

90

Chapter Four: Investigating a DVPD Cleavage Motif and Runx1 Purification

Figure 4.7. NiNTA purification of recombinant Runx WTHis6 and Runx1DGHis6.
(A) NiNTA purification of RunxWTHis6 and (B) Runx1 DGHis6. (C) A schematic of the Runx1 protein indicating the
epitopes (yellow spots) recognised by each α-Runx antibody used in this study. (D) A table detailing each α-Runx
antibody. (E) The three different α-Runx antibodies were used to determine which proteins from the purification were
Runx-specific. Black horizontal arrows indicate the band in each SDS-PAGE gel that represents Runx1 and * indicates
contaminants/Runx1 break down products. Three individual western blots have been joined.

Both the anti-FLAG and Nickel-affinity purifications of recombinant Runx1 highlighted
two obstacles in this aim of the study. One was that the poor solubility of the protein (see
Figure 4.5) yielded low amounts of purified protein from the soluble fraction. Secondly,
the co-purification of contaminants and/or Runx1-breakdown products yielded highly
impure samples of recombinant Runx1. The next section of this chapter discusses some of
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the approaches that were taken during the course of this study, to counteract the problem
of the co-purification of contaminants and/or Runx1-breakdown products in the
purification of recombinant Runx1.

4.7

Optimisation of recombinant Runx1 purification

Two alternative expression systems, Saccharomyces cerevisiae and Arctic Express
Bacteria, were employed in an attempt to overcome the obstacles previously noted
surrounding the purification of recombinant Runx1. Both of these approaches were
unsuccessful in the expression and/or purification of this candidate caspase-2 substrate
(data not shown).

The Nickel affinity purification system was the most likely approach to generate a high
yield of pure recombinant Runx1-His6 (see Figure 4.7). Using this approach, some
optimisation experiments were performed to eliminate the contaminants and/or
breakdown products that were being co-purified. An Imidazole gradient experiment was
performed to determine the optimal Imidazole concentration for washing away nonspecifically-bound proteins from the Nickel-NTA beads, without removing the target
protein, Runx1-His6. This experiment suggested that washing the Nickel-NTA beads with
an Imidazole concentration of 50 mM eliminated a large proportion of the impurities,
before eluting recombinant Runx1-His6 from the beads at a concentration of 150mM (see
Figure 4.8).
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Figure 4.8. Imidazole gradient purification of Runx1WTHis6 and Runx1DGHis6.
(A) Runx1WTHis6 and (B) Runx1DGHis6 were expressed in BL21 bacteria for 24 hours at 20°C with 0.05 mM IPTG.
Lysates were prepared from the soluble fractions and NiNTA beads were used to purify both forms of recombinant
Runx1. After incubating the lysates with the NiNTA beads, the beads were washed with phosphate buffer containing 10
mM Imidazole (W). Proteins bound to the beads were subsequently eluted with increasing concentrations of Imidazole,
ranging from 25 mM to 250 mM. SDS-PAGE analysis and Coomassie-staining was used to determine which
concentration of Imidazole was ideal to elute Runx1WTHis6 and Runx1DGHis6 with the least contaminants. The last lane
includes a sample of the beads after the 250 mM elution.

In an attempt to further decrease the amount of impurities that were co-purifying with
recombinant Runx1-His6 from the Nickel-NTA beads, modifications were made to the
lysis, wash and elution buffers during purification. The product information protocol
(Qiagen) suggested that increasing the salt concentration during Nickel-affinity
purification is likely to decrease non-specific binding to Nickel-NTA beads and increase
purity.

It was also hypothesised that the addition of a non-ionic detergent such as Triton-X-100
may decrease potential hydrophobic interactions, thus preventing recombinant Runx1His6 binding partners from contaminating the purification. These experiments were
performed and analysed by SDS-PAGE, Coomassie-staining and α-Runx immunoblotting
(see Figure 4.9). Both Runx1WTHis6 and Runx1DGHis6 purifications were tested under
these conditions, although only the data pertaining to wild-type Runx1 is shown, since the
findings for each were concordant with each other.
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Figure 4.9. NiNTA purifications of recombinant Runx1WTHis6 with buffer modifications.
(A) Runx1WTHis6 was expressed in BL21 bacteria for 24 hours at 20°C with 0.05mM IPTG. Lysates were prepared
from the soluble fractions and purification was performed with and unmodified phosphate buffer and (B) a phosphate
buffer containing CaCl2 and MgCl2 (C) a phosphate buffer containing 1% Triton-X-100 and (D) a phosphate buffer
with 2% Triton-X-100. The best purification condition which yielded the most recombinant Runx1WTHis6 with highest
purity was that which contained 1% Triton-X-100 in the phosphate buffer. (E) The third elution from this purification
was analysed by SDS-PAGE. The sample was loaded in six lanes of the gel, which was subsequently subjected to
western transfer. The PVDF was sectioned in four: two of which were stained with Coomassie and two of which were
immunoblotted with two different α-Runx1 antibodies; C and N. Black horizontal arrows indicate the bands which
represent Runx1WTHis6. Lane one of the gel contained molecular weight markers.

Experiments investigating the chemical properties of recombinant Runx1WTHis6 in the
purification from a bacterial lysate suggested two possibilities. One of those was that
Nickel affinity purification promoted non-specific binding of other proteins to the NickelNTA beads which is evident when the Phosphate buffer only purification is compared to
the Phosphate Buffer + CaCl2 + MgCl2 purification (see Figure 4.9A and 4.9B). The other
possibility was that other proteins bound to the recombinant Runx1WTHis6 within the
bacterial lysate, as is evident by the Triton-X-100 purifications which promoted a
decrease in the co-purification of contaminants (see Figure 4.9C and 4.9D). Based on
these experiments, it was concluded that purification with 1% Triton-X-100 yielded the
most pure preparation of recombinant Runx1.
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The third elution of the 1% Triton-X-100 purification was analysed by SDS-PAGE and
subsequent side-by-side Coomassie-staining and α-Runx immunoblotting. This allowed
for a direct comparison to deduce which bands from the purification were and weren’t
Runx-specific (see Figure 4.9E). This experiment suggested that most of the
Runx1WTHis6 breakdown products previously observed (see Figure 4.7E) were eliminated
in the 1% Triton-X-100 purification and that the remainder of the contaminants were not
related to Runx1WTHis6. In an attempt to eliminate the remainder of the contaminants, the
third and fourth elution fractions from the 1% Triton-X-100 purification were pooled and
subjected to size-exclusion chromatography. Although this approach was successful in
separating some of the proteins based on their different sizes, it yielded a much diluted
preparation of recombinant Runx1WTHis6, which was unfortunately still not 100% pure
(data not shown).

4.8

Mass spectrometric analysis of the recombinant Runx1
purification

In a final bid to understand the chemical properties of recombinant Runx1 and explain the
lack of success in purifying this candidate caspase-2 substrate in vitro, all of the proteins
that co-purified in the Runx1WTHis6 purification were analysed by Mass Spectrometry.
Recombinant Runx1WTHis6 was expressed in a large bacterial culture using the induction
condition previously determined to yield the highest amount of soluble Runx1WTHis6. The
lysate was extracted and prepared for Nickel-affinity purification using the conditions
previously determined to be optimal (see Figure 4.8 and 4.9). The elution fractions of this
purification were pooled and subjected to SDS-PAGE analysis and Coomassie-staining.
The predominant bands were extracted from the gel and subjected to Mass Spectrometry
for identification (see Figure 4.10).
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Figure 4.10. Mass Spectrometric Analysis of the recombinant Runx1 Nickel affinity purification.
(A) Recombinant Runx1WTHis6 was expressed in BL21 bacteria for 24 hours at 20°C with 0.05mM IPTG. A lysate was
extracted from the soluble fraction and prepared for Nickel affinity purification using a Phosphate Buffer containing 1%
Triton-X-100. The elution fractions were pooled and analysed by SDS-PAGE and Coomassie-Staining. The
predominant bands in the elutions were extracted from the gel and subjected to Mass Spectrometry for identification.
(B) The Mass Spectrometric identification of each protein from the sample is summarised. This was performed by Dr.
Vita Levina and Dr. Gert Talbo using a HPLC (Ultimate 3000, Dionex, Holland) and microTof-Q (Bruker-Daltonics,
Germany).

The Mass Spectrometric analysis was useful in understanding the nature of proteins that
co-purified with recombinant Runx1WTHis6 from bacteria. Considering that all but one of
the contaminants, Glucosamine fructose-6-phosphate amino-transferase, are proteins
involved in transcription, it is likely to assume that these contaminants were binding with
recombinant Runx1WTHis6, and possibly bacterial DNA, in a complex. Since Runx1 is a
transcription factor and it is known that endogenous Runx1 forms complexes with other
proteins in the cell, it is a feasible explanation to assume that this was the major obstacle
in isolating recombinant Runx1WTHis6 in a pure form.

As noted previously, size-exclusion chromatography was used in an attempt to eliminate
these contaminants, but was unsuccessful. This may have been partly due to the fact that
recombinant Runx1 existed in a complex with some of the bacterial proteins identified in
the Mass Spectrometric analysis.

4.9

Chapter Four Conclusions

The purification of recombinant Runx1 was not successful. Initial experiments
investigating expression conditions of this protein suggested it was highly insoluble.
When conditions were optimised to induce expression of some soluble recombinant
Runx1, it was difficult to isolate this protein in high yield and purity.
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When the problem of low yield was partially addressed by moving to a Nickel affinity
purification system, the problem of low purity still persisted. Although this was
moderately improved by optimising the concentration of Imidazole for washing and
eluting, and by adding the non-ionic detergent Triton-X-100, five predominant proteins
still contaminated the purification of Runx1WTHis6. Size-exclusion chromatography and
Mass Spectrometric identification of these contaminants suggested that the lack of purity
was probably due to a Runx1WTHis6 complex which had formed during expression.

Two other expression systems were tested for an improvement in purity: Arctic Express
Bacteria and Saccharomyces cerevisiae; however these were not successful in obtaining a
good yield of recombinant Runx1. Future experiments could investigate purifying Runx1
from mammalian cells.

The investigations of a DVPD cleavage-site suggested that this sequence of amino acids
is efficiently cleaved by caspase-2, especially in the context of a protein substrate. In the
context of a fluorogenic peptide, VDVPD was cleaved more efficiently than VDTTD only
at higher caspase-2 concentrations. This may be due to structural differences due to the
different P3 and P2 amino acids which could affect the affinity of caspase-2 for these
peptides at higher concentrations. Considering that this cleavage-site sits in an exposed
region of the RHD of Runx1, it was still a priority in this study to test the hypothesis that
caspase-2 may cleave Runx1. For the remainder of this project, Runx1 was produced by
coupled in vitro transcription and translation, as outlined in Chapter 5.
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CHAPTER FIVE
Investigations into Runx1 as a Novel Caspase Substrate
5.1

Characterising caspase substrates

A major aim of this study was to identify a novel substrate for caspase-2 which may shed
light on the role of this protease. The PoPS screen identified Runx1 as one of the highest
scoring candidates. As stated in Chapter Four, the reasons for exploring the hypothesis
that this transcription factor may be a substrate for caspase-2 were 1) caspase-2 cleaved
the Runx1 cleavage-site DVPD’G with good efficiency in the context of the Bid
substrate, and 2) that both caspase-2 and Runx1 were involved in oncogenesis.

A substrate can be characterised by one or more of the following means: 1) A Protein
demonstrated to be cleaved by a recombinant caspase in a purified system to determine a
kcat/KM 2) Abrogation of cleavage in cleavage-site mutants, 3) Cleavage products
identified in cells, 4) No effect by introducing cleavage-site mutants in deficient cells,
and 5) No reversal of phenotype by introducing cleavage-site mutant transgenes in gene
knock-out whole animals (Timmer & Salvesen, 2007).

The initial aim of this chapter was to characterise Runx1 as a novel caspase substrate
employing the first three approaches detailed above. The first approach emphasises using
a purified system, which is why a concerted attempt was made to purify recombinant
Runx1 during this PhD thesis to ensure the most accurate kcat/KM measure if Runx1
proved to be cleaved by caspase-2 in vitro (see Chapter Four). Using a pure substrate
sample would have been ideal because it reduces any possibility of overestimating or
underestimating cleavage (discussed below). Since this was unsuccessful, an in vitro
Transcription Translation (IVTT) approach was taken to explore the potential cleavage
efficiency of caspase-2 for Runx1.
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Some studies have employed the use of a lysate (usually in vitro transcription and
translation (IVTT) systems or cell extracts) to investigate substrate cleavage by the
addition of recombinant caspases (Agard et al, 2010; Boston-Howes et al, 2006; Dahal et
al, 2007; Mancini et al, 2000). However this is not ideal for estimating caspase cleavage
efficiency for three reasons. The first is that other proteins present in the lysate may
interfere with cleavage by obscuring the ability of the caspase to access the cleavage-site
in the substrate, thus underestimating the cleavage efficiency. The second is that substrate
cleavage may be an indirect result, if the caspase activates another protease in the lysate,
which then cleaves the substrate. This overestimates the cleavage efficiency. Lastly, since
cleavage efficiency is best described by a kcat/KM estimate which assumes first order
kinetics, it is necessary that the substrate concentration falls below the KM. In practice,
researchers tend to address this limitation by using the lowest concentration of substrate
possible. This is difficult in itself even when using a purified system, and more so when
using a lysate system. It is due to this that the kcat/KM estimated using this approach is
technically referred to as the apparent kcat/KM (kcat/KM[app]) (Pop et al, 2008b; Stennicke &
Salvesen, 1999a). An alternative approach using an in vitro lysate system is to purify the
tagged protein directly from the lysate, however this is costly when purifying larger
amounts of protein and is the reason this wasn’t employed in this study.

Recombinant Runx1 purified from human cells was purchased (Origene) to perform in
vitro experiments which would allow for more accurate kcat/KM estimates. This chapter
presents the findings from these experiments which were aimed at elucidating whether or
not Runx1 is a caspase-2 substrate and if it can be proteolysed by some other caspases.

5.2

Runx1 cleavage by caspase-2 in a lysate system

Although impure, the bacterial preparation of recombinant Runx1WTHis6 previously
generated (see Chapter Four) was incubated with serial dilutions of recombinant caspase2 in vitro to determine if caspase-2 could cleave it in this preparation, which was
essentially a less complex bacterial cell extract (see Figure 5.1A). In an attempt to use a
mammalian system, in contrast to the bacterial one used to initially generate recombinant
Runx1WTHis6, a rabbit reticulocyte in vitro transcription and translation system (IVTT)
was utilised to generate recombinant Runx1WTHis6 and Runx1DGHis6 (see Figure 5.1B).
These preparations did not contain pure substrate, however would give some indication to
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whether or not caspase-2 could cleave Runx1WTHis6. Serial dilutions of recombinant
caspase-2 were added to this preparation to determine if it was capable of cleaving IVTTgenerated Runx1WTHis6 and determine if the caspase-2 cleavage site was at DVPD99G by
observation of no cleavage in Runx1DGHis6 (see Figure 5.1C).

Figure 5.1. Exploring caspase-2 cleavage of recombinant Runx1WTHis6 in a lysate system.
(A) An impure preparation of bacterial recombinant Runx1WTHis6 was incubated with serial dilutions of caspase-2.
These reactions were analysed by SDS-PAGE and α-His6 immunoblotting. (B) Runx1WTHis6 (WT) and Runx1DGHis6
(DG) were generated using a Rabbit Reticulocyte in vitro transcription-translation (IVTT) system. The reaction for each
was analysed by SDS-PAGE alongside a negative-control reaction (-), and then immunoblotted with α-His6. (C)
Runx1DGHis6 (DG) was incubated with 400 nM caspase-2 and Runx1WTHis6 (WT) was incubated with serial dilutions
of caspase-2. These reactions were analysed by SDS-PAGE and α-His6 immunoblotting. Closed arrows indicate
uncleaved Runx1WTHis6, * indicates a possible alternative cleavage product since it is present in the DG sample, open
arrow indicates cleaved Runx1WTHis6, + indicates caspase-2 p20-His6 fragment, ^ indicates caspase-2 p10-His6
fragment.

Caspase-2 did not cleave the bacterial form of Runx1WTHis6 even at the highest
concentration (see Figure 5.1A); however cleavage of the IVTT-generated Runx1WTHis6
was evident by the immuno-detection of a cleavage product migrating to 37 kDa at the
lowest caspase-2 dose (see Figure 5.1C). This suggested that caspase-2 was capable of
inducing Runx1WTHis6 cleavage in a mammalian system, either directly or indirectly.
However, the extent of cleavage did not linearly increase with increasing doses of
caspase-2.

The [E]1/2 of this cleavage event was determined using chemiluminescence. A kcat/KM
estimate was calculated based on this (see Table 5.1). The estimation of cleavage
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efficiency revealed that approximately 305 cleavage events would occur at DVPD99G in
Runx1WTHis6 per second if one molar of caspase-2 was present. This is very low and
almost negligible when compared to physiologically relevant cleavage events which
occur at the magnitude of 100,000M-1s-1 (see Table 3.2) (Timmer & Salvesen, 2007).
Table 5.1. Cleavage efficiency of caspase-2 for IVTT-generated Runx1WTHis6.
The ratio of cleaved to uncleaved Runx1WTHis6 was estimated using chemiluminescence to determine the caspase-2
concentration at which 50% cleavage occurs. (E1/2) This concentration was then used in the formula kcat/KM = k = ln2/(
E1/2 . t) to determine the cleavage efficiency.

Caspase-2 vs. Runx1WTHis6
E1/2

630 nM (6.3 x 10-7 M)

kcat/KM (M-1s-1)

305.6

The fact that the bacterial form of recombinant Runx1WTHis6 was not detectably cleaved
by caspase-2 (see figure 5.1A) may have been due to several factors which arose from the
impurity of the preparation or the lack of mammalian post-translational modifications.
This is discussed in greater detail in Chapter Six.

5.3

Is Runx1 a substrate for caspases -3, -8 and -1?

In most cases, caspase-2 substrates are not caspase-2-specific (see Chapter Four, Table
4.1). Two of the most physiologically relevant substrates, MDM2 (Oliver et al, 2011) and
Golgin-160 (Mancini et al, 2000) were also cleaved by caspase-3. With this in mind, it
was important to test whether one or more other caspases could cleave Runx1.

One caspase from each sub-class was tested for proteolysis of IVTT-generated
Runx1WTHis6. Caspase-3, which represented the executioner caspases, was tested, as well
as caspase-8, representing the extrinsic pathway caspases and caspase-1 which
represented the inflammatory caspases. These experiments were performed alongside
caspase-2 as the positive control.

Each caspase was prepared in its own preferred buffer and incubated with IVTTgenerated Runx1WTHis6 and Runx1DGHis6. Reactions were analysed by SDS-PAGE and
α-His6 immunoblotting to determine if any other caspases were also capable of cleaving
this substrate (see Figure 5.2).
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Figure 5.2. Investigating whether Runx1WTHis6 is a substrate for caspases-3, -8 and -1.
(A) Runx1WTHis6 and Runx1DGHis6 were generated in the Rabbit Reticulocyte IVTT system, both of which were
incubated with 0 nM, 30 nM, 100 nM and 300 nM caspase-2, (B) caspase-3, (C) caspase-8 and (D) caspase-1. Reactions
were analysed by SDS-PAGE and α-His6 immunoblotting. Closed arrows indicate uncleaved Runx1WTHis6, open
arrows indicate cleaved Runx1WTHis6, * indicates caspase sub-units (containing the His6 tag) and – indicates an
unknown protein.

As previously shown, caspase-2 was again very inefficient at proteolysing IVTTgenerated Runx1WTHis6, with not even the highest concentration of 300 nM being
sufficient to deplete half of the substrate (see figure 5.2A). However, this experiment
provided further evidence that caspase-2 cleaves Runx1 only at the DVPD99G site, as
predicted by the PoPS program (see Chapter Four), since Runx1DGHis6 was not at all
cleaved by caspase-2 at even the highest concentration. Caspase-3 seemed to very weakly
cleave both WT and DG forms of Runx1-His6. This experiment would need to be
repeated to conclusively determine the efficiency of this cleavage.

Caspase-8 cleaved IVTT-generated Runx1-His6 better than the other caspases which were
tested. Both Runx1WTHis6 and Runx1DGHis6 were efficiently proteolysed by caspase-8,
although Runx1WTHis6 was proteolysed slightly better (see figure 5.2C). This provides
evidence that caspase-8 cleaves Runx1 at a different site to caspase-2. Although cleavage
products were not obvious, the depletion of full-length Runx1 suggests the possibility that
Runx1 is likely to be a caspase-8 substrate. The absence of a cleavage product is likely to
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be due to a cleavage event occuring very close to the C-terminal His6 tag, producing a
cleavage product of very small size which was undetectable in this experiment.

Caspase-1 also cleaved IVTT-generated Runx1WTHis6. Both Runx1WTHis6 and
Runx1DGHis6 were proteolysed by this inflammatory caspase to the same degree (see
figure 5.2D). This confirms that caspase-1 does not cleave Runx1-His6 at DVPD99G, but
considering that the cleavage product is only slightly larger, migrating to approximately
40 kDa, it suggests that it cleaves very close to the DVPD99G site.

5.4

The cleavage efficiency of caspases-1 and -2 for Runx1 purified
from a human cell line

The serendipitous finding that caspase-1 efficiently cleaved Runx1-His6 was still
inconclusive, since this had only been based on experiments exploiting the substrate in a
lysate containing many other proteins. In vitro experiments with a pure Runx1 sample
would generate more conclusive data, defining the levels of proteolysis. This was the case
with caspase-2 also, regardless of the fact that cleavage appeared very inefficient using a
lysate system.

For the purposes of this study, 99% pure C-terminally FLAG-tagged Runx1 isolated from
a human cell line (hRunx1WTFLAG) was purchased (Origene) for in vitro cleavage
experiments with caspases-1 and -2. These experiments were aimed at addressing
potential issues with the lysate systems such as: the binding of other proteins to
Runx1WTHis6 obscuring the accessibility of the caspase for the substrate; posttranslational modifications which were required for normal folding of the substrate and
accessibility to the cleavage-site by the caspase; and the elimination of downstream
proteases being activated by the addition of the caspases to the lysates and producing
false-positive data (see Figure 5.3).
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Figure 5.3. Caspase-1 and caspase-2 cleavage of hRunx1WTFLAG.
(A) Caspases-1 and (B) -2 were prepared in their own preferred buffers and serial dilutions were incubated with
hRunx1WTFLAG for 60 minutes. Reactions were analysed by SDS-PAGE and immunoblotted with an α-FLAG
antibody. Closed arrow indicates uncleaved hRunx1WTFLAG and open arrow indicates cleaved hRunx1WTFLAG.
Table 5.2. Cleavage efficiencies of caspases-1 and -2 for hRunx1WTFLAG.
The proportion of cleaved hRunx1WTFLAG to uncleaved hRunx1WTFLAG was estimated using chemiluminescence,
from which the E1/2 was estimated. The E1/2 was then used to determine the kcat/KM for each caspase.

Caspase-1

Caspase-2
-8

E1/2

38.3 nM (3.8 x 10 M)

1092.4 nM (1.1 x 10-6 M)

kcat/KM (M-1s-1)

5 x 103

175

As with previous experiments exploiting Runx1WTHis6 in the context of a lysate, caspase2 cleavage of hRunx1WTFLAG depicted the same level of cleavage. Caspase-2
inefficiently proteolysed hRunx1WTFLAG, with not even the highest caspase-2
concentration of 400 nM being sufficient to deplete half of the substrate (see Figure
5.3A). The appearance of two bands at approximately 50 kDa in this experiment is
indicative of a typical “Runx1 doublet” (discussed in Chapter Six), representing
phosphorylated and unphosphorylated forms of Runx1 (Yoshimi et al, 2012). Based on
this experiment, caspase-2 cleaved the faster migrating (presumably unphosphorylated)
protein (Yoshimi et al, 2012) in the Runx1 doublet to a greater extent since more of this
was depleted with increasing concentrations of caspase-2. By observation, it seems that
caspase-2 cleavage of unphosphorylated Runx1 could potentially be physiologically
relevant and it also suggests that substrate phosphorylation may hinder caspase-2
cleavage (discussed in Chapter Six).

The cleavage efficiency of caspase-2 (based on cleavage of both bands in the Runx1
doublet) generated a kcat/KM of 175 M-1s-1 (see Table 5.2). This kinetic estimate was even
lower than that of caspase-2 for IVTT-generated Runx1WTHis6, suggesting that some
cleavage in the IVTT lysate system was an indirect effect of recombinant caspase-2
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(discussed earlier). This reiterates the disadvantage of using a lysate system to generate
kcat/KM data.

Caspase-1 efficiently proteolysed hRunx1WTFLAG, with half of the substrate depleted by
approximately 50nM (see Figure 5.3B). The hRunx1WTFLAG cleavage product which is
generated by caspase-1-mediated proteolysis was larger than 37 kDa, suggesting that
caspase-1 cleaves at an alternative site to the DVPD99G caspase-2 cleavage site. This is
consistent with IVTT-generated Runx1WTHis6 cleavage experiments showing caspase-1mediated proteolysis of Runx1DGHis6 (see Figure 5.2D). As the band representing fulllength hRunx1WTFLAG depleted as the concentration of caspase-1 increased, so did the
cleavage product (see Figure 5.3B). This may be due to the possibility that at higher
concentrations, caspase-1 is capable of also cleaving the primary cleavage product. The
kcat/KM of caspase-1 for hRunx1WTFLAG was estimated to be 5 x 103 M-1s-1 (see Table
5.2). Although this is not very efficient cleavage, it does fall within the range of a
physiologically relevant cleavage event (see Chapter Three, Table 3.1 and Table 3.2 for
comparison).

5.5

Interactions between Runx1 and caspases-1 and -2 in
Saccharomyces cerevisiae

Our laboratory is well-equipped with tools to monitor caspase activity in the yeast
Saccharomyces cerevisiae. Yeast death assays which involve spotting serial dilutions of
yeast transfected with a caspase on transgene-inducing media is a qualitative method for
visualising the toxic effect of caspases in yeast (Hawkins et al, 2000a). Similarly, yeast
survival assays help visualise caspase inhibition, when yeast are co-transformed with
plasmids encoding a caspase and caspase inhibitor. Lysates can also be extracted for
immunoblotting to visualise protein interactions, such as cleavage of substrates (Hawkins
et al, 2000a).

To gain an understanding of the interaction between Runx1 and caspases-1 and -2 in a
cellular context, the yeast Saccharomyces cerevisiae was exploited to observe if
Runx1WTFLAG had any effect on yeast viability in the presence or absence of caspases-1
and -2 (see Figure 5.4).
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Figure 5.4. Yeast survival assay with caspases-1 or -2 and substrates.
The yeast strain W303α was transformed with either empty vector or caspase-1 or caspase-2 and substrates including
empty vector (negative control) or a positive control (AcP35-FLAG for caspase-1 and Bid for caspase-2) or
Runx1WTFLAG or Runx1DGFLAG. Yeast were grown in minimal media before being serially diluted and spotted onto
transgene inducing (galactose) or repressing (glucose) agar plates and grown at 30°C for 48 (glucose) or 72 (galactose)
hours.

Runx1WTFLAG partially protected yeast from caspase-2-mediated death (see bottom of
Figure 5.4). This may be due to a substrate competition effect which would occur if
Runx1WTFLAG was a good substrate for caspase-2 in yeast and caspase-2 would have a
preference for cleaving it instead of endogenous yeast proteins which are required for
yeast viability. It is also possible that Runx1WTFLAG may be a pseudo-substrate inhibitor
for caspase-2 in yeast. This theory was investigated in vitro by mixing recombinant
caspase-2 with the impure preparation of Runx1WTHis6 (see Chapter Four) and then
adding Ac-VDTTD-AFC and detecting fluorescence in a fluorimeter but there was no
significant inhibition of caspase-2 activity (data not shown).

Although it seems that Runx1 is a good substrate for caspase-1 (see Figure 5.2D and
5.3A), there was no effect on caspase-1-mediated yeast death (see figure 5.4). This
suggests that Runx1 is neither a caspase-1 inhibitor nor out-competes for essential yeast
substrates cleaved by this caspase.
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The transformants which were prepared for yeast viability were also induced, lysed and
analysed by SDS-PAGE to explore whether or not any Runx1WTFLAG cleavage products
appeared in the lysates of the transformants bearing Runx1WTFLAG and caspase-1 or
caspase-2 (see Figure 5.5).

Figure 5.5. Substrate cleavage by caspases-1 and -2 in Saccharomyces cerevisiae.
(A)Yeast were transformed with empty vector or caspase-1 and empty vector or AcP35FLAG or Runx1WTFLAG or
Runx1DGFLAG. Yeast were induced for transgene expression and lysates were prepared for SDS-PAGE analysis
followed by coomassie staining, western transfer and α-FLAG immunoblotting. (B) Yeast were transformed with empty
vector or an auto-activating form of caspase-2 and empty vector or Runx1WTFLAG or Runx1DGFLAG. Yeast were
induced for transgene expression and lysates were prepared for SDS-PAGE analysis followed by coomassie staining,
western transfer and α-FLAG immunoblotting. Closed arrows indicate uncleaved Runx1WTFLAG, open arrows indicate
cleaved Runx1WTFLAG and + indicates uncleaved AcP35FLAG.

The α-FLAG immunoblots corresponding to caspase-1-bearing yeast lysates showed a
minor disappearance of Runx1WTFLAG and Runx1DGFLAG, compared to the empty
vector control lysates (see Figure 5.5A). There was appearance of a faint cleavage product
for the lysate corresponding to yeast bearing caspase-1 and Runx1WTFLAG but not
Runx1DGFLAG. It is likely that in a cellular context, cleavage products become degraded,
which would explain why the caspase-1 cleavage product for Runx1WTFLAG is faint, and
not detectable in the Runx1DGFLAG lysate. However, given that data from previous
experiments showed equivalent cleavage of Runx1WTHis6 and Runx1DGHis6, by caspase1 (see Figure 5.2D), it is expected that a faint cleavage product would also appear in the
lysate containing Runx1DGFLAG. A possible but unconfirmed explanation is that
caspase-1 may cleave Runx1DGFLAG much less efficiently than it cleaves
Runx1WTFLAG, or not at all in the context of yeast. There was no cleavage product in
the lysate from yeast bearing caspase-1 and AcP35FLAG, which is a viral pan-caspase
pseudo-substrate inhibitor (Brand et al, 2011; Hacker et al, 1996). As well, there was no
reduction in full-length AcP35FLAG, which suggests that caspase-1 did not cleave it in
this context. However, the spotting experiments show that caspase-1 activity was
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inhibited in the presence of this positive control (see Figure 5.4), which should produce
an AcP35 cleavage product. The absence of noticeable cleavage could be explained by
very potent caspase-1 inhibition by AcP35FLAG and the generation of a very small
amount of AcP35FLAG cleavage products which were undetected by immunoblotting.

The α-FLAG immunoblots corresponding to caspase-2-bearing yeast lysates showed no
generation of a Runx1WTFLAG cleavage product in the presence of caspase-2 (see figure
5.5B). However, there was a reduction in the amount of full-length Runx1WTFLAG in the
presence of caspase-2. This also occurred, to a lesser extent, for Runx1DGFLAG.
Considering that the Coomassie-stained gels represent equal loading of each lysate, this
reduction of full-length substrate is apparently caspase-2 dependent, however the
possibility that this is an indirect effect of caspase-2 cannot be disregarded, especially
considering that caspase-2 could not cleave Runx1DGHis6 in the in vitro experiments (see
Figures 5.1C and 5.2A). This would also suggest that a proportion of the Runx1WTFLAG
cleavage is attributed by an indirect effect of caspase-2.

5.6

Investigations of Runx1 cleavage by caspases-1 and -2 in the
immortalised human cell line, 293T

In vitro experiments using recombinant proteins are very useful in helping to understand
the direct interaction between two proteins; however they do not illustrate the precise
events which occur in cells. For this reason, it was necessary to test if Runx1 was capable
of being cleaved by caspases-1 and -2 in the context of human cells.

Numerous attempts were made to identify a cell line which expressed endogenous Runx1
that could be detected by immunoblotting; however this was unsuccessful (data not
shown). As an alternative, 293T cells were transfected with constructs encoding no
substrate or a positive control substrate or Runx1WTFLAG, plus an empty vector or
plasmids encoding auto-activating forms of caspase-1 or -2. Lysates from these
transfected cells were prepared and analysed by SDS-PAGE and α-FLAG
immunoblotting (see Figure 5.5).
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Figure 5.6. Cleavage of Runx1WTFLAG by caspases-1 and -2 in the immortalised human cell line, 293T.
(A) 293T cells were transfected with either empty vector or an auto-activating form of caspase-2 and empty vector or
FLAG-tagged substrates. Lysates were prepared from the transfected cells and analysed by SDS-PAGE, western
transfer and α-FLAG immunoblotting. 293T cells were transfected with either empty vector or caspase-1 and empty
vector or FLAG-tagged substrates. Lysates were prepared from the transfected cells and analysed by SDS-PAGE,
western transfer and α-FLAG immunoblotting. The non-specific band indicated by – present in all lanes acts as a
loading control.

The 293T experiment illustrates that, although there was no appearance of a cleavage
product, full-length Runx1WTFLAG was slightly depleted in the presence of caspase-2
(see Figure 5.6A). The positive control for caspase-2, BidLQTDFLAG, was almost
completely depleted in the presence of caspase-2 (see Figure 5.6A). This confirms that
Runx1WTFLAG is a very poor substrate for caspase-2, compared to the positive control,
BidLQTDFLAG.

Full-length Runx1WTFLAG was almost completely depleted in the presence of caspase-1.
This was also the case for the caspase-1 positive control, pro-Interleukin-1-β (IL1β),
although caspase-1 seemed to deplete this substrate slightly better. The absence of any
cleavage products may be due to proteosomal clearance in the cells. Overall, the data
from this experiment suggests that Runx1WTFLAG is a good substrate for caspase-1 in the
context of transformed cells, which implies that it is likely to be a real caspase-1
substrate.

5.7

Chapter Five Conclusions

The experiments investigating Runx1 as a novel caspase-2 substrate suggest that it is a
poor substrate and likely to be physiologically irrelevant. In contrast, it is evident that
Runx1 is a good substrate for caspase-1 with implications that this cleavage may be
physiologically relevant. Future experiments could define the site at which caspase-1
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cleaves Runx1, as this appears to differ from the site targeted by caspase-2. It would be
useful to employ a cell line which expresses both endogenous caspase-1 and Runx1, to
determine whether the observed cleavage occurs endogenously. As well, it would be
interesting to employ a reporter system to examine whether Runx1 transcriptional activity
is abolished by caspase-1 cleavage.

The in vitro cleavage of Runx1-His6 (WT and DG) by caspase-8 also suggests that Runx1
may be a substrate for caspase-8. This discovery was not surprising since caspase-8 is
known to be a robust enzyme with a large repertoire of previously identified substrates.
Also, in many circumstances, cells bearing active caspase-8 would be destined to die, so
Runx-1 cleavage may have limited consequence. However, future experiments could also
investigate the relevance of Runx1 cleavage by caspase-8.
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CHAPTER SIX
Discussion
6.1

Caspase-2 specificity

Defining caspase specificity not only provides important information for substrate
screening methods, but also for designing caspase inhibitors and tools which allow
researchers to monitor caspase activity. A pivotal tool for monitoring caspase activity has
been small peptides, comprising of four to five amino acids, flanked by an N-terminal
acetyl group and C-terminal fluorophore (such as AMC or AFC) or chromophore (such as
p-nitroanilide (pNA)).

The first published study employing the use of these peptides for investigating caspase
specificity was by Robert Talanian and his colleagues in February of 1997. Although the
primary aim of this study was to identify a sequence of amino acids specifically cleaved
by caspase-1 to establish novel caspase-1 inhibitors for the treatment of inflammatory
disorders, it provided useful information about the specificity of other caspases including
caspase-2 (Talanian et al, 1997). The activity of caspase-2 was high in the context of the
pentapeptide VDVAD/ and as expected, caspases-3 and -7 also cleaved VDVAD/ well
(Talanian et al, 1997). This was the first practical demonstration of overlapping
specificities of the caspases. In May of the same year, Nancy Thornberry and her
colleagues published a more comprehensive study detailing the specificities of caspases
and granzyme-B using a positional scanning synthetic combinatorial library approach
(Thornberry et al, 1997). The findings of that study were that caspase-2 most efficiently
cleaved the DEHD/ peptide (Thornberry et al, 1997). Similarly, a recent study
investigating caspase-2 specificity using a degradomics approach in cells, found similar
results to those of Thornberry and colleagues. Wejda and colleagues discovered that
caspase-2 preferred to cleave DEXD/ (where X was preferably valine (V)) in proteins
(Wejda et al, 2012). The different findings in this study may suggest that this is cell-type
dependent. Although some of these peptides have not been very specific for some
caspases including caspase-2, they have been very useful in allowing researchers to
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monitor general caspase activity in vitro and have significantly contributed to the
exponentially-growing field of caspase biology and apoptosis.

The downfall to caspase-2 research has been the lack of a caspase-2-specific marker.
Often, caspase-2 activity is extrapolated from VDVADase activity, which in reality is a
combination of caspase-2, caspase-3 and caspase-7 activities. This makes it difficult to
investigate the function of caspase-2 in isolation. Even the use of caspase-2-null cells may
not be informative if caspase-2 function is made redundant by other caspases in its
absence. This strongly sets precedence for the establishment of a caspase-2 specific tool.

6.1.1 VDTTD: out with the old and in with the new?
The specificity screen in this study was primarily performed in order to identify a novel
caspase-2 substrate. However, one of the more important outcomes of this study was the
identification that a VDTTD/ peptide is not only cleaved better by caspase-2 but is
slightly more specific than VDVAD/. Not surprisingly, caspase-3 cleaved this peptide
with good efficiency too. However, caspase-3 VDTTDase was only 5% of caspase-2
mediated VDTTDase. This significant difference suggests that isolating caspase-2 activity
amongst other caspases’ activity would be better achieved by using a VDTTD-based
peptide than VDVAD-based reagents.

Experiments incorporating the use of VDTTD/ and the caspase-3-selective peptide,
DEVD/, may provide even more useful information. A combination of both could provide
clearer information about how much activity is being contributed by each caspase.
Another possibility would be to include specific caspase-3 and -7 inhibitors such as the
XIAP Bir2 domain in experiments using VDTTD/ to identify caspase-2 activity. It is also
important to draw attention to the ignorance of potential caspase-7 cross-reactivity with
caspase-2 peptides in this study. This was not addressed because previous studies have
reported that caspase-7 specificity is very similar to that of caspase-3 (Talanian et al,
1997; Thornberry et al, 1997). However, it cannot be ruled out that caspase-7 (and other
caspases) cleave VDTTD/ with either higher or lower efficiency than caspase-3. It would
be beneficial if future experiments investigated the activity of other caspases against
VDTTD-based peptides.
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One team has reported the investigation of VDVPD peptide-based inhibitors to selectively
target caspase-2 (Maillard et al, 2011). Although the rationale for their study was based
on exploiting the differences in the S2 binding sites of caspases-2 and -3, their results
indicated that Ac- VDVPD-CHO could inhibit caspase-3 better than caspase-2 (Maillard
et al, 2011). The results of this study are somewhat contradictory since it was found here
that although caspase-3 cleaved Ac-VDVPD-AFC better than it cleaved the other
caspase-2 peptides (Ac-VDVAD-AFC and Ac-VDTTD-AFC), it still did not cleave it as
well as caspase-2 cleaved Ac-VDVPD-AFC. The discrepancy between the results of this
study and that of Maillard et al, 2011, could be due to the different chemical compounds
attached to the C-terminus of these peptides. The results of this study provide evidence
that a VDVPD-based peptide for selectively targeting caspase-2 activity would not be
better than a VDTTD-based peptide.

6.1.2 Differences in cleavage is context dependent
At the very beginning of this study, it was hypothesised that caspase-2 (and other
caspases) cleavage is influenced by the context of the cleavage-site and that peptide-based
cleavage would differ to protein-based cleavage. This set the rationale for screening the
caspase-2 specificity in the context of the yeast reporter system where cleavage-sites were
presented to the caspase in the context of a protein. Approaches investigating caspase
specificity and substrates in other cellular contexts have also been published (Enoksson et
al, 2007; Timmer et al, 2007; Van Damme et al, 2005; Wejda et al, 2012).

The findings of this study revealed that DTTD was best cleaved in a peptide, but that
DVPD was best cleaved in the context of a protein with more efficient cleavage than
DTTD (indicated by both the custom yeast reporter experiment and Bid mutant
experiments). The findings of this study support the hypothesis that caspase-2 cleavage is
context-dependent.

6.2

A novel caspase-2 substrate to make sense of it all?

The initial aim of this study was largely focused on identifying a novel substrate for
caspase-2, in the hope that this may somewhat clarify its infamously enigmatic role. The
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identification of Runx1 from the PoPS screen suggested that this could be achieved.
Theoretically, it seemed fitting:


Caspase-2 had been implemented in tumour suppression, whilst Runx1 had welldefined oncogenic roles;



Runx1 was localised to the nucleus, as was the only nuclear-localised caspase,
caspase-2 and finally;



Caspase-2 cleaved the predicted cleavage-site, DVPD’G even better than it
cleaved DTTD’G in the Bid mutant experiments, and this sequence was predicted
to sit in an exposed region of the RHD of Runx1.

It is also important to note, that as discussed in Chapter One, one recent study provided
evidence that Runx1 was involved in DNA damage (Wu et al, 2013); a cellular insult that
caspase-2 has been implicated in. However, in practice, it became clear that caspase-2mediated proteolysis of protein substrates was more complex and required consideration
of more factors.

6.2.1 The Runx1 complex
Runx1 (as well as other Runx family transcription factors) has an evolutionary conserved
Runt Homology Domain (RHD; as noted in previous chapters), which is the DNA
binding domain. In addition to binding DNA, Runx1 associates with a β sub-unit of its
transcriptional complex called Core Binding Factor β (CBFβ) (Kagoshima et al, 1993). It
is the RHD that governs this binding also (Kagoshima et al, 1993). Although CBFβ has
been the most commonly identified binding partner of Runx1, others include Ldb1 (Meier
et al, 2006), MYEF2 (van Riel et al, 2012) and GATA-1 (Elagib et al, 2003).

The predicted caspase-2 cleavage-site in Runx1 was also located in the RHD. As
discussed in Chapter Four, structural considerations of this domain suggested that this
cleavage-site appeared to be in an exposed region of the protein. This made it feasible that
caspase-2 could access this portion of Runx1 for proteolysis. However, even though
caspase-2 cleaved the DVPD’G sequence most efficiently in the context of the Bid
substrate, it did not cleave DVPD’G in Runx1 well. This reiterates the relevance of
context-dependent cleavage. It would appear, that based on those results, a DVPD’G
cleavage-site in the context of the exposed Bid loop is better cleaved by caspase-2 than
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the same cleavage-site in the context of the exposed region of the Runx1 RHD; most
likely because the overall structure of Bid enables more efficient recognition of the
cleavage-site by caspase-2. It is also important to reiterate that only the Runx1 RHD
structure has been defined, and not the whole Runx1 structure. This raises the possibility
that in the context of the whole Runx1 protein, the predicted caspase-2 cleavage-site
becomes inaccessible to caspase-2, despite structural considerations suggesting that the
cleavage-site appears to be predominantly hydrophilic, implying that it would be exposed
to the cytosol. The only experiments investigating caspase-2 cleavage of purified protein
in this study were those which utilised hRunx1WTFLAG. The finding that caspase-2
inefficiently proteolysed it is most likely explained by these possibilities.

It is not only intramolecular interactions which could influence the accessibility of
caspase-2 to the DVPD’G cleavage-site in Runx1; intermolecular interactions could just
as well dictate whether or not Runx1 is a caspase-2 substrate. Since all of the Runx1
transcriptional co-factors (noted previously) and DNA bind in the RHD, it is highly
possible that in the experiments employing lysates and cell culture, caspase-2
accessibility to the Runx1 cleavage-site was obscured by these binding partners. Indeed,
this would be the most likely explanation for the unsuccessful isolation of a pure bacterial
Runx1 protein preparation. To date, no studies have reported the purification of the whole
Runx1 protein (Backstrom et al, 2002; Yang et al, 2004). However, based on the
prediction of where the caspase-2 cleavage-site would be located in a complex composed
of Runx1, CBFβ and DNA, it appears not to be obscured (see Figure 6.1), although we
cannot rule out the possibility that this could be the case in complexes including other
components (Mikhail et al, 2006).

117

Chapter Six: Discussion

Figure 6.1. Crystal structure of Runx1 RHD bound to CBFβ and DNA.
Figure adapted from (Bravo et al, 2001), illustrating the CBF in purple, Runx1 RHD in blue and DNA in orange/yellow.
The highlighted loops (green and red) are those required for DNA binding, as is the C-terminal tail highlighted in
indigo. The predicted caspase-2 cleavage-site is highlighted in red lettering. Black arrow indicates caspase-2 cleavage in
between the predicted P1 aspartate (D) and P1’ glycine (G).

6.2.2 Runx1 phosphorylation
Phosphorylation is amongst the most documented post-translational modifications of
Runx1 (Biggs et al, 2006; Biggs et al, 2005; Guo & Friedman, 2011; Neel & Speck, 2012;
Wee et al, 2008; Zhang et al, 2008). Phosphorylation of Runx1 at four sites (three serine
residues and one threonine residue) in between the RHD and Transactivation domain
(TD) can induce slower migration through SDS-PAGE, and a mixture of phosphorylated
and unphosphorylated forms of Runx1 results in the appearance of a “doublet” band
(Yoshimi et al, 2012).

A Runx1 doublet was evident in all of the immunoblots investigating caspase-2-mediated
Runx1 cleavage. Interestingly, the appearance of a doublet was absent in the experiments
investigating whether or not Runx1 was susceptible to cleavage by other caspases. As
outlined in Chapter Two, each caspase was assayed in its own preferred buffer; thus
leading to the only possibility that the caspase-2 buffer affected the charge or folding of
the phosphorylated form of Runx1 and therefore the migration through SDS-PAGE.
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However, it was puzzling to observe that the majority of caspase-2 cleavage appeared to
be of the faster migrating unphosphorylated form of Runx1. This provides some
speculation that the phosphorylation of Runx1 may have hindered its cleavage by
caspase-2. Although caspase-2 can itself become phosphorylated (Andersen et al, 2009;
Nutt et al, 2005), no reports have yet been made that the phosphorylation status of a
substrate can affect caspase-2 mediated cleavage.

6.3

Caspase-1 cleavage of Runx1

Caspase-1 was the first caspase to be cloned and was initially named the Interleukin-1 β
(IL1β) converting enzyme (ICE) (Cerretti et al, 1992). Subsequently identified caspases
were named ICE homologues, such as caspase-2 which was initially termed ICE
homologue 1 (Ich1) (Wang et al, 1994). The identification of caspase-1 was due to its
cleavage of the pro-inflammatory cytokine pro-IL1β into the mature form IL1β which
elicited an inflammatory response (Cerretti et al, 1992; Thornberry et al, 1992b). Some
substrates for this inflammatory caspase include caspase-7 (Lamkanfi et al, 2008) and
pro-IL1β (Cerretti et al, 1992), however numerous have been identified (Denes et al,
2012; Miao et al, 2011). The preferred peptide sequence for caspase-1 is WEHD (Rano et
al, 1997; Thornberry et al, 1997).

The finding that caspase-1 proteolysed Runx1 with good efficiency in this study was
unexpected, however the efficiency suggests that this proteolysis may be physiologically
relevant. However, caspase-1 did not cleave Runx1at the DVPD’G site used by caspase-2,
since it cleaved the P1 (DVPA’G) mutant. The cleavage product yielded by caspase-1
was only marginally larger than that generated by caspase-2, suggesting that the caspase-1
cleavage-site in Runx1 is slightly upstream (see Figure 6.2). The most likely caspase-1
cleavage-sites are predicted to be ALGD96V and VRTD66S (see Figure 6.2).
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Figure 6.2. N-terminal caspase-2 cleavage fragment of Runx1 with possible caspase-1 cleavage-sites.
The amino acid sequence of the N-terminal caspase-2 cleavage fragment is shown, with the caspase-2 cleavage-site
highlighted in red. The purple P4 and P3 residues of the caspase-2 cleavage-site overlap as the P1 and P1’ residues of
the smaller possible caspase-1 cleavage-site highlighted in blue. The larger possible caspase-1 cleavage-site sits
upstream in this fragment and is highlighted in green. Black vertical arrows indicate potential caspase cleavage and the
size of the fragments which would be generated upon cleavage are indicated.

In addition to the in vitro experiments, caspase-1 cleaved Runx1 almost as well as it
cleaved pro-IL1β in 293T cells. Although this was in a somewhat artificial context, it still
provides evidence that caspase-1 is capable of cleaving Runx1 in cells. Future
experiments should be aimed at elucidating whether or not endogenously activated
caspase-1 can cleave endogenous Runx1.

Caspases-3 and -8 were also capable of proteolysing Runx1. However, it appeared that
caspase-8 cleaved this substrate better than caspases-1, 2 or 3. This was difficult to
interpret by the absence of a distinct cleavage product and was only based on the
disappearance of uncleaved Runx1 following incubation with the lowest dose of caspase8. As noted in Chapter Five, the absence of a distinct cleavage product is most likely due
to cleavage at the C-terminal end of Runx1, thus eradicating the His6-tag and interfering
with αHis6-mediated immunodetection of both cleaved and uncleaved Runx1. Future
experiments could also investigate the significance of caspase-8-mediated proteolysis of
Runx1.

6.4

Concluding Remarks

The most relevant discovery of this PhD thesis was the identification of a novel VDTTDbased peptide, which was more sensitive and selective for caspase-2 cleavage than the
VDVAD-based peptide being currently used in caspase-2 research. To date, no studies
have reported the efficacy of a VDTTD-based peptide for caspase-2 activity and
enhanced selectivity. This should encourage caspase-2 researchers to use this novel
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peptide in conjunction with DEVD-based peptides to account for caspase-3/-7 crossreactivity, in a bid to selectively identify caspase-2 activity in vitro.

Runx1 was shown to be a poor substrate for caspase-2. This poor efficiency implies that
endogenous caspase-2 would not be capable of cleaving endogenous Runx1, but this was
not experimentally addressed in this study. Future experiments could investigate this by
using stimuli which specifically activate caspase-2 in cells (Ho et al, 2008). This again
would be aided by the use of a VDTTD-based peptide to ensure caspase-2 specific
activation. In addition, some of the other predicted caspase-2 substrates from the PoPS
screen could be tested for caspase-2 mediated proteolysis. Future work could also
investigate whether caspase-2 is capable of cleaving the RHD of Runx1 only where the
absence of the rest of the protein may not obstruct cleavage.

The serendipitous and unexpected finding that caspase-1 cleaves Runx1 well both in vitro
and in cells suggests that this is likely to be a physiologically relevant occurrence. Future
experiments would include determining whether or not this cleavage event occurs
endogenously and if so; identifying the consequences of that cleavage event. Luciferasebased reporter experiments could give some indication to whether or not the cleavage
event has any effects on Runx1 transcriptional activity.

Thus, at the conclusion of this study, caspase-2 remains a mysterious enzyme. However,
the definition through this work of more caspase-2-selective VDTTD-based peptides
promises to reduce one of the major barriers to understanding its function.
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