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SUMMARY

The caspase and granzyme proteases are key regulators of both 

programmed cell death (apoptosis) and inflammation. They achieve this 

regulation through the limited proteolysis of protein substrates, this has 

the consequence of altering the function of the targeted proteins.

During the course of apoptotic cell death the activation of the caspase 

cascade leads to the processing of hundreds of proteins within the cell 

that contribute to its physiological shutdown as well as the packaging of 

the dying cell for removal by phagocytes. Upon sensing of microbial 

patterns or endogenous alarmins, the inflammatory caspases are 

activated and in turn mediate the activation and release of cytokines 

such as IL-ip. This work applied molecular, biochemical techniques to 

explore the activity of these enzymes and define their roles in mediating 

the above processes.

The work described in chapter 3 of this thesis sought to test the 

hypothesis that caspases or granzymes might alter the response of 
immune cells to apoptosis by processing cytokines. To test this 
hypothesis we screened several interleukin molecules for susceptibility 
to three important apoptotic proteases; caspase-3, caspase-7 and 

granzyme B. None of the interleukins screened were processed by 

either caspase-3 or caspase-7. Under some conditions we found that 

the p40 subunit shared between IL-12 and IL-23 is a substrate of 

granzyme B however the physiological relevance of this observation 

could not be established.

Chapter 4 describes a comparison between the two major effector 

enzymes of the apoptotic caspase cascade. Closely related orthologs, 

caspase-3 and caspase-7 are believed to carry out most of the 

proteolysis during apoptosis but because of their similarity any



distinction in activity has been overlooked or difficult to interpret. Based 

on their shared target sequence and the phenotypes of CASP3/7 

knockout mice caspase-3 and -7 are often considered to be functionally 

redundant. However, this assurtion was contradicted other findings 

from immuno-depletion experiments and knockout mice on certain 

genetic backgrounds.

We undertook to resolve the above question by comparing equal 

concentrations of active enzyme against natural substrates. Our data 

argues that although caspase-3 and -7 do cleave a number of 

substrates with equal efficiency, for many others this was not the case. 

The functional divergence in activity that we observed supported the 

earlier observations that caspase-3 was the more promiscuous of the 
two enzymes

Finally, chapter 5 explores the activity of caspase-1, the central 

caspase activated during inflammation and the mechanisms that limit 
activity. Although, over 600 caspase substrates have been reported, the 

contribution of the inflammatory caspases to this list is very low. It is 
widely assumed that inflammatory caspases are less promiscuous than 

their apoptotic counterparts but this interpretation had not been formally 

explored biochemically. To address this question, we sought to make a 
comparison between the most well characterized inflammatory caspase, 

caspase-1, with the major executioners of apoptotic proteolysis, 

caspase-3 and -7.

Here we show that caspase-1 displays significant promiscuity 

toward both artificial tetra-peptide substrates as well as natural proteins 

and that this activity is comparable to that of caspase-3 with regards to 

the proteolysis of a panel of apoptotic substrates. This finding indicates 

that the physiological substrate profile of caspases-1 is restricted 

through mechanisms other than substrate specificity. We propose that 
one such mechanism by which caspase-1 activity is restricted relates to



the instability of caspase-1 resulting in its rapid loss of function following 

activation.
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Chapter 1

Literature Review



1.1 Introduction

The molecules of interest in this thesis are proteases, enzymes that are 

capable of hydrolysing the peptide bond between amino acids. The 

context in which most of us first encounter enzymes of this kind is that 

of protein digestion. In this scenario, proteolysis simply refers to the 

degradation of proteins or polypeptides into smaller units suitable for 

absorption.

However, proteolysis is also an important means of specifically 

regulating the function of proteins and cellular systems and it is in this 

context that we will consider proteases within this thesis. Scientists 

such as Neurath and Walsh (1976) referred to “limited proteolysis" to 

describe an event where the activity of a substrate protein is altered by 

proteolytic processing at a specific target site. In this context, the 

investigators were referring to the activation of zymogens (inactive 

enzyme precursors) through the removal of auto-inhibitory domains. 

But this is only one example of limited proteolysis. In addition to serving 

as a means to regulate the activity of enzymes, proteolysis also 

regulates the activity of cytokines and hormones, the cellular transport 

of molecules, extra-cellular interactions, as well as the release of 

surface proteins (Lopez-Otin and Overall 2002, Lemberg et al. 2007, 

Taylor et al. 2008, Kessenbrock et al. 2010).

In the guise of regulatory enzymes, proteases regulate a diverse 

array of biological processes. These include cell proliferation and



differentiation, cell cycle progression, tissue remodelling, wound 

healing, immunity and apoptosis (Lopez-Otin and Overall 2002, 

Lemberg et al. 2007, Taylor et al. 2008, Kessenbrock et al. 2010). The 

number of proteases found in humans is the largest of any enzyme 

family with approximately 569 members (Lopez-Otin and Bond 2008). 

These are broken down according to the nature of their active sites and 

include the aspartic proteases (21 members), threonine proteases (28 

members), cysteine proteases (150 members), serine proteases (176 

members) and the Metalloproteases (194 members).

The caspase and granzyme proteases discussed here are 

members of the cysteine and serine protease families, respectively. 

This chapter will attempt to describe the nature of these enzymes, their 

activation mechanisms, and the subsequent roles they play in the 

regulation of apoptosis and the immune response though limited 

proteolysis of their substrates.

1.2 Caspases

1.2.1 Classification and Structure

Caspases (cysteine aspartic acid proteases) are conserved across the 

animal lineages. Homologs have been identified in the worm C. 

elegans {ie. CED-3), the fly D. melanogaster {ie. Drone and DrICE), as 

well as in mammals. In humans, the caspase family of proteases



contains 12 members (Figure 1.1). Overall, 15 mammalian caspases 

have been reported to date.

Structurally, all caspases are composed of an N-terminal pro

domain followed by a large and small subunit (Figure 1.1). The length 

of the N-terminal pro-domain is an important determinant of caspase 

function and its position in the caspase activation cascade. Caspases 

with long N-terminal domains are often referred to as “initiators” while 

those with short N-terminal domains are termed “effectors”. Among the 

initiator caspases there are two related yet distinct N-terminal domain 

types known as the caspase recruitment domain (CARD) and the death 

effector domain (DED). Through these domains initiator caspases are 

able to interface with upstream signalling platforms and undergo 

activation. Effector caspases do not possess these domains, therefore 

their activation in response to a stimulus must be mediated through an 

upstream protease such as an initiator caspase.

All Caspases are produced as largely inactive pro-enzymes and 

require proteolytic processing as well as dimerization to become fully 

active (Logue and Martin 2008, Taylor et al., 2008). Processing of the 

pro-enzyme occurs at an aspartic acid located between the large and 

small subunits. Caspases, as their full name suggests, have a strict 

requirement for aspartic acid in the PI position of their substrate 

cleavage sites. The fact that the internal caspase processing sites are 

aspartic acids points to the fact that caspase activation typically occurs



either through auto-processing, or via another caspase activated earlier 

in the cascade. The final active configuration of caspases is therefore a 

heterotetramer with the cleaved subunits of two pro-enzymes 

associating in a manner that locates the two active sites on opposite 

faces of the molecule (Nicholson 1999).

For the initiator caspases such as caspase-8 and -9, dimerization 

is a crucial activation step and is mediated through the association of 

their N-terminal domains with an activating platform such as the death 

receptor complex or the apoptosome (Muzio et al., 1996, Li et al., 1997). 

Following dimerization, these enzymes can auto-process to become 

fully active. The effector caspases (i.e. caspase-3, -6 and -7) form 

dimers as pro-enzymes and are activated only when cleaved by other 

caspases or another class of proteases such as the granzymes (Figure 

1.2) (Slee etal. 2001, Adrain et al. 2005).

1.2.2 Caspase Functions

Mammalian caspases are broadly divided into two major groups based 

on their roles in two distinct events namely cytokine activation/release 

(herein referred to as the ‘inflammatory caspases’) and programmed cell 

death (herein referred to as the ‘apoptotic caspases’) (Logue and 

Martin, 2008).
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Figure 1.1
Members of the human caspase family of proteases. All caspases are character
ized by an N-terminal domain followed by a large and small subunit. ‘Full length Cas- 
pases-12 is only expressed in a subset of individuals of African decent. “Caspase-14 
is a relatively uncharacterized member implicated in the differentiation of skin cells.



Initiators

Figure 1.2
Sequential activation of caspases during apoptosis. Initiator caspases such as 
caspase-8 and caspase-9 are activated by pro-apoptotic signals. These enzymes, in 
turn, activate the executioner enzymes such as caspase-3 and caspase-7. Caspase-3 
is particularly important in propagating the cascade through activation of other execu
tioner enzymes as well through positive feedback onto the initiators. The cytotoxic 
lymphocyte protease granzyme B (GzmB), although not a caspase, has a proteolytic 
specificity similar to the caspases and can directly process and activate caspases-3, -7 
and 8 upon delivery into target cells.



Inflammatory caspases

In humans the inflammatory caspases include caspase-1, -4 -5 and 12. 

Caspase-1, -4 and -5 are involved in the maturation of cytokines 

released from macrophages such as Interleukin-1 (3 and Interleukin-18 

(Thornberry et al. 1992, Li etai 1995, Fantuzzi et al. 1998, Martinon et 

al. 2002, Li et al. 2009). Although the designations of “initiator" or 

“effector” were developed primarily in the context of apoptosis, the 

inflammatory caspases are all structurally initiators. All possess an N- 

terminal CARD domain that mediates interaction with an activation 

platform, in this scenario the protein complex is termed the 

inflammasome. Caspase-1 is the most well characterized inflammatory 

caspase. CASP-1 knockout mice are highly insensitive to pathogen 

associated molecular patterns (PAMPs) such as LPS (Li et al. 1995). 

Caspase-4 and -5 are not well characterized but studies of caspase-11 

(the mouse orthologue of human caspase-5) have demonstrated a 

similar effect on the LPS response to that of CASP-1 knockouts 

suggesting that the activities of these two enzymes are co-ordinated in 

some way (Wang et al. 1998). In tandem with caspase-1, caspase-5 

has also been found to be part of the NLRP1/NALP1 inflammasome 

activation complex (Martinon et al. 2002).

Caspase-12 is structurally related to the other inflammatory 

caspases but its function appears to be distinct and its relevance 

somewhat uncertain. Although in certain populations caspase-12 may



have a role in conferring hyper-responsiveness to LPS, the majority of 

the human population only express a truncated version of the protein 

that is without enzymatic activity (Saleh et al. 2004). To date the panel 

of inflammatory caspase substrates is relatively small with only the 

aforementioned interleukins being well characterized. However, a 

number of recent screening studies have increased the number of 

proposed substrates for the inflammatory caspases (Shao et al. 2007, 

Lamkanfi et al. 2008, Agard etal. 2010).

Apoptotic caspases

The pro-apoptotic members of the caspase family include caspases-2, - 

3, -6 -7, -8, -9 and -10. Compared to the inflammatory caspases, the 

characterization of the apoptotic caspase cascade is much more 

complete and has been found to involve hundreds of potential caspase 

substrates (Luthi and Martin, 2007). The general ordering of these 

cascades begins with the activation of an initiator enzyme through direct 

interaction with an activating platform. Activated initators then in turn 

activate the effector class of enzymes (sometimes referred to as 

executioners in the cell death context) that go on to process hundreds of 

proteins on the way to cell death.

Caspases-8, -9 and -10 are classic initiator caspases with long 

N-terminal domains that facilitate their interaction with activation 

platforms. The N-terminal death effector domains (DED) of caspase-8



and -10 allow these initiators to interact with the death-inducing 

signalling complex (DISC) that forms upon ligand binding to death 

receptors such as Fas (Muzio et al. 1996). This is distinct from 

caspase-9 that possesses a caspase recruitment domain (CARD) at its 

N-terminus through which it associates with an alternate activation 

platform termed the apoptosome (Li et al. 1997).

The remaining apoptotic caspases fall into the category of 

effectors. The major effectors are generally considered to be caspase-3 

and caspase-7 and these enzymes are the target of initiators such as 

caspase-8 and -9. Upon activation of the initiator enzymes progression 

to the next step in the cascade is rapid. In the case of caspase-3 this 

can occur in as little as 5 minutes (Hill et al. 2004, Rehm et al. 2006). 

The efficiency of response is surely enhanced by the fact that caspases 

are already present in the cytoplasm as stable zymogens and 

transcription or translation is not typically required. In fact, compounds 

that block transcription/translation can be potent inducers of caspase 

activation (Martin et al. 1990). Together, caspase-3 and caspase-7 are 

responsible for the majority of processing events within an apoptotic 

cell. The caspase cascade is further propagated by caspase-3 (and to a 

lesser extent caspase-7) dependent activation of caspase-6 and 

caspase-2 (Slee etal. 1999).



Non-classical caspase functions

Structurally caspase-2 fits into the initiator class but, although 

consistently processed during apoptosis, the importance of caspase-2 in 

this context is not known. However, some recent work has suggested 

that this caspase may have a unique role in regulation of the G2/M DNA 

damage checkpoint as part of a protein complex dubbed the 

PIDDosome (Shi et al. 2009). Other apoptotic caspases have also 

been ascribed functions independent of cell death. Caspase-8 has been 

reported to regulate leukocyte differentiation, in particular growth factor 

driven monocyte-macrophage transition (Kang et al. 2004). Caspase-3 

activity has also been reported in various cell differentiation/maturation 

scenarios and as well as being implicated in T cell energy (Sordet et al., 

2002, Santambrogio et al., 2005, Puga et al., 2008).

The final member of the caspase family in humans, caspase-14, 

falls outside all of the previously mentioned categories. It appears to be 

important in the differentiation and cornification of skin epithelia. This 

was illustrated in CASP-14 knockout mice which display significant skin 

abnormality associated with reduced water retention and increased 

susceptibility to UVB irradiation (Denecker et al. 2007).



1.3 Granzymes

1.3.1 Classification and structure

Granzymes (granules enzymes) are a group of serine proteases noted 

for their localization within the granules of cytotoxic cell types such as 

natural killer cells (NK cells) and cytotoxic T lymphocytes (CTLs). 

Structurally they are related to other serine proteases such as trypsin 

and chymotrypsin but are unique in their function and substrate 

specificity (Trapani 2001). Five human granzymes have been identified, 

these being annotated as granzyme A, B, H, K and M.

The five granzymes found in humans can be divided into 

subclasses relating to their ability to cleave at particular amino acid 

residues. Granzymes A and K typically hydrolyse at a lysine/arginine 

residues, granzyme B at aspartic acid, granzyme H at 

phenylalanine/tyrosine and granzyme M at methionine/leucine (Smyth et 

at. 1996). In addition, the substrate specificity observed for granzymes 

is greatly influenced by protein-protein interactions occurring outside of 

the active site (Bell et at. 2003). In quaternary arrangement these 

enzymes are monomeric with the exception of granzyme A which is a 

dimer (Estehanez-Perpina et a!. 2000, Bell et at. 2003).

As with many proteases, granzymes are first produced as 

inactive zymogens but become activated once they are safely 

sequestered within cytotoxic granules. This activation is achieved by



the removal of their short N-terminal domains by another protease 

called cathepsin C/DPPI (McGuire etal. 1993).

1.3.2 Granzyme function

When a cytotoxic cell identifies a potential target, such as a virally 

infected cell, the distribution of granzyme containing lytic granules 

becomes polarized at the site of contact. Ultimately this contact leads to 

the formation of the immunological synapse across which the contents 

of these granules are released into the target cell (Stinchcombe et at. 

2006, Cullen and Martin, 2008). The permeabilization of the target cell’s 

plasma membrane is dependent on yet another constituent of the 

granules known as perforin (van Dommelen et al., 2006). Although the 

exact mechanism has yet to be defined, the action of perforin is 

absolutely essential for efficient delivery of granzymes into the target 

cell. PRF1 knockout mice have severe defects in their immune 

response to viral infections as well as alloantigen-specific cytotoxicity 

(Kagi etal. 1994). Comparatively, the consequence of knocking out 

individual granzymes is much less severe than loss of perforin pointing 

toward redundancy in granzyme functional endpoint if not mechanism 

(Pardo et al. 2004).

The best understood functional endpoint of granzyme activity is 

cell death. Related to the variation in active site specificity among these 

enzymes, several distinct mechanisms of granzyme mediated cell death
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have been proposed (Heusel et a/,1994, Fan et al. 2003, Kelly et al. 

2004). Because the delivery of any one species of granzyme does not 

occur in isolation from all others it can be difficult to attach physiological 

significance to some of these scenarios. This is especially true for the 

less studied members of the granzyme family such as granzyme K, H 

and M. However, it does seem that all granzymes possess some form 

of cytotoxic activity.

Granzyme B

Of these differing mechanisms, apoptosis as a result of caspase 

activation is widely considered to be the most important in the context of 

granzyme-induced cell death. The activation of this pathway as a result 

of cytolytic attack is carried out by granzyme B (Heusel e/a/. 1994, 

Pardo et al. 2004). Granzyme B is unique because it cleaves at 

aspartic acid residues. This of course is a trait shared with the 

caspases. There are two major routes through which granzyme B can 

initiate apoptosis. The first is through the processing and activation of 

the effector caspase-3 as well as caspase-7 (Martin et al. 1996, Adrain 

et al. 2005). The second is through the processing and activation of a 

molecule known as Bid (Barry et al., 2000, Cullen et al., 2007). 

Cleavage of Bid is an important pro-apoptotic signal that eventually 

leads to the activation of the caspase cascade in humans although this 

is a poor substrate for murine granzyme B (Cullen et al. 2007).



Granzyme B is also capable of processing a number of other proteins 

that are also targeted by caspases during apoptosis (Cullen and Martin 

2008).

Granzyme A

In contrast, granzyme A is unable to activate caspases or Bid but is 

reported to induce cell death via a caspase-independent mechanism. 

Targeted disruption of GZMA does not have a major effect on cell death 

even in comparison to the GZMB knockout which itself is moderate 

(Heusel et al. 1994, Shresta et al. 1997 and Pardo et at. 2004). 

However, GZMA/B double knockout does appear to have an additive 

effect (Pardo et al. 2004). Granzyme A-dependent cell death primarily 

involves the deactivation of a number of proteins within the SET 

complex resulting in the accumulation of DMA strand nicks as well as 

other events which are reported to cause mitochondrial dysfunction 

(Fan et al. 2003, Martinvalet et al. 2005).

Other granzymes

Granzyme K, which like granzyme A is a tryptase, has been proposed to 

induce the same pathway and has been shown to process a number of 

the same substrates including some SET proteins (Zhao et al. 2007). 

The cell death modality of granzyme H is much less understood and 

those few studies available seem to conflict as to whether caspase
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activation is required (Fellows et al. 2007, Hou et al. 2008). Granzyme 

M-induced cell death is more distinct from the other forms of granzyme- 

mediated cell death in that it does not involve nuclear fragmentation. 

Rather, granzyme M-dependent death has the appearance of necrosis 

(Kelly et al. 2004). Few granzyme M substrates have been identified 

but those that have include nucleophosmin and alpha-tubulin 

(Bovenschen etal. 2008, Cullen et al. 2009).

Non-cytotoxic functions of granzymes

Although the discovery that granzymes play a role in killing by cytotoxic 

cells has drawn the greatest interest, there have been persistent reports 

of non-cytotoxic/extracellular functions of granzymes. In relation to this, 

elevated serum/synovium levels of granzyme A and B have been 

reported to associate with rheumatoid arthritis as well as FIIV or EBV 

infection (Spaeny-Dekking etal. 1998, Ronday et al. 2001, Goldbach et 

al. 2005). In the case of rheumatoid arthritis, granzyme activity has 

been suggested to participate in joint erosion by cleaving extracellular 

matrix proteins (Ronday et al. 2001, Goldbach et al. 2005). Indeed, 

granzyme B has been reported to mediate cell detachment through 

processing of matrix proteins such as collagen IV, vitronectin, 

fibronectin and laminin (Simon et al. 1991, Buzza et al. 2005). The 

results suggest that, separate from their cytotoxic functions, granzymes 

may also have a role in extracellular matrix remodelling.
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In addition, granzymes have repeatedly been implicated in the 

regulation of the immune system and, although a unified picture has yet 

to emerge, a number of intriguing individual observations have been 

made. One of these is the finding that cells (particularly mononuclear 

cells) treated with either granzyme A or granzyme B appear to release 

pro-inflammatory cytokines such as interleukin-1 p, interelukin-6 and 

TNFa (Sower et al. 1996a and b, Metkar et al. 2008). A mechanism for 

this effect has yet to be proposed but it appears to be perforin- 

independent and supporting this independence is the observation that 

GRMA or GZMB knockout mice are resistant to IPS induced septic 

shock (Metkar et al. 2008). Interestingly, an early investigation of this 

response found parallels with the response to thrombin, as granzyme A 

has also been reported to cleave and activate thrombin receptors 

(Sower et al. 1996a, Suidan et al. 1994). Other immune-related 

substrates of the granzymes include a number of interleukins. 

Granzyme A has been reported to cleave interleukin-1 p (Irmler et al. 

1995) while granzyme B has been reported to activate interleukin-18 

(Omoto et al. 2010).
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1.4 Apoptosis

1.4.1 Pathways that Lead to Apoptosis

The fate of individual cells in a multicellular organism is carefully 

controlled to ensure that unwarranted population expansions or 

contractions do not occur. It is now well established that cell death, just 

like cell division, is a highly regulated or ‘programmed’ process. This 

process, termed ‘apoptosis’, is critical for the removal of superfluous 

cells during embryonic development and tissue remodelling as well as in 

the resolution of immune responses (Jacobson et al. 1997).

There are three major routes leading to apoptotic cell death. 

These have been termed the extrinsic, intrinsic and granzyme B 

pathways. In all three scenarios, activation or introduction of an apical 

protease (initiator caspase or granzyme B) is the first step in initiating 

the caspase activation cascade (Taylor et al. 2008). The range of 

substrates cleaved by these initiators is relatively narrow, but 

importantly, includes the executioner caspases that, upon activation, 

can go on to mediate hundreds of proteolytic events within the cell. In 

this way the caspase cascade is amplified from tightly regulated events 

occurring at a specific location in the cell, to a cell-wide proteolytic 

maelstrom which impacts on all aspects of cellular physiology.
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The extrinsic pathway

The extrinsic pathway is so called because the instruction to die is 

provided by another cell, such as a cytotoxic T lymphocyte (CTL), 

through extracellular signaling in the form of death receptor 

engagement. The binding of receptors such as Fas receptor, TRAIL 

receptor or TNF receptor expressed on the target cell to corresponding 

ligands expressed on cytotoxic cells leads to the assembly of a caspase 

activation platform known as the death induced signaling complex 

(DISC) (Figure 1.3A). This complex is composed of adapters such as 

FADD as well as the initiator enzyme caspase-8 (Muzio et al. 1996). 

Caspase-8 associates with this complex through its DED domain. Active 

caspase-8 subsequently processes caspase-3 and caspase-7. These 

executioner caspases in turn carry out the apoptotic dismantling of the 

targeted cell. Additionally, caspase-8 may also cleave and activate a 

pro-apoptotic protein known as BID which can engage the intrinsic 

pathway (see below) to caspase activation by promoting mitrochonial 

Cytochrome c release (Luo et al. 1998).

The Granzyme B pathway

As an alternative to the engagement of death receptors on the surface 

of target cells, cytotoxic NK cells and CTLs may kill their targets through 

the delivery of cytotoxic granules across the immunological synapse 

(Figure 1.3B) (Stinchcombe et al. 2006, Cullen and Martin 2008).
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Contained within these granules are two key constituent proteins, 

perforin and granzyme B (van Dommelen et al. 2006). Perforin is 

thought to permeablilize the plasma membrane of the target cell, 

possibly through the formation of channels (Keckler 2007), and this 

facilitates the entry into the cell of granzyme B, a proteolytic enzyme 

that can initiate apoptosis. This is achieved in part through the ability of 

granzyme B to cleave and activate the executioner caspases-3 and -7 

(Adrain et al. 2005). In humans, granzyme B-mediated processing of 

BID and the subsequent activation of the intrinsic pathway is also 

thought to be a key event (Cullen et al. 2007).

The intrinsic pathway

The intrinsic pathway is centred on events occurring at mitochondrial 

membranes. Specifically, it is the release of Cytochrome c from 

mitochondria that triggers the activation of the caspase cascade and 

essentially represents a point of no return for the dying cell (Figure 

1.3C). DNA damage, transcriptional/translational block, protein mis- 

folding or loss of growth factor signaling are some examples of events 

that can potentially lead to the activation of the intrinsic pathway (Martin 

et al. 1990, Masud et al. 2007, Youle and Strasser 2008). Regardless 

of the upstream signalling events, it is the interplay between members 

of the BCL-2 protein family that regulates the cell’s response to stress. 

Oligomerization of either of two BCL-2 proteins, BAX/BAK, at the
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mitochondrial membrane, is the event that facilitates Cytochrome c 

release (Kuwana et ai, 2002). BAX and BAK are, in turn, regulated by 

yet other members of the BCL-2 family. Anti-apoptotic BCL-2 proteins 

(such as Bcl-2, Bcl-x etc.) inhibit BAX/BAK channel opening while a 

diverse group of pro-apoptotic BH3-only proteins (such as BID) promote 

BAX/BAK oligomerization (Newmeyer et al. 2001, Kuwana et ai 2002, 

Youle and Strasser 2008).

Upon BAX/BAK oligomerization Cytochrome c is released into 

the cytoplasm and induces the oligomerization of the cytoplasmic 

protein APAF-1. The APAF-1 oligomer is another example of the 

formation of a caspase activating platform for initiation of the caspase 

cascade (Hill et al. 2004). This complex, referred to as the apoptosome, 

recruits and activates caspase-9. Active caspase-9 can now act as an 

initiator of the caspase cascade by cleaving and activating caspase-3 

and -7 (Li etal. 1997).

Effectors of demolition

As already described, the common endpoint of all three cell death 

pathways discussed above is the activation of the effector/executioner 

caspases-3, -6 and -7. Among these enzymes caspases-3 has the 

unique ability to proteolytically process several other caspases both 

upstream (caspase-8, -9) and downstream (caspase-3, -6 and -7) of its 

own position within the pathway (Slee at al. 1999, Walsh et al. 2008).
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The ability of caspase-3 to activate other caspases points to an 

important question regarding the effector caspases. Namely, what is 

the relative contribution that each enzyme makes to the processing of 

other cellular substrates during the final phase of apoptosis? Caspase- 

6 may have a specific role in the cleavage of certain nuclear lamin 

proteins but outside of this small window little else is known concerning 

the role of this caspase (Slee et al. 2001). The closely-related 

orthologs, caspase-3 and -7, have often been considered to be 

functionally redundant. This view has been supported by screening 

studies using synthetic small peptide substrates as well as mouse 

knockout data (Thornberry et al., 1997, Lakhani et al., 2006). However, 

upon closer inspection there is clear evidence of significant functional 

divergence between caspase-3 and caspase-7. Although it is clear that 

an important subset of substrates are targeted with equal efficiency by 

both enzymes, caspase-3 appears to be the more promiscuous enzyme 

and is involved in a greater number of cleavage events (Slee et al. 

2001, Walsh et al. 2008). It is also apparent that, although fewer in 

number, caspase-7-specific cleavage events also occur (Walsh et al. 

2008).

1.4.2 The Demolition Phase of apoptosis

Regardless of their specific functions, together the effector caspases 

are implicated in the cleavage of hundreds of proteins within the cell
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(Luthi and Martin 2007). During the final phase of apoptosis their 

activity results in the wholesale demolition of the cell and, in a very real 

sense, is the defining moment of programmed cell death.

We can observe this demolition phase through hallmark events 

such as cell detachment and plasma membrane blebbing, as well as 

nuclear condensation and fragmentation (Taylor et al., 2008) (Figure 

1.4). Although the identified substrates are numerous, it is a curious 

fact that only very few proteolytic events have been explicitly linked to 

the observed alterations occurring within apoptotic cells (Figure 1.5). It 

would seem that many caspase-dependent cleavage events represent 

a general shutdown of the cellular machinery ‘one of a thousand cuts’, 

while still others are innocent bystanders caught up in the proteolytic 

cascade (Martin and Green 1995, Taylor et al., 2008).

Detachment, rounding and blebbing

For the vast majority of cells, cytochrome c release from mitochondria 

represents an irreparable loss of viability. The late occurring events of 

programmed cell death mediated by the executioner caspases are 

primarily directed at preparing the cell for efficient removal by 

phagocytes. As such, those cells that are part of a connected tissue 

layer must be extricated from their position anchored to neighbouring 

cells and the extra-cellular matrix. A number of proteins involved in cell

cell connectivity have been identified as caspase substrates. One such
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Features of apoptosis. (A) Apoptotic cells can be characterized by a set of classic 
features including cell shrinkage, dynamic membrane blebbing, outer membrane expo
sure of phosphatidylserine, neuclear condensation and fragmentation. (B) HL60 cells 
exposed to UV irradiation to induce either apoptosis or necrosis.



group of proteins subject to caspase proteolysis are the (3 and y- 

catenins. These proteins mediate the interaction between cadherins 

and the cytoskeleton and the observation that catenins are cleaved 

suggests a break in cadherin based cell-cell contacts (Brancolini et al. 

1997). More directly, cadherins themselves are also cleaved by 

caspases and therefore implicated in cell detachment (Steinhusen et al. 

2001). The association between the cell and the extracellular matrix 

may be disrupted by cleavage of focal adhesion kinase and PI30^®® 

(Levkau et al. 1998).

In addition to breaking links with their neighbours, what is clear 

when observing apoptotic cells is that such cells undergo significant 

rearrangements of the cytoskeletal network. Not only do apoptotic cells 

round and retract but the plasma membrane undergoes dramatic 

blebbing (extrusion of the membrane leading to the release of apoptotic 

bodies). Microtubules, microfilaments and their associates are also 

affected by caspase mediated-proteolysis. The list of cytoskeletal 

substrates includes proteins such as actin, myosin, tubulin, gelsolin, 

fodrin and vimentin (Kothakota ef a/. 1997, Communal et al. 2002, 

Gerner et al. 2000, Walsh et al. 2008). However, for many of these 

reported substrates, the link between proteolysis and any functional 

outcome has been more often inferred than expressly demonstrated. 

An exception is the Rho-associated kinase ROCKI. Caspase 

proteolysis of ROCKI removes its C-terminal auto-inhibitory domain
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yielding a constitutively active form of ROCKI. Active ROCKI can then 

go on to phoshorylate myosin light chains. The phosphorylation of 

myosin light chains induces an increase in actin-myosin contractions 

and therefore rearrangements in the actin cytoskeleton leading to 

membrane blebbing (Coleman et al. 2001, Sebbagh et al. 2001). 

Interestingly, although this event requires caspase-dependent 

processing of ROCKI, it is remarkably independent of other caspase- 

mediated proteolysis events, as cells transfected with active ROCKI 

undergo extensive membrane blebbing in the absence of apoptosis 

(Coleman etal. 2001, Sebbagh et al. 2001).

Nuclear Fragmentation, DNA condensation and Degradation 

Another hallmark of apoptosis that occurs during the demolition phase is 

the breakdown of the cell nucleus. This includes the condensation of 

chromatin and associated degradation of the DNA followed by the 

physical fragmentation of the entire nucleus.

Nuclear fragmentation appears to involve two separate events: 

the weakening of the nuclear envelope (in particular the lamina) and the 

generation of contractile forces within the actin network. The 

intermediate filament proteins known as lamins (lamin A/C and lamin B) 

that compose the inner envelope lamina are targeted by caspase- 

mediated proteolysis (Rao et al. 1996). This opens the nuclear 

membrane to disassembly in a manner analogous to, yet quite distinct
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from, mitosis where lamin disassembly is mediated by hyper

phosphorylation. The transfection of non-cleavable mutants of either 

lamin A or B can delay the normal pattern of nuclear fragmentation 

within apoptotic cells (Rao etal. 1996).

However, weakened membrane integrity does not cause the 

nucleus to passively fall apart. In order to fragment and for those 

fragments to disperse, as is observed during apoptosis, the nucleus 

must be physically torn asunder. The forces required to achieve this are 

cytoskeletal and are again orchestrated by ROCKI-mediated 

phosphorylation of myosin light chain (Croft et al. 2005). This affects 

the actin mesh surrounding the nucleus and promotes actin-myosin 

based contraction.

Prior to the fragmentation of the nucleus, the chromatin/DNA 

within are subject to condensation and degradation. In fact, the 

laddering of DMA upon apoptosis was an early marker for this form of 

cell death. The condensation of chromatin appears to be primarily due 

to the caspase-dependent activation of another kinase, Msti (Lee et al. 

2001, Cheung et al. 2003). Activated Msti enters the nucleus and 

phosphorylates the histone protein H2B. The phosphoryation of histone 

proteins is similarly involved in chromosome condensation during cell 

division but the specific event of H2B phosphorylation appears to be 

unique to apoptotic cells (Cheung et al. 2003).
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Following chromatin condensation, the DNA is degraded by a 

nuclease known as CAD. This was identified as an active constituent of 

apoptotic or caspase-3 treated cell lysates (Enari et al. 1998). CAD 

knockout cells fail to undergo oligonucleosomal fragmentation although 

cell death otherwise proceeds (Samejima et al. 2001). The mechanism 

of CAD activation is through caspase cleavage of the inhibitor of CAD 

(ICAD; Enari et al. 1998).

Undermining cell physiology

The events described above represent those most observable and/or 

characteristic of apoptosis and the activation of the executioner 

caspases. However, this is far from the totality of events that are 

occurring. Through identification of caspase substrates it has become 

apparent that diverse processes within the cell are undermined when 

caspases become activated.

Both the golgi and the endoplasmic reticulum appear to be 

affected as indicated by the processing of proteins such as pi 15, 

syntaxin 5, and giantin (Chiu et al. 2002, Lowe et al. 2004). Other 

systems that run afoul of the effector caspases, include the proteosome, 

the transcription/translation machinery and the mitochondrial transport 

chain (Thiede et al. 2001, Bushell et al. 2000, Ricci et al. 2004, Adrain 

et al. 2004)
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Consequences of substrate processing by the executioner caspases during the 
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Individually, any of these events would have a severe impact 

upon cell viability but the fact that they are disrupted concurrently 

suggests a strong drive towards total shutdown of the cell. On the other 

hand, in the context of the severe cytoskeletal disruption that is 

mediated by substrates such as ROCKI, some events could be viewed 

as turning the lights out in an already crumbling building. Perhaps, the 

widespread targeting of these pathways not only ensures that there is 

no escape from the actions of the caspases but also serves to dampen 

down the overall levels of biochemical activity within the cell and 

therefore enhance its inert status.

1.4.3 Immune clearance and immune tolerance of apoptotic cells

Although a clear understanding of the significance of most caspase- 

dependent cleavage events has yet to be achieved, the major endpoint 

must be the presentation of apoptotic cells and apoptotic bodies to the 

surveying phagocytes responsible for cleaning up the cellular debris. 

As stated earlier, to the immune system, the difference between 

necrotic and apoptotic cells appears to be one of night and day. While 

necrotic cell death is characterized by the release of self-derived danger 

signals (also called alarmins) and inflammation, apoptosis is largely 

inert or even refractory to an inflammatory response (Birge and Ucker 

2008). Therefore, if Cytochrome c release alone is sufficient to kill a 

cell, much of the caspase-dependent processing of substrates is likely
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to be geared towards getting an apoptotic cell ready to meet the 

immune system on good terms.

The detachment and fragmentation into apoptotic bodies is a key 

event that aids in the removal of apoptotic cells by phagocytes; 

however, to achieve this apoptotic cells must be labelled as targets. A 

number of changes/candidate molecules expressed on the membrane 

of apoptotic cells have been proposed to be involved including 

phosphatidylserine, and oxidized-low density lipo-protein (Martin et al. 

1995, Chang et al. 1999, Greenberg et al. 2006). Along with these 

membrane changes, apoptotic cells also release chemo-attractive 

factors such as lysophosphatidylcholine that allow phagocytes to home 

in on their location. Lysophosphatidylcholine release is caspase-3 

dependent, requiring a cleavage-mediated activation of phospholipase 

A (Lauber et al. 2003). Additionaly, a very recent report has made the 

claim that release of a chemokine (CX3CL1/fractalkine) from apoptotic 

B cells specifically attracts macrophages (Truman et al. 2008). 

Interestingly, this release was also apparently caspase-dependent and 

involved the cleavage of a membrane bound form of the chemokine 

from the cell surface. However, whether the caspase involvement in 

this processing event is direct or indirect remains unclear.

Another important part of being parsed and packaged for removal 

is the potential antigenicity of the apoptotic cell. Danger signals 

released from necrotic cells may be single purpose immune signals
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such as cytokines or “homeostatic” cellular constituents that serve the 

internal cellular physiology of normal healthy cells. These molecules 

come into contact with the immune system when they are released from 

the insulating cocoon of the cell by the deregulated rupture of the 

plasma membrane during necrosis. Examples of such signals include 

interleukin-1 a, HMGB1, Hsp70, and DNA/protein complexes such as 

nucleosomes (Todryk et al. 1999, Napirei et al. 2000, Scaffidi et al. 

2002, Chen et al. 2007). Because, apoptotic cells maintain plasma 

integrity prior to their ingestion by phagocytes, this has been cited as 

the primary reason behind their lack of immunogenicity (Birge and 

Ucker 2008). Although membrane integrity is likely to have a significant 

effect on the immune system’s tolerance of apoptotic cells, it does not 

appear to be the whole story. It is clearly observable in cell culture that 

apoptotic cells that cannot be taken up by phagocytes eventually do 

lose their membrane integrity and undergo secondary necrosis. If the 

plasma membrane was the only barrier to potential danger signals, then 

cells that have undergone secondary necrosis should activate the 

immune system in a similar manner to primary necrotic cells. In fact, 

studies using bone marrow-derived mouse macrophages have found 

that exposure to late stage secondary necrotic cells does not stimulate a 

comparable response to that of primary necrotic cells (Patel et al. 2006). 

This suggests that apoptotic cells are deactivated from the inside out, a 

scenario that seems to almost insist upon a role for caspases.
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An example of just such a mechanism has recently been 

reported for the danger signal HMGB1. Kazama et al. (2008) 

demonstrated that caspase-3-mediated proteolysis of the mitochondrial 

protein p75 leads to an accumulation of reactive oxygen species within 

the apoptotic cell. These oxidizing species were sufficient to deactivate 

HMGB1, which interestingly was found to be able to escape from early 

apoptotic cells (Kazama et al. 2008). This seemes to provide a clear 

example of how caspase-mediated changes in the internal environment 

of apoptotic cells could reduce their inflammatory potential. Another 

event that may be of significant consequence in relation to maintaining 

immune tolerance is the fragmentation of the nucleus. Naked DNA, as 

well as DNA-protein complexes, have been reported as a major source 

of autoimmune stimulation in diseases such as Lupus (Napirei et al. 

2000). DNAse II knockout mouse macrophages that are unable to 

digest such nulceosome fragments from ingested apoptotic bodies 

promote a deregulated immune pathology. This pathology is enhanced 

in mice also deficient in CAD and therefore apoptosis-associated 

nuclear fragmentation (Kawane et al. 2003). This suggests that this 

hallmark effect on the nucleus observed in dying cells may function to 

reduce antigenicity.

To date, few examples of direct processing of a danger signal by 

an effector caspase have been reported in the literature. However, 

because of the large number of caspase substrates, it is not surprising
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that associated or related proteins have been identified as substrates. 

Examples include members of the Hsp90 complex and the 

ribonucloproteins (Prasad et al. 1998). An exception to this is the 

example of interleukin-33. This potent inducer of the Th2 response that 

is released from necrotic cells has been identified as a caspase-3/7 

substrate. Caspase processing attenuates interleukin-33 signalling 

(Luthi et al. 2009).

The identification and validation of any proposed danger signal 

must overcome a number of hurdles, not the least of which is a 

detectable presence in patho-physiological conditions (Kono and Rock 

2008). The critical requirement that apoptosis avoids activating the 

immune response suggest that the study of programmed cell death, 

particularly during the demolition phase, may help to identify new 

danger signals.

1.5 Inflammation

Inflammation as a tissue level response to infection and injury is 

something we have all experienced. The totality of this response is built 

on a great diversity of different cell types and their individual cellular 

responses. At the forefront of any inflammatory response are those 

innate immune cells (macrophages and dentritic cells) that survey the 

cellular environment for indicators of pathology and respond with signals
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that engage the broader immune system. The inflammatory caspases 

play their part in this response by mediating the activation and release 

of pro-inflammatory cytokines such as interleukin-1 and interleukin-18 

(Li etal. 1995, Fantuzzi et al. 1998, Martinon etal. 2002, Li et al. 2009).

The sensing of danger is mediated by pattern recognition 

receptors (PRRs) that are able to read the invariant molecular 

signatures of foreign microbial agents such as bacteria or viruses as 

well as self-derived indicators of tissue damage. Amongst the various 

types of PRRs, surveillance appears to be divided between two distinct 

compartments represented by the extracellular (including endosomal 

compartments) and intracellular environments. Well known extracellular 

sensors are the Toll-like receptors which, upon binding to their agonists 

(e.g. LPS or peptidoglycan), signal through transcription factors to 

activate the production of pro-inflammatory chemokines and cytokines 

such as TNF and Interleukin-6 (Akira and Takeda 2004). Intracellular 

receptors, which are dominanted by the family of NOD-like receptors 

(NLRs) but also include the RNA sensing RIG-like helicases and 

molecules such as AIM2 may act on transcription but can also 

participate in the formation of large molecular complexes termed 

inflammasomes (Schroder and Tschopp 2010). It is through these 

molecular platforms that the inflammatory caspases are activated and 

subsequently carry out the activation and release of the cytokines 

Interleukin-1 and Interleukin-18.

30



1.5.1 Inflammasome structure and activation

Although the inflammasome is analogous to other caspase activation 

platforms such as the apoptosome, a distinct characteristic is 

contributed by the diversity of PRRs that can initiate inflammasome 

formation. Therefore, the concept of the inflammasome actually 

encompasses a number of different complexes, all of which converge 

on the same point of caspase activation. To date, four distinct 

inflammasomes have been identified as being formed in response to a 

diversity of foreign and host derived molecules. Three of these are 

initiated by NLRs and are referred to as the NLRP1, NLRP3 and NLRC4 

inflammasomes (Martinon et al. 2002, Mariathasau et al. 2004, Agostini 

et al. 2004). A fourth type of inflammasome is initiated by the HIN200 

protein called AIM2 (Fernandes-Ahnemri et al. 2009, Hornung et al. 

2009).

The formation of inflammasomes can best be understood in 

terms of the protein interaction domains present on their constituent 

molecules (Figure 1.6). NLRs are characterized by a central nucleotide 

binding/oligomerization domain that mediates the formation of these 

large protein complexes. Located at the C-termini of the NLRs are 

leucine rich repeats (LRR) that act as ligand sensors while their N- 

termini mediates protein interactions with other inflammasome
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constituents through either a caspase recruitment domain (CARD) or a 

pyrin domain (PYD) depending on the NLR (Martinon et al. 2002, 

Faustin et al. 2007). NLRs with N-terminal CARD domains may interact 

directly with the CARD domains of caspases but those with PYD 

domains require the facilitation of an adapter molecule such as ASC 

(Srinivasula et al. 2002). This is achieved through the N-terminal PYD 

of ASC and C-terminal CARD domains. AIM2 also associates with 

caspases through its PYD domain, via ASC, but does not oligomerize 

through internal interactions. Instead it is thought that multiple AIM2 

molecules bind the same DNA molecule via their HIN200 

oligonucleotide binding domains (Fernandes-Ahnemri et al. 2009, 

Hornung et al. 2009).

NLRP1 inflammasome

The term ‘inflammasome’ was first coined with reference to an activating 

complex containing NLRP1, ASC, capases-1 and caspase-5 (Martinon 

et al. 2002). The NLRP1 complex was latter reconstituted using 

recombinant proteins and shown not to require ASC (NLRP1 has a 

CARD domain) although ASC did enhance activity of the complex. 

Imaging of these reconstituted complexes by electron microscopy 

provided a first look at an inflammasome and suggested oligomerization 

resulted in the formation a ring like-structure (Faustin et al. 2007). The 

NLRP1 inflammasome is activated by the peptidoglycan constituent
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muramyl-dipeptide (MDP) as well as by antharax lethal toxin (Boyden 

and Dietrich 2006, Faustin et al. 2007, and Hsu et al. 2008).

NLRC4 inflammasome

The NLRC4 inflammasome (also known as IPAF) is mediated by 

another ASC-independent NLR that interacts directly with caspases via 

a CARD domain. The NLRC4 inflammasome has been largely 

associated with the intracellular sensing of gram-negative bacteria such 

as Samonella typhimurium, Pseudomonas aeruginosa and Legionella 

pneumophila (Mariathasan et al. 2004, Sutterwala et al. 2007, Amer et 

al. 2006). The primary activator of the NLRC4 inflammasome was 

generally though to be flagellin (Mariathasan et al. 2004, Amer et al. 

2006) but this is not the case for Pseudomonas aeruginosa infection 

(Sutterwala et al. 2007). However, one requirement that is shared in all 

scenarios is that of an intact bacterial type III secretion system (Miao et 

al. 2006, Sutterwala et al. 2007). A recent report by Miao et al. (2010) 

has attempted to unify the activating signal by suggesting that specific 

motifs present on components of the type III secretion system can 

activate NLRC4 and that these motifs are also present on bacterial 

flagellin.

NLRP3 inflammasome
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Although not the first to be identified, the NLRP3 (also known as Nalp3) 

inflammasome has been the most extensively studied. Unlike NLRP1 

or NLRC4, NLRP3 does not have a CARD domain and therefore ASC is 

an absolute requirement of the NLRP3 inflammasome (Agostini et al. 

2004, Sutterwala et al. 2006). One major finding to come from this work 

has been the large diversity of signals that have been implicated in 

activating NLRP3. This includes both microbial-derived molecules such 

as LPS, peptidoglycan, bacterial/viral RNA and bacterial-derived pore 

forming toxins as well as host derived molecules such as ATP, urate 

and calcium pyrophosphate dihydrate crystals (Sutterwala et al. 2006, 

Kanneganti et al. 2006, Gurcel et al. 2006, Martinon et al. 2006, Allen et 

al. 2009). This diversity has prompted interest in identifying the 

common mechanism by which NLRP3 is activated since it is unlikely to 

directly bind to all of these different factors. One such commonality 

appears to be the requirement for K'' efflux from the cell. ATP (which is 

a required co-factor of the NLRP3 response to Toll ligands) as well as 

various bacterial pore-forming toxins induce this efflux and their ability to 

activate NLRP3 can be inhibited by high extracellular concentrations of 

K'' (Gurcel et al. 2006, Mariathasan et al. 2006). Additionally it has 

been proposed that increases in intracellular reactive oxygen species 

may have a role to play (Cruz et al. 2007, Dostert et al. 2008). Although 

the precise mechanisms underlying these requirements remains to be

34



determined there is some evidence that the two alternatives may not be 

mutually exclusive (Gross etal. 2009),

AIM2 inflammasome

The final inflammatory caspase activating platform to be characterized 

by a growing number of studies is not mediated by an NLR protein but 

rather the HIN200 protein AIM2. It is thought that AIM2 directly binds to 

its target of double stranded DNA (dsDNA) and interacts with caspase-1 

through the adaptor ASC. dsDNA from multiple sources including host, 

bacterial and viral derived dsDNA is capable of activating the AIM2 

inflammasome (Fernandes-Ahnemri et al. 2009, Hornung et al. 2009). 

Studies using AIM2 knockout mice have demonstrated a key role for 

this inflammasome in the response to both DNA viruses and certain 

stains of bacteria (Rathinam et al. 2010).

1.5.2 Consequence of Inflammatory caspase activation

Cytokine activation and release

Since being identified as the ‘interleukin-1 p converting enzyme’ just over 

20 years ago (Black et al. 1999), interleukin-1 p (ILip) is still the most 

significant inflammatory caspase-1 substrate known. Caspase-1 

cleaves the 33 kD pro-IL-ip into its 17 kD active form prior to its release 

via a non-classical secretion pathway (Black etal. 1999, Thornberry et
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al. 1992). IL-1(3 is a key regulator of inflammation with a role to play in 

cellular activation, cytokine production and fever. The second key 

substrate of the inflammatory caspases is interleukin-18 (IL-18). IL-18, 

an important regulator of the IFNy response of T cells and NK cells, also 

requires processing by caspase-1 to be activated. Mice deficient in 

caspase-1 exhibit severe defects in IL-18 signalling (Ghayur et al. 1997, 

Fantuzzi et al. 1998).

Both IL-1|3 and IL-18 are released via an unconventional pathway 

that does not involve the endoplasmic reticulum or the golgi. This 

secretion also requires caspase-1 activity but this is independent of 

whether the secreted molecule is itself processed by caspase-1. As 

evidence of this, the highly related molecule IL-1a also requires 

caspase-1 activity to be secreted but is not itself processed by 

inflammatory caspases (Keller et al. 2008). Therefore, in close 

relationship with its cytokine-activating function caspase-1 also appears 

to regulate non-classical protein secretion although the specific 

substrates that mediate this requirement have yet to be identified.

Pyroptosome activation

Bacterial infection of macrophages has been reported in some 

scenarios to trigger a caspase-1 dependent form of cell lysis that is 

sometimes referred to as pyroptosis (Bergsbacken et al. 2009). In most 

cases this form of cell death has been associated with the NLRC4
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Figure 1.6
Interaction domains of inflammasome constituents. NLRs are characterized by 
a central nucleotide binding/ oligomerization domain (NACHT). Leucine rich repeats 
(LRR) act as ligand sensors while caspase recruitment domains (CARD) or pyrin 
domains (PYD) mediate protein interactions with other inflammasome constituents. 
NLRs with a CARD domain may interact directly with the CARD domain of caspases 
but those with PYD domains require the participation of an adapter molecule such as 
ASC. AIM2 also associates with caspases through its PYD domain, via ASC, but does 
not oligomerize through internal interactions. Instead it is thought that multiple AIM2 
molecules bind the same DNA molecule via their HIN200 oligonucleotide binding do
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inflammasome as in the case of Samonella typhimurium and 

Pseudomonas aeruginosa infection (Mariathasan et al. 2004, Sutterwala 

et al. 2007) but has also been reported as the result of AIM2 and 

NLRP1 activation (Fink et al. 2008, Fernandes-Ahnemri et al. 2009). 

Despite the name, pyroptosis has few if any features in common with 

apoptosis were cells shrink and membrane integrity is maintained. 

Pyroptotic cells in contrast, swell as the cell membrane becomes leaky 

which leads to the eventual rupture and release of cellular contents 

(Fink et al. 2006, Fink et al. 2008). Also unlike apoptosis, there are as 

yet few proteolytic cleavage events linked to the features of pyroptosis. 

Other than IL-1(3 and IL-18, the only substrates that have been reported 

to be cleaved during pyroptosis are caspase-7 and PARP (Malireddi et 

al. 2010).

Other Inflammatory caspase substrates

Although increasing in number, few other reported caspase-1 substrates 

have been linked to a specific function. Two reports have linked 

caspase-1 with the regulation of transcriptional signalling pathways 

through targeting of a specific substrate. Firstly MYD88 like adapter 

protein (Mai) signalling in response to LPS has been reported to be 

activated by caspase-1 processing (Miggin et al. 2007). In the second 

example caspase-1 was found to cleave pyrin, a protein mutated in 

individuals with the autoimmune disorder familial Mediteranean fever.
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The effect of this proteolytic event was reported to activate pyrin, which 

in turn, acts upon the NFkB pathway (Chae et at. 2008). Caspase-1 

has also been reported to cleave a number of proteins involved in 

protein folding diseases such as Alzheimer’s, Parkinson’s and 

Spinocerebellar ataxia but the significance of these events with regard 

to disease etiology is not known (van de Craen et at. 1999, Kahns et al. 

2003, Berke et al. 2004).

Additionally, a number of screening studies have put forward lists 

of new potential inflammatory caspase substrates. Together they 

represent approximately 100 new proteolytic events, the validity of 

which will hopefully become apparent as research continues. One such 

event that has begun to attract further study is the activation of caspase- 

7 by caspase-1 (Lamkanfi et al. 2008). Traditionally, considered in 

terms of its role as an effector of apoptosis, caspase-7 has recently 

been reported to be a caspase-1 substrate. Interestingly, caspase-1 

mediated activation of caspase-7 during macrophage infection with 

Legionella pneumophila appears to have a role in limiting bacterial 

growth (Akhter et al. 2009). In general, when compared to the apoptotic 

caspases, understanding the full consequence of physiological 

caspase-1, -4 and -5 activity and the limits placed on substrate 

proteolysis remains a nascent area of research.
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1.6 Conclusions

When considering proteolysis as a regulatory mechanism it is worth 

keeping the following characteristics in mind. First, proteolysis is distinct 

from most other protein modifications in that it is essentially an 

irreversible reaction. Therefore, the changes induced by proteases are 

unidirectional. Second, although there are some examples of proteases 

with only a single substrate, most are capable of cleaving multiple 

proteins. Lastly, proteases are typically activated as part of a cascade 

or network of related enzymes and the substrate profiles of the different 

players often overlap. All of these characteristics clearly apply to the 

activities of caspases and granzymes that have been described here.

1.7 Thesis Aims

With this in mind, the questions asked during this study of caspases and 

granzymes were of the following nature. Can substrate proteolysis 

during apoptosis regulate the immune response through the targeting of 

immune-cytokines? How do different members of the caspase cascade 

contribute to apoptotic proteolysis and are these enzymes functionally 

redundant or functionally divergent? What factors constrain the activity 

of caspase-1 and determine the physiological substrates of 

inflammasome activation?
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The subsequent chapters of this thesis will describe research 

carried out with the aim to provide some answers to the above 

questions. Chapter 3 describes a screen of interleukin molecules for 

novel caspase and granzyme substrates as an exploration of the 

possible impact of apoptotic proteolysis on the immune response to cell 

death. Chapter 4 describes work done to compare the function of the 

highly related enzymes, caspase-3 and caspase-7, in order to 

determine whether they carryout redundant or divergent roles in the 

demolition phase of apoptosis. Finally, chapter 5 describes work 

investigating caspase-1 in an attempt to understand its enzymatic 

activity relative to the apoptotic caspases and the biochemical 

limitations placed on it that prevent caspase-1 activation escalating into 

full blown apoptosis or necrosis.

40



Chapter 2

Materials and Methods



2.1 Materials

2.1.1 Specialty reagents

All small peptide substrates and inhibitors (YVAD-CHO, ZVAD-fmk, 

DEVD-AMC/AFC, lETD-AMC/AFC, WEHD-AMC, YVAD-AMC and 

ZVAD-AMC) were purchased from Bachem. Biotin-VAD was from ICN 

and the streptavidin beads as well as the cytotoxic drugs Actinomycin D 

and Cisplatin were obtained from Sigma. CHO cell derived recombinant 

interleukin-12 was purchased from immunotools. The crosslinking 

reagents bis[sulfosuccinimidyl]suberate or Bis[maleimido]hexane were 

obtained from Pierce.

2.1.2 Antibodies

Anitbodies specific to caspase-1 (N-term and plO specific) were 

purchased from Santa Cruz (cat:sc-622 cat:sc-515). Anti-caspase-4 and 

caspase-5 were purchased from MBL (cat;M029-3 cat:M060-3). 

Caspase-2, caspase-3, caspase-6, caspase-7, p-catenin, BID, gelsolin, 

PARP, RhoGDI, RIP, ROCKI, STAT1 and XIAP antibodies were 

purchased from BD (cat:611023 cat:610323 cat:556581 cat:610813 

cat:C19220 cat:550365 cat:610413 cat:556494 cat:556511 cat:610458 

cat:611136 cat:S2120 cat;610763). Caspse-8 and caspase-9 specific 

antibodies were obtained from Apotech and Oncogene Research 

Products respectively (cat:APO-20A-071-C050 cat:AM47). Anti-active
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caspase-3 and antiPAK2 were purchased from Cell Signaling 

(cat:9661S cat:2608). Anti-cochaperone-p23 was from Affinity 

Bioreagents (cat:MA3-414 ) and anti-ILip was from R and D Systems 

(cat:MAB201). Anti-a-tubulin was from ICN; anti-DFF45/ICAD Upstate 

(cat:06-696); anti-Fodrin Chemicom (cat:1622); anti-Vimentin Sigma 

(cat:V-6630) and anti-FIIS from abm (cat;G020).

2.2 Recombinant proteins

2.2.1 Cloning

A standard directional cloning procedure was applied for all instances of 

gene cloning. The insert sequence was first amplified from a plasmid 

template by polymerase chain reaction (PCR) using specific primers 

designed to place restriction enzyme digest sites at the 3’ and 5’ ends of 

the resultant PCR product. The amplified insert and the vector plasmid 

were then restriction digested using the appropriate restriction enzymes 

before gene cleaning by gel trapping and silica based capture. Ligation 

reactions were carried out using T4 DNA ligase at 16°C overnight. 

Verification of a successful reaction was carried out by restriction digest 

and sequencing of gel mobility shifted plasmids.
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2.2.2 Expression and purification of His tagged proteins in bacteria

The pET23b expression plasmids containing full-length human caspase- 

3 and caspase-7 were kindly provided by Dr. Guy Salvesen (Burnham 

Institute, La Jolla, CA). The pET15b expression plasmid, encoding full- 

length human Bid, was kindly provided by Dr. Xiao-Ming Yin (University 

of Pittsburgh School of Medicine, PA). Other expression plasmids were 

cloned by J.W. or other members of the Martin lab.

Plasmids encoding polyhistidine-tagged proteins were 

transformed into Escherichia coii BL21/DE3/pLysS by heat shock. 

Bacteria were induced to express the recombinant proteins in the 

presence of IPTG. In most cases, the induction time was approximately 

2 hours however, in the case of producing active caspases this 

induction time was considerably extended (6 h for caspase-3 and 

overnight for caspase-7) in order to allow for auto-processing. 

Conversely, the zymogen forms of caspase-3 and -7 were expressed by 

restricting the induction time.

HIS fusion proteins were subsequently purified using Ni-NTA 

agarose beads according to standard procedures. Briefly, following 

lysis by sonification of the bacterial pellet, the clarified lysates were 

incubated at 4°C for 4-6 h with Ni-NTA agarose beads. Captured 

protein was eluted using imidazole and subsequently dialysed into the 

most appropriate buffer (PBS or protease reaction buffer).
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2.2.3 Expression and Purification of recombinant granzyme B in 

yeast

The stably transformed granzyme B expressing P. pastoris clone was 

provided by Prof. Winfried Weis (Frankfurt, Germany). 1 litre cultures of 

granzyme B expressing yeast were grown at 25°C for 3 days. An 

approximate concentration of 0.5% methanol was maintained in the 

cultures in order to induce protein expression. Following induction the 

culture supernatants were isolated and HIS tagged granzyme B was 

captured from them by incubating with Ni-NTA agarose beads for 4 h at 

4°C. Granzyme B was then eluted from isolated beads with imidazole 

and the purified proteins were dialysed into the most appropriate buffer 

(PBS or protease reaction buffer).

2.2.4 In vitro transcription translation reactions

In vitro transcription and translation reactions were carried out using the 

TNT T7 “quick coupled” trancription/translation system from promega. 

Purified plasmid template was added to the reaction containing rabbit 

reticulocyte lysate, amino acid mix (minus methionine), T7 RNA 

polymerase, and ^®S labeled methionine. The reaction occurred at 30°C 

for two hours. Proteins were separated on SDS-PAGE gels and the ^^S 

signal detected on film.

44



2.3 Enzyme activity and stability

2.3.1 Fluorogenic activity assays

Reactions were carried out in protease reaction buffer (50 mM HEPES, 

pH7.4, 75 mM NaC1, 0.1 % CHAPS, 4 mM DTT) containing 50 ^M of 

the appropriate tetra-peptide substrate (i.e. DEVD-AFC/AMC, lETD- 

AFC, or WEHD-AMC). Samples were measured using an automated 

flourimeter (Spectrafluor Plus, TECAN) at wavelengths of 430 

(excitation) and 535 nm (emission) for AFC substrates and 360 

(excitation) and 465 nm (emission) for AMC substrates.

2.3.2 Active site titration of recombinant caspases and granzymes 

The active site concentration of recombinant caspases was determined 

by the method described by Stennicke and Salvesen (1999). Briefly, 

the recombinant enzyme was co-incubated with the irreversible caspase 

inhibitor ZVAD-fmk over a range of concentrations (from 0 to 800 nM) 

for 30 min. For caspase-3 and caspase-7 incubation with the inhibitor 

could take place at 37°C but because of the instability of caspase-1 at 

37°C the co-incubation took place on ice were caspase-1 maintained full 

activity over the 30 min incubation period. The subsequent activity of 

the enzyme/inhibitor reactions were then measured through hydrolysis 

of fluorogenic substrates (WEHD-AMC for inflammatory caspases and 

DEVD-AMC for apoptotic caspases). Selecting from the linear portion 

of the activity curve, the rate of hydrolysis was then plotted against the
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inhibitor concentration in order to allow for extrapolation of the active 

site concentration. To determine the concentration of an enzyme stock 

the concentration extrapolated was corrected for any dilution and for the 

dimeric nature of caspase enzymes.

Active site titration of granzyme B was preformed in the same 

manner as described for caspases. The irreversible inhibitor GST- 

CrmA was incubated with granzyme B for 10 min at 37 °C. Activity of 

granzyme B in reactions was determined using the lETD-AFC substrate.

2.3.2 Crosslinking of recombinant caspases

Cross-linking was carried out using the reagents 

bis[sulfosuccinimidyl]suberate or Bis[maleimido]hexane (BS^ and BMH) 

in 50 mM Phosphate buffer at the appropriate pH (8.0 and 6.8 

respectively). For BMH cross-linking 5 mM EDTA was also present in 

the buffer. Fresh enzyme or that which had been pre-incubated at 37°C 

was incubated with 1 or 2 mM BMH on ice for 2 hours. Cross-linked 

proteins were run on 12% standard SDS-PAGE gels and visualized by 

staining with commassie blue.
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2.4 Production of cell free extract and experimental use

2.4.1 Production free extract

Cell-free extract was generated from exponentially growing healthy 

THP-1 or Jurkat cells. Cells were harvested (5x10® cells) by 

centrifugation at 800 x g into a Dounce-type homogenizer. Pelleted cells 

were then allowed to swell for 15 min in 3 volumes of ice-cold cell 

extract buffer (20 mM Hepes, pH 7.5, 10 mM KCI, 1.5 mM MgCb, 1 mM 

EDTA, 1 mM EGTA, ImM DTT, 100 pM PMSF, 10 pg/ml leupeptin, 2 

pg/ml aprotinin). Cells were homogenized using a B-type pestle to the 

point of cellular but not organellar rupture (mitochondria remain intact). 

Lysates were then clarified by centrifugation at 15,000 x g for 20 min to 

remove nuclei, mitochondria, and other cellular debris. In the case of 

THP-1 cell-free extracts, the cells were pre-stimulated for 5 hr with 1 

pg/mL of LPS to promote inflammasome formation. Extracts were then 

aliquoted and frozen at -70 °C prior to use.

2.4.2 Use of Jurkat cell free extract as a source of native substrates

Typically, extracts were normalized to 10 mg/ml total protein content 

and were then diluted two-fold in cell-free extract buffer (20 mM Hepes, 

pH 7.5, 10 mM KCI, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 4 mM 

DTT, 100 pM PMSF, 10 pg/ml leupeptin, 2 pg/ml aprotinin). 

Recombinant caspase-3, caspase-7 or granzyme B was added to the
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reactions at final concentrations indicated in the figures. Reactions 

were incubated for 2 h at 37°C to facilitate proteolysis.

2.4.3 Activation of the inflammasome or apoptosome in THP1 cell 

free extracts

For in vitro activation of the inflammasome and inflammatory caspases, 

the THP-1 cell-free extract was simply incubated at 37°C. To provoke 

apoptosome-dependent caspase activation, Cytochrome c (bovine 

heart) and dATP were added to final concentrations of 50 pg/ml and 1 

mM, respectively and again incubated at 37°C

2.4.4 Biotin capture of active caspases from THP1 cell free extract

Inflammasome or apoptosome activation in THP-1 cell-free extract was 

initiated as described above. At each time point (0, 30, 60 and 120 min) 

50 fxl of cell-free extract was sampled and 5 |al of Biotin-VAD was added 

to a final concentration of 10 pM. These samples were then incubated 

with Biotin-VAD for 30 min at 37°C. Following labeling, samples were 

diluted up to 250 pi and 30 pi of streptavidin beads were added. Biotin- 

VAD labeled caspases were captured for 3 hours at 4°C before beads 

were isolated, re-suspended in SDS-page loading buffer, and boiled for 

7 min.

Captured caspases were run on an SDS gel along side 5 pi of 

input (10%) and transferred onto nitrocellulose. Blots were probed for 

both pro and cleaved forms of caspase-1 or caspase-3.
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2.5 Protein detection

2.5.1 Immunoblotting

Samples for immunobloting were separated using laemmli SDS- 

PAGE and transferred onto nitrocellulose membrane. Blocking was 

achieved by 30 min incubation in TBST (Tris-buffered saline, Tween 20) 

with 5% non-fat dried milk. Blots were then probed with the primary 

detection antibody added as a 1 in 1000 dilution of the stock (250 

pg/mL) for 2 h at room temperature. In the case of difficult to detect 

proteins probing was sometimes carried out overnight at 4°C. Following 

incubation with the primary antibody, blots were washed 3X for 10 min 

in TBST. The HRP conjugated secondary detection antibody was then 

added and incubated for 1 h at room temperature. After a final round of 

washes (3X lOmin) in TBST antibody binding to the blot was detected 

by the addition of a chemoluminescent substrate and exposure to film.

2.5.2 Commassie stain

Following separation of proteins by laemmli SDS-PAGE, the SDS-gels 

were incubated in coomassie stain overnight (45% methanol, 10% 

acetic acid and 0.25% coomassie brilliant blue). Background staining 

was removed by incubation in destain for several hours (45% methanol, 

10% acetic acid).

49



2.5.3 Image acquisition and analysis.

Western blot images were scanned from x-ray film and uniformly 

adjusted for brightness and contrast using Photoshop software (Adobe). 

Coomassie blue stained gels were captured by digital camera and 

uniform adjustments were again preformed in Photoshop. 

Densitometric analysis of gels was preformed using Imaged software.

2.5.4 Two-dimensional electrophoresis

Proteins were solubilized to a final volume of 350 pi in lEF sample buffer 

(8M Urea, 4 % CHAPS, 0.05% SDS, 100 mM DTT, 0.2% w/v Bio-Lyte 

ampholytes™, 0.02% w/v Bromophenol blue). IPG strips were actively 

rehydrated at 50 V in the presence of protein samples overnight. 

Samples were then focused on a Biorad lEF cell under the following 

conditions: (1) a linear voltage ramp to 500 V over 1 hour, (2) 5 hours at 

a constant 500 V to facilitate desalting, (3) linear voltage ramp to 3500V 

over 5 hours and (4) 15 hours at a constant 3500 V. Following 

isoelectric focusing, the IPG strips were prepared for second dimension 

SDS-PAGE by a 10 min incubation in reducing buffer (2% w/v DTT in 6 

M Urea, 375 mM Tris HCI, pH 8.8, 2% SDS, 20% Glycerol), followed by 

a 10 min incubation in alkylating buffer (2.5% w/v iodoacetimide in 6M 

Urea, 375 mM Tris HCI, pH 8.8, 2% SDS, 20% Glycerol). Strips were 

then mounted on 12% SDS-PAGE gels using 1-2 ml of easymelt 

agarose (Biorad) and electrophoresed at 37.5 mA per gel in a Biorad 

Protean llxi electrophoresis cell (Biorad).
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2.5.5 Silver Staining of two-dimensional gels

Proteins were visualized using a Mass-Spectrometry-compatible silver 

staining protocol. All staining steps involved incubation on a horizontal 

shaker. Briefly, gels were fixed in 50% Methanol/10% Acetic acid for 30 

minutes, followed by a 10 min wash in 50% methanol. Gels were then 

washed extensively at least three times in distilled water, prior to 

sensitization for approximately 1 minute in 0.02% Na2S203. Gels were 

then rinsed briefly two times in distilled water before staining in a chilled 

0.1% AgNOa solution. Gels were pre-incubated for 5 min in a small 

volume of AgNOa solution to precipitate any silver-reactive contaminants 

remaining in the gel or glass tray. This solution was discarded and gels 

were stained for a further 15 minutes in a larger volume of fresh chilled 

0.1% AgNOa solution. Gels were then washed briefly twice in distilled 

water, followed by incubation in developer solution to visualize proteins 

(0.1 % v/v of a 37% formaldehyde solution, 2% NaaCOa). The solution 

was discarded as soon as a brown precipitate formed and replaced with 

fresh developer. Gels were then rinsed briefly in 5% acetic acid to stop 

development and stored in 1% acetic acid solution prior to analysis by 

mass-spectrometry.
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2.5.6 MALDI-TOF mass spectrometry

Proteins excised from gels and digested by trypsin were identified by 

matrix-assisted laser desorption and ionization (MALDI-TOF) mass 

spectrometry. Data from about 1000 laser shots was collected for each 

sample. Spectra was deisotoped and internally calibrated based on the 

known m/z values of autolytic tryptic peptides. Peptide mass data was 

submitted to MASCOT and MS-Fit search engines for protein 

identification based on comparison with theoretical trypsin digests of 

proteins in the NCBI database.

2.6 Cell based assays

2.6.1 Transfection of 293T cells using calcium phosphate 

participation

FIEK 293T cells were plated at 2 x 10® cells/10 cm plate 24 h before 

planned transfection. 250 pi of 0.5M CaCl2 containing 5 pg of the 

interleukin-12 p40 expression plasmid (pCMV6-IL12p40) was added 

dropwise to 250 pi of 2X HEPES-buffered saline (280mM NaCI, lOmM 

KCI, 1.5mM Na2FIP04, 12mM dextrose (D(+)glucose), 50 mM FIEPES, 

pH 7.1). Solutions were incubated for 30 min in order to allow 

complexes to form prior to adding them to the cell monolayer. Culture 

media was changed after 4 hours and cells were allowed to express for 

48 h.
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2.6.2 Cytokine stimulation assays

NK92, YT, NKL, and Jurkat cells were treated in with reconnbinant 

interleukin-12 (50-1500pM) with or without interleukin-2 (lOOU/mL) at a 

concentration of 1x10® cells/mL for 24 h. Following stimulation the 

culture supernatants were isolated and analyzed by enzyme-linked 

immunosorbent assay (ELISA) for the level of IFNy. Typically 

supernatants were diluted 1 in 10 in order to bring INFy levels within 

range of the protein standard.

2.6.3 Induction of cell death

I^CF7''ector i^Qpycaspase-s g density of 200,000

cells/well in a 6 well plate 12 h prior to treatment. The next day cells 

were left untreated or were treated with 5 pM Actinomycin D or 100 pM 

Cisplatin. Cell death was assessed by direct observation at 0, 8, 12 and 

24 h post treatment. To innumerate cell death 300 cells were counted 

over 3 fields of view using a phase contrast microscope. Cell lysates 

were made from different treatments at a concentration of 10x10® 

cells/mL in SDS-PAGE buffer. Protein loading for immunoblots was 

normalized against actin expression levels.
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2.6.4 Comparison of endogenous caspase levels in monocytic cell 

lines

Three common human monocytic cell lines, THP1 U937 and HL60 were 

chosen to examine endogenous caspase levels. Briefly, cells were 

cultured under standard conditions before harvesting to make lysates. 

Lysates were then run on SDS-page as a dilution range along side a 

standard of known amounts of recombinant pro-caspase. Caspase 

expression was then detected by western and compared to the standard 

in order to estimate protein concentration within the lysates.
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Chapter 3

Screen for immune relevant

substrates of cell death associated

proteases



3.1 Introduction

During apoptosis more than 600 substrates are cleaved by the 

proteases (caspases and granzymes) that regulate this form of cell 

death (Luthi and Martin 2007, Dix et al. 2008 and Mahrus et al. 2008). A 

large component of this activity may be directed towards making 

apoptotic cell death acceptable to the surveying immune system. As an 

endpoint, this involves a number of distinct processes including the 

attraction of phagocytes, cellular fragmentation and the induction of 

immune tolerance within those cells that take up apoptotic material 

(Taylor et al. 2008). The way in which surveying phagocytes respond to 

apoptotic cell death is critical. A tolerant response guards against the 

development of unwanted immune activation during the resolution 

phase of a given infection. It may also avoid the development of an 

autoimmune response during the homeostatic recycling of cells within 

the body.

Upon ingestion of apoptotic cells, macrophages have been 

reported to up-regulate anti-inflammatory cytokines such as IL-10 and 

TGF-beta (Fadok et al. 1998, Kurosaka et al. 1998, Kurosaka et al. 

2002). This has the effect of creating a signaling environment 

surrounding apoptotic cells that prevents or attenuates an inflammatory 

response. Flowever, dying cells themselves are also a potent potential 

source of immune stimulatory molecules that if released, can
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significantly alter the immune response. The proof of this potential is 

observable in the immune response to necrotic cells especially in 

examples of sterile inflammation (Rock etal. 2010).

The identities of those signaling molecules that induce this 

‘danger’ response are still an area of intense research. Some evidence 

has suggested that these molecules are homeostatic cellular 

constituents such as HMGB1 that take up an entirely different role upon 

release into the extra-cellular environment (Scaffidi et al. 2002, Kono 

and Rock 2008). Alternatively, there is increasing evidence that certain 

cytokines such as interleukin-la are present within healthy tissues and 

are only released during necrotic cell lysis (Chen et al. 2007, Cohen et 

al. 2010).

Regardless of the precise identity of these factors, a major 

characteristic of apoptotic cell death is the destruction or sequestration 

of these signals to avoid inappropriate activation of the immune system. 

The controlled demolition of apoptotic cells into membrane-bound 

fragments is clearly an important sequestering mechanism. However, in 

situations of large-scale cell death it would seem likely that many 

apoptotic cells would not be taken up before secondary necrosis, 

eventually resulting in the release of intercellular components. 

Therefore, apoptotic proteolysis may function, at least in part, to 

inactivate signaling molecules as a further safeguard against their 

release during cell death. In fact, such a caspase dependent
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mechanism has been suggested to inactivate HMGB1 (Kazama et al. 

2008).

In addition, recent work from our lab identified the cytokine 

interleukin-33 as a substrate of the apoptotic caspases (caspase-3 and 

caspase-7). Interleukin-33 is a potent activator of the Th2 response and 

is released from necrotic cells. Caspase-dependent proteolysis of 

interleukin-33 was found to dramatically attenuate this response (Luthi 

et al. 2009). This is a finding that has been corroborated by several 

other groups (Ali et al. 2010, Zhao and Hu 2010).

In light of these findings we wondered whether other cytokines 

could be substrates of apoptotic proteases. To test this hypothesis we 

screened several other interleukin molecules for susceptibility to three 

important apoptotic proteases; caspase-3, caspase-7 and granzyme B. 

We found that under some conditions the p40 subunit shared between 

interleukin-12 and interleukin-23 is a substrate of granzyme B.

3.2 Results

3.2.1 Outline of screen

As a means of discovering novel mechanisms by which apoptosis- 

associated proteases might regulate the immune system, we decided to 

screen known cytokines for novel caspase or granzyme substrates. 

Because we selected target proteins from known immune modulators.
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we reasoned that identifying a proteolytic event would immediately 

place us at the interface between cell death and the immune response.

The format of the substrate screen was as follows. cDNA for 

molecules of interest were obtained from various sources (most as 

IMAGE clones) and subsequently cloned into the vector pET45b. The 

choice of vector allowed for in vitro translation of candidate substrates 

as well as the possibility of producing HIS-tagged recombinant proteins 

in bacteria.

Once cloned, the target proteins were in vitro translated using a 

rabbit reticulocyte lysate system (promega) and ^^S-methionine labeling. 

The translated proteins were treated with recombinant caspase-3, 

caspase-7 or granzyme B to assess whether any were substrates for 

these proteases and warranted further investigation (Figure 3.1).

3.2.2 Production of recombinant caspase-3, caspase-7 or 

granzyme B

Key to the execution of this screen was the production of active 

recombinant proteases. Caspase-3 and caspase-7 were expressed as 

full-length proteins using a bacterial expression system. Activation of 

the caspases occurred within the bacteria through the auto-processing 

of the caspases into their predicted large and small subunits (Figure 

3.2A and B). The enzymes produced were clearly active as 

demonstrated by hydrolysis of the synthetic tetrapeptide caspase
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I
Clone into pET45booo

i
In vitro transcribe and 

translate

I
Incubate with caspase-3 

caspase-7 orgranzyme B

I
Assess processing 

and
test functional consequence

Figure 3.1
Outline of caspase/granzyme substrate screen. cDNA templates of cadi- 
date substrates were cloned into the pET45b plasmid. Clones were in vitro 
transcribed and translated using rabbit reticulocyte lysates. In vitro transcribed/ 
translated products were then treated with recombinant caspase-3, caspase-7 or 
granzyme B.
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Figure 3.2
Production of active recombinant caspase-3 and caspase-7 in bacteria. (A and B)
Caspase-3 and caspase-7 were expressed in E. coli and purified to homogeneity with 
Ni-NTA agarose beads. 5 pi of beads or elution fractions were ran per lane. Bovine 
serum albumin (BSA) was run as protein standard. Caspase activity was assessed 
through hydrolysis of the tetrapeptide substrate DEVD-AFC (C and D) as well as 
through the processing of endogenous substrates co-chaperone p23, RhoGDI and Bid 
in Jurkat cell free extract (E).
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Production of active recombinant granzyme B in yeast. (A) Granzyme B was ex
pressed in P. pastoris and purified to homogeneity over Ni-NTA agarose beads. Puri
fied enzyme was concentrated and ran alongside bovine serum albumin (BSA) as a 
protein standard. Granzyme activity was assessed through hydrolysis of the tetrapep- 
tide substrate lETD-AFC (B) as well as through the processing of endogenous sub
strates co-chaperone p23 and Bid in Jurkat cell free extract (C).



substrate DEVD-AFC, as well as by proteolysis of endogenous caspase 

substrates in Jurkat cell free extract (Figure 3.2C and D, Figure 3.2E 

and F). In order to determine the concentration of enzyme, a titration of 

the irreversible inhibitor ZVAD-fmk was used to determine the 

concentration of active sites.

Unlike caspase-3 and caspase-7 it is not possible to produce 

active granzyme B in bacteria. This may be related to a requirement of 

eukaryote glycosylation for proper folding of this protease. For that 

reason recombinant granzyme B was produced using a yeast 

expression system. Although granzyme B is also produced as an 

inactive zymogen (activated by cathepsin C processing) the 

recombinant granzyme represented the enzyme without its inhibitory N- 

terminal domain (Figure 3.3A)

Activity of the recombinant protein was measured through 

hydrolysis of the tetra-peptide substrate lETD-AFC and through the 

processing of endogenous substrates in Jurkat cell free extract (Figure 

3.3B and C). The active concentration of a given granzyme B batch 

was established either through active site titration using the inhibitor 

Crm A, or by matching the lETD-AFC hydrolysis activity to a different 

batch of active site titrated enzyme.
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3.2.3 Cloning of interleukins

As initial targets for our screen we chose to look for novel substrates 

amongst the interleukins. Although not a structurally homologous 

grouping of molecules, the interleukins represent a pool of key immune 

regulators, many of which have already been well described in terms of 

their structure and function. Also of relevance was the fact that a 

number of these molecules had already been identified as important 

caspase or granzyme substrates (Table 3.1).

Of the approximately 35 interleukins, we obtained cDNA for, and 

cloned 13 of these genes. It should be noted that the interleukin-12 p40 

protein forms part of two distinct heterodimeric cytokines namely 

interleukin-12 and interleukin-23 (Table 3.1).

3.2.4 Treatment of cloned interleukins with recombinant caspase-3, 

caspase-7 or granzyme B.

In the first phase of screening, in vitro transcribed and translated 

products representing 13 interleukins were exposed to a concentration 

range of recombinant caspase-3, caspase-7 or granzyme B for 2 hours 

at 37°C. The known substrates, co-chaperone p23 and Bid, were 

included as positive controls.

None of the 13 candidate substrates tested were processed by either 

caspase-3 or caspase-7 despite clear processing of the positive 

controls, co-chaperone p23 and Bid. However, 3 targets, interleukin-6,

60



NAME Processed by Cloned
IL-1P Casp-1, GzmA X

IL-2 - ✓

IL-3 - ✓

IL-4 -

IL-5 ✓

IL-6

IL-7 ✓

IL-8 ✓

IL-9 ✓

IL-10 ✓

IL-11 X

IL-12 ✓

IL-13 ✓

IL-14 X

IL-15 V

IL-16 Casp-3 X

IL-17 - ✓

NAME Processed by Cloned
IL-18 Casp-1, GzmB X

IL-19 X

IL-20 X

IL-21 X

IL-22 X

IL-23 V

IL-24 V

IL-25 X

IL-26 X

IL-27 X

IL-28 X

IL-29 X

IL-30 X

IL-31 X

IL-32 V

IL-33 Casp-3/7 X

IL-35 - X

Table 3.1
List of interleukins. 14 proteins representing 15 interleukins were cloned. Note 
that one of the clones, interleukin-12 p40, acts as the large subunit of two distinct 
heterodimeric cytokines, namely interleukin-12 and interleukin-23. Also indicated are 
caspases or granzymes that have been previously reported to cleave an interleukin.



Casp-3 Casp-7 Gzm B
Cone CicsociCiC) oo MW
(nM): Q) (KDa)

IL-2

IL-3

IL-4

IL-5

IL-6

IL-7

IL-8

lL-11

IL-12 p40

IL-15

IL-17

IL-24

p23

Bid

-17

- 17

-25

- 17

- 17

-25

- 17 

7

- 17

- 17

-25

-17

-47

-32
-25

- 17 

-25

-17

-25

- 17

-25

-17

-25

- 17

Figure 3.4
Screen of interleukins as potential caspase/granzyme substrates. ^^S-Met labeled 
in vitro transcribed/ translated proteins were treated with the indicated concentrations of 
capase-3, caspase-7 or granzyme B for 2 h at 37°C. Co-chaperone p23 and Bid were 
included as positive controls.
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interleukin-12 p40 and interleukin-17 did appear to be susceptible to 

granzyme B at concentrations between 200-50 nM (Figure 3.4).

To confirm these results, we repeated the granzyme B 

experiments over a broader concentration range. Upon repeat it was 

apparent that interleukin-6 was not reproducibly cleaved. Interleukin-17 

was clearly processed at high concentrations of enzyme but this effect 

titrated out at lower concentrations. Interleukin-12 p40 however, 

appeared to be a good substrate, with processing occurring at 

granzyme B concentrations as low as 6.25 nM (Figure 3.5).

3.2.5 Production of recombinant interleukin-12 p40 and mass 

spectrometry analysis of cleavage fragments.

In order to confirm the finding that granzyme B could process 

interleukin-12 p40 and to obtain sufficient material for mass 

spectrometry analysis we first expressed interleukin-12 p40 in bacteria. 

Although not highly soluble, a reasonable yeild of soluble protein was 

isolated upon addition of the detergent sodium sarcosyl (Figure 3.6A).

Recombinant interleukin-12 p40 was clearly processed upon 

addition of 200 nM granzyme B. Gel slices were taken and analyzed by 

mass spectrometry. However, peptide coverage failed to distinguish 

between the two major cleavage products suggesting that there may be 

multiple granzyme B cleavage sites interleukin-12 p40 (Figure 3.6B).
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As an alternative to bacterial produced protein, we also 

overexpressed interleukin-12 p40 in the human 293T cell line. 

Transfected cells produced and secreted interleukin-12 p40 in 

abundance (Figure 3.7A and B). 293T derived IL-12 p40 was also 

readily processed by granzyme B (Figure 3.7C).

3.2.6 Susceptibility of heterodimeric interleukin-12 to granzyme B 

proteolysis

IL-12 p40 is the shared subunit of two heterodimeric cytokines, IL-12 

and IL-23. In the case of IL-12, the p40 subunit associates with a 

smaller p35 subunit encoded by a distinct gene. In the case of IL-23 the 

smaller subunit is the pi9 subunit. The receptor complexes for these 

two interleukins in turn share the IL-12 receptor 1 which is believed to 

interact specifically with IL-12 p40. IL-12 released from macrophages or 

dendritic cells stimulates IFNy production in CD4‘" T cells and NK cells 

and promotes a Thi response. Alternatively, IL-23 stimulates CD4"^ T 

cells to produce IL-17 (Kobyashi et at. 1989, Oppmann et at. 2000, 

Aggarwal etai 2003, Flunter 2005) (Figure 3.8A).

Because of the heterodimeric nature of these cytokines, we 

wished to determine whether other subunits were also processed by 

granzyme B and whether formation of the p40-p35/p19 heterodimer 

would occlude the granzyme B cleavage sites. Focusing on IL-12, we 

cloned and translated IL-12 p35. Interleukin-12 p35 was not susceptible
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Figure 3.6
Bacterial expressed interleukin-12 p40. (A) HIS-tagged IL-12 p40 was expressed in 
E coli and purified over NiNTA agarose beads. 10 ^il of sample was ran against bovine 
serum albumin (BSA) as a protein standard. (B) Recombinant IL-12 p40 was cleaved 
with granzyme B and prominent fragments were assayed by mass spectrometry. Pep
tide coverage for each fragment is highlighted in red.
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Interleukin-12 p40 expression in 293T cells. (A and B) Western blot of culture 
supernatants from 293T cells transfected with control or IL-12 p40 expression vector. 
(C) Processing of 293T cell derived IL-12 p40 after incubation with granzyme B for 2 
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to granzyme B-mediated hydrolysis (Figure 3.8B). To test whether 

heterodimeric IL-12 was susceptible we obtained COS-derived 

recombinant IL-12 and treated it with recombinant granzyme B. Again 

IL-12 was clearly processed by granzyme B (Figure 3.8C).

3.2.7 Identification of a functional assay for interleukin-12

In order to test the functional consequence of IL-12 processing by 

granzyme B we sought to identify an IL-12 responsive cell line. In 

response to pathogen associated molecular patterns such as LPS or 

zymosan, IL-12 is primarily produced by antigen presenting cells such 

as macrophages and dendritic cells. IL-12 is then thought to promote a 

Thi type response through the stimulation of interferon gamma (IFNy) 

release from CD4'' T cells and natural killer cells. We tested the IFNy 

response in a number of T cell and NK cell lines upon IL-12 stimulation. 

Jurkat, YT and NKL cell lines all failed to produce IFNy in response to 

IL-12 (Figure 3.9A). Flowever, the IL-2 dependent natural killer like cell 

line NK92 exhibited a relatively strong IFNy response to IL-12 and this 

response was increased by co-stimulation with IL-2 (Figure 3.9B).

63



3.2.8 Effect of reducing agent DTT on IL-12 function and granzyme 

B processing.

Initially, processing of interleukin-12 by granzyme B appeared to 

completely abolish IL-12 activity (Figure 3.10A). However, it was 

subsequently determined that a constituent of the enzyme reaction 

buffer, the reducing agent dithiothreitol (DTT), had a dramatic inhibitory 

effect on the biological activity of IL-12 although the concentrations 

present were physiological (5 mM) (Figure 3.1 OB). The structure of IL- 

12 p40 has been reported to include as many as 8 cysteines involved in 

intra-molecular disulfide bonds (Trinchieri 1998, Yoon et al. 2000) 

suggesting that the structure of interleukin-12 was highly susceptible to 

reducing agents.

Because a structural change could potentially effect the 

accessibility of granzyme B cleavage sites, we tested whether DTT was 

required for granzyme B mediated processing of IL-12 p40. We found 

that the addition of DTT was absolutely required for processing of IL-12 

p40 (Figure 3.10A). Titration of DTT into the cleavage reactions found 

that a minimum concentration of 0.5 mM was required to facilitate 

processing (Figure 3.1 OB). These results strongly suggested that 

access by granzyme B to potential cleavage sites was only possible 

when interleukin-12 p40 structure was compromised. Because the 

same conditions that allowed for processing also inactivated this 

cytokine, it was not possible to test the functional consequence of this
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Production of IFNy by NK and T cell lines treated with IL-12. (A) Jurkat, YT and 
NKL cell lines (1x10® cells/mL) were stimulated with CHO cell-derived IL-12 for 24 
h. (B) Response of NK92 cell line (1x10® cells/mL) stimulated with CHO cell derived 
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for all cell lines was measured by ELISA.
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event on IL-12 activity. Taken together, these observations strongly 

suggest that IL-12 p40 is not a physiological substrate for granzyme B.

3.3 Discussion

When a role for caspases and grazymes in apoptotic cell death first 

became apparent, the identification of each new substrate was looked 

upon as a significant step toward identifying the molecular mechanisms 

underlying apoptotic cell death. Although this has held true for certain 

substrates, there is a growing list of apoptotic substrates for which no 

clear functional consequence has been attributed. In a survey carried 

out by the Martin laboritory in 2007 it was estimated that approximately 

400 different proteins have been identified as caspase substrates and 

with the recent addition of two large scale screens this number has 

increased to over 600 (Luthi and Martin 2007, Dix et al. 2008 and 

Mahrus et al. 2008). Therefore, the identification of novel apoptotic 

substrates must be considered within this context.

Apoptosis is perhaps a unique scenario because the sustained 

high levels of active caspases have access to essentially the entire 

complement of cytosolic proteins. This means that along with cleavage 

events that are directly relevant to the features of apoptosis, proteolytic 

events may be observed that only have true significance during some 

specific instance of non-classical caspase activation or that simply

65



reflect collateral damage that is not particularly relevant for cell death. 

With this in mind we chose to carry out a screen for novel apoptotic 

caspase and granzyme substrates that specifically target the immune 

response. Although this meant the pool of potential substrates was 

smaller and clearly biased, it also meant that any identified proteolytic 

events would potentially be highly relevant to the apoptotic endpoint we 

wished to investigate, namely that of immune tolerance to apoptotic 

cells.

Inactivation/activation of cytokines during apoptosis is an 

intriguing possibility and one that already has established precedence in 

the case of IL-33, as was discussed ealier, as well as possibly 

interleukin-16 which has been reported to act as a T-cell attractant upon 

caspase-mediated processing (Zhang et al. 1998, Luthi et al. 2009). 

Unfortunately, of the 13 interleukin proteins that we screened none were 

identified as caspase-3 or caspase-7 substrates. However, we did 

observe granzyme B mediated processing of three molecules, IL-6, IL- 

12 p40 and IL-17. This was perhaps surprising because granzyme B 

generally cleaves much fewer proteins that either caspase-3 or 

caspase-7 and because three positives of only 13 tested was a 

relatively high hit rate. However this was also quite an intriguing result 

because of the distinct nature of granzyme B and the suggestion from 

the literature that granzymes may also have a particular role in
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regulating the immune response outside of apoptosis (Afonina et al. 

2010).

Our results suggested, that compared to IL-6 and IL-17, 

granzyme B-mediated processing of lL-12 p40 was the most efficient. 

Therefore, we decided to focus on this molecule in our further 

investigations. We confirmed the processing of IL-12 p40 using several 

independent sources of the protein including recombinant IL-12 p40 

produced in bacteria as well as in the human cell line 293T.

IL-12 p40 is notable in that it forms part of two distinct 

heterodimeric cytokines IL-12 and IL-23. These two cytokines are 

distinguished by their small subunits (p35 and p19 respectively). 

Structurally it has been proposed that IL-12 and IL-23 resemble the 

interaction of an IL-6 type cytokine (small subunit) with its receptor (IL- 

12 p40) (Hunter 2005). Because association of IL12 p40 with IL-12 p35 

could potentially occlude access to the granzyme B cleavage site within 

IL-12 p40, we also tested granzyme B’s ability to process heterodimeric 

IL-12. Granzyme B-dependent processing of interleukin-12 p40 was not 

affected by the presence of the p35 subunit. Interleukin-12 p35 itself 

was not a granyme B substrate. Although we did not formally test 

susceptibility of IL-23 to granzyme B, the association of the smaller p19 

subunit to IL-12 p40 is highly similar to that of the IL-12 p35 subunit 

(Lupardus and Garcia 2008). This leads us to predict that IL-23
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heterodimers would also be susceptible to granzyme B-dependent 

proteolysis.

Although both cytokines are produced by monocytic cells in 

response to microbial components, the consequences of their signaling 

are distinct. IL-12 primarily acts on T cells and Natural Killer (NK) cells 

to drive the IFNy response and enhance cytotoxicity in part by inducing 

the expression of granzymes (Kobyashi et al. 1989, Aste-Amezaga et 

al. 1994). IL-23 acts on a particular class of T cells known as Th17 cells 

so named for their ability to produce of IL-17 (Aggarwal et al. 2003, 

Oppmann et al. 2000). In order to test the functional consequence of IL- 

12 p40 processing we chose to focus on the IFNy response of NK and T 

cells to IL-12. In an assay using the NK cell line NK92, IL-12 induced a 

robust IFNy response. Initially it appeared that the response was 

dramatically attenuated upon the treatment of IL-12 with granzyme B. 

However, subsequent observations suggested that a constituent of the 

protease reaction buffer was inhibiting IL-12 activity independent of 

granzyme B. Because the structure of IL-12 predicts a large number of 

disulfide bonds we surmised that the presence of the reducing agent 

DTT in the protease buffer could be responsible for inhibiting IL-12 

function. Indeed, even concentrations of DTT as low as 1 mM strongly 

inhibit IL-12 activity.

DTT at concentrations ranging from 1-10 mM is commonly added 

to protease and cellular extract buffers to approximate the reducing
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environment within cells (Quan et al. 1996, Garcia-Calvo et al. 1999, 

Denault and Salvesen 2003, Cullen et al. 2007). It is particularly 

important for caspase activity in order to prevent oxidation of the 

nucleophilic cysteine. Granzyme B activity does not have such a strict 

requirement for reducing agents. However, because IL-12 activity was 

so dramatically effected by the presence of DTT we explored whether 

DTT was required for granzyme B mediated proteolysis of this 

substrate. We found that this was indeed the case.

It is well known that denatured protein structure can result in an 

increase in susceptibility to proteolytic enzymes. This is because 

cleavage sites normally hidden within the protein core become exposed 

as the protein unfolds. Although the concentration of reducing DTT 

used here was not denaturing, it is apparent that IL-12 is an extremely 

redox sensitive protein and in its reduced state it was susceptible to 

granzyme B-mediated proteolysis which was not possible otherwise.

The intracellular environment where IL-12 is constitutively 

expressed and extracellular environment where it ultimately acts upon 

its receptors differ greatly in their redox status. The reducing potential 

within cells is much greater than without as demonstrated by the low 

number of disulfide bonds found in intracellular proteins as compared to 

extracellular proteins. Redox sensitive disulfide bonds are also being 

increasingly recognized as targets of regulation by low molecular weight 

thiols such as glutathione (Wouters et al. 2010). It is therefore tempting
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to speculate that reduced IL-12 p40 may exist in a physiological setting 

and could be processed by granzyme B. However, the findings 

presented in this chapter do not provide sufficient grounds to convert 

such speculation into a serious proposal.
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Chapter 4

Effector caspase-3 and caspase-7

are functionally distinct proteases



4.1 Introduction

As already described, the large number of proteolytic events occurring 

during apoptosis are primarily executed by the so called effector 

caspases (caspase-3, caspase-6 and caspase-7). However, what can 

be said about the relative contribution that each enzyme makes to 

substrate proteolysis during cell death? Caspase-6 may have a specific 

role in the cleavage of certain nuclear lamin proteins, but unlike 

caspase-3 and caspase-7, it does not appear to be sufficient to drive 

apoptotic-associated morphological changes (Slee et al. 2001, Gray ei 

al. 2010). The closest related caspase orthologs, caspase-3 and 

caspase-7 are believed to carry out most of the proteolysis during 

apoptosis but because of their similarity any distinction in activity has 

been overlooked or difficult to interpret. Screening studies using 

synthetic small peptides have identified the sequence, D-E-V-D, as 

being the optimal target for both enzymes (Thornberry et al. 1997, 

Talanian et al. 1997). Although this shared substrate specificity 

strengthens the commonly held view that caspase-3 and caspase-7 are 

functionally redundant enzymes, this question remains unresolved at a 

biochemical level.

When cell extracts were immuno-depleted of either caspase-3 or 

caspase-7 it was clear that caspase-3 depletion had a much larger 

effect on apoptosis associated proteolysis than caspase-7 depletion 

(Slee et al. 1999, Slee et al. 2001). This pointed to a divergent
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functional role for these two enzymes. Similarly, the initial CASP-3 

knockout mouse (129 background) exhibited lethal megancephaly and 

died at birth while the caspase-7 knockout was apparently healthy 

(Kuida et al. 1996). Although these observations again suggest a 

functional divergence between these proteases there is an 

inconsistency of the effect across different mouse strains. Neither 

CASP-3 nor CASP-7 knockouts on the black 6 background exhibited 

any outward pathology while the double knockout succumbed to a 

grossly enlarged heart (Lakhani et al. 2006). This suggested significant 

functional redundancy between these two enzymes but failed to explain 

the immuno-depletion experiments or the 129 CASP-3 knockouts.

A major caveat to all these studies is that they do not account for 

differing levels of caspase expression in different cell lines and mice 

strains. It was possible that caspase-3 appeared to play a larger role 

simply because it was expressed at higher levels. Indeed, it was 

argued that 129 mice expressed insufficient amounts of compensatory 

caspase-7 leading to a CASP-3 knockout phenotype (Houde et al. 

2004). However, measuring expression levels only provides further 

indirect evidence without directly comparing function.

We undertook to resolve the above question by comparing equal 

concentrations of active enzyme against natural substrates. Our data 

argues that although caspase-3 and -7 do cleave a number of 

substrates with equal efficiency, for many others this was not the case.
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The functional divergence in activity that we observed supported the 

earlier observations that caspase-3 was the more promiscuous of the 

two enzymes, although certain substrates (co-chaperone p23) were 

specifically processed by caspase-7.

4.2 Results

4.2.1 Substrate processing in a caspase-3 deficient cell line.

The breast cancer cell line MCF7 lacks caspase-3 as a result of a major 

deletion within the CASP-3 gene of exon 3 (Janicke et al. 1998). 

Despite this, these cells have been reported to die following treatment 

with various apoptosis inducers (Janicke et al. 1998, Kagawa et al. 

2001). To examine the contribution of caspase-3 and -7 to apoptotic 

proteolysis we chose to compare MCF7 cells with a MCF7 cell line were 

caspase-3 expression has been restored.

As was previously reported, MCF7''®‘^'°'^ cells are susceptible to 

apoptosis inducing compounds. MCF7''®®‘°'^ and cells died

with similar kinetics in response to either actinomycin (transcriptional 

blocker) or cisplatin (DNA damaging agent) (Figure 4.1A and B).

Flowever, the outward morphology of dying cells was noticeably 

distinct between the MCF7''®®'°^ and MCF7®®®p®®®-^ cells. MCF7®®"p®"®-2 

cells showed greater evidence of dynamic membrane blebbing as well
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as cellular detachment than cells which appeared primarily to

shrink and condense (Figure 4.1C).

When substrate proteolysis within apoptotic MCF7''®'^*°'^ cells was 

examined we found that a large number of established apoptotic 

substrates remained un-cleaved. The exceptions to this observation 

included substates such as co-chaperone p23 and PARP. However, in 

Mcf7‘=^®p®®®'2 cells this deficiency was corrected as evidenced by the 

increased number of processed substrates (Figure 4.10).

4.2.2 Immunodepletion of caspase-3 abolishes the majority of 

proteolytic events observed by proteomic analysis.

Using Jurkat cell-free extracts immunodepleted of caspase-3, we have 

previously shown that this protease is absolutely required for proteolysis 

of a small panel of caspase substrates that are typically cleaved during 

the terminal phase of apoptosis (Slee et al. 2001). Because the 

preceding experiments suggested that caspase-3 is generally more 

promiscuous towards the substrates examined than caspase-7, we 

repeated our analysis of caspase-3-depleted Jurkat extracts using two- 

dimensional gel analysis to enable us to visualize the impact of 

caspase-3 removal on a more global scale (Figure 4.2). In this context, 

caspase activation was achieved by addition of Cytochrome c and dATP 

to the extracts, as these factors initiate the Apaf-1/caspase-9-dependent 

caspase activation cascade, which activates caspases-3 and -7
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Figure 4.1
Cell death of MCF7''®‘=“'^ and mCF7'=®®p“®'^ cells. Time course analysis of cell death 
in MCF7''®‘=‘°^ or MCF7^®®p-^ cells treated with either 5 i^M actinomycin D (A) or 100 
cisplatin (B). Each data point represents 3 replicates and the standard deviation is rep
resented by error bars. Cell death was determined by direct observation of cell morphol
ogy (i.e. retraction and blebbing). (C) Cell death morphology of l\/ICF7''®‘='°' or MCF7'^®®p®®®- 
^ following 12 h exposure to actinomycin D (5|j,M).
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Depletion of caspase-3 abrogates the majority of Cytochrome c/dATP-induced cas- 
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rows. Experiment preformed by Dr. Christopher Gerner.



downstream of caspase-9 (Slee et al. 1999). These experiments clearly 

demonstrated that the removal of caspase-3 abolished the vast majority 

of caspase-dependent proteolytic changes evident in this system, with 

few proteins undergoing proteolysis in caspase-3-depeleted extract 

(Figure 4.2 B).

4.2.3 Production of active site matched recombinant caspase-3 and 

caspase-7.

Sequence analysis of CASP-3 and CASP-7 reveals two closely related 

enzymes that probably arose from a single gene duplication event, 

followed by divergence of the duplicated genes. The percent sequence 

identity for CASP-3 and CASP-7 is 53% while sequence similarity is 

73% (Figure 4.4).

In order to make direct functional comparisons between these 

proteases, we produced recombinant caspase-3 and -7 that could then 

be used at equamolar concentrations in subsequent experiments. 

Recombinant caspase-3 and -7 were both produced as full length 

proteins in bacteria and underwent auto-processing into their active 

forms (Figure 4.5A).

To obtain enzymes of equivalent activity we used the irreversible 

inhibitor zVAD-fmk as an active site titrant. By measuring the 

decreasing DEVD-AFC hydrolysis rate against a titration of increasing 

inhibitor concentration we could precisely determine the concentration
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of active enzyme for a given preparation (Figure 4.5B). Hydrolysis of 

the shared substrate DEVD-AFC showed that by this method the 

enzymes were closely matched in activity (Figure 4.5C).

4.2.4 Caspase-3 and caspase-7 exhibit divergent activity towards 

natural substrates.

Although caspase-3 and caspase-7 exhibit very similar activity toward 

DEVD-AFC, the interaction between an enzyme and a small 

tetrapeptide substrate is clearly distinct from the interaction of the same 

enzyme with a full-length protein substrate. Beyond the specificity of 

the active cleft, interactions of the latter type could also be influenced by 

the larger protein structure including possible exosites.

As a more physiological comparison of caspase-3 and -7 

substrate preference, we treated Jurkat cell free extract with matched 

amounts of enzyme and probed for processing of endogenous apoptotic 

substrates.

Following this analysis we found that a number of key substrates 

were processed with similar efficiency by both caspase-3 and -7 (Figure 

4.6). Included in this group were the substrates PARP, ICAD and 

ROCKI which have all been implicated in mediating well-defined 

features of apoptosis, including nuclear fragmentation and membrane 

blebbing. We then sought and obtained confirmation of the 

physiological relevance of our results by repeating the experiments at 

even lower concentrations of enzyme (Figure 4.6B).
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Expression and active site titration of recombinant caspase-3 and caspase-7. (A)
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However, for an equally large second group of substrates 

caspase-3 and -7 activity was clearly divergent (Figure 4.7). For the 

vast majority of these substrates caspase-3 exhibited the greater 

activity. Substrates in this group included the important cell death 

regulator Bid as well as the caspase inhibitor XIAP. The singular 

exception amongst the substrates examined was co-chaperone p23 that 

was primarily a caspase-7 substrate (Figure 4.7).

The greater promiscuity of caspase-3 was also the case when 

processing of other caspases was examined. Caspase-2, -6 and -9 

were all processed much more readily by caspase-3 suggesting that 

that this enzyme has a greater role in the propagation of the caspase 

cascade within cells (Figure 4.8). Again these results were observed 

even at low physiological concentrations of caspase-3 and caspase-7 

(Figures 4.7B and 4.8B).

Finally, because knockout mice have been used previously to 

compare effector caspase function, we repeated our cell free 

experiments using mouse system caspase-3 and caspase-7. To do this 

we cloned and expressed mouse caspase-3 and caspase-7 and active 

site titrated the enzymes using the same procedure as used for the 

human enzymes. Treatment of mouse cell free extract (from J774 cells) 

with matched amounts of active enzyme replicated the results found 

using human enzymes and cell-free extracts (Figure 4.9).
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4.2.5 Proteolysis of recombinant substrates by caspase-3 and 

caspase-7

Although the use of cell-free extracts provides a physiologically relevant 

setting within which to study caspase activity, such extracts also contain 

unknown elements such as other proteases that might contribute to the 

observed result. To address this we produced recombinant versions of 

three representative substrates. The proteins chosen were Bid, 

RhoGDI and co-chaperone p23. Treatment of these recombinant 

substrates with caspase-3 and caspase-7 confirmed the results from our 

cell-free extracts. Bid was a preferred caspase-3 substrate, co

chaperone p23 a caspase-7 substrate, while RhoGDI was cleaved with 

equal efficiency by both enzymes (Figure 4.10). Along with an enzyme 

titration these findings were also confirmed in time course experiments 

(Figure 4.11).

4.3 Discussion

It is well established that caspase activation during apoptosis occurs as 

a cascade with upstream initiator enzymes (caspase-8 and -9) coupling 

cell death stimuli to the downstream effector enzymes (caspase-3, -6 

and -7) that in turn carry out the bulk of apoptosis-associated 

proteolysis. Somewhat absent is an understanding of the relative 

contribution these enzymes (particularly the effectors) make to the
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Proteolysis of caspase substrates by recombinant caspase-3 and caspase-7.
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tions of recombinant human caspase-3 and caspase-7 followed by immunoblotting 
for the indicated proteins.



Caspase-3 Caspase-7

Cone (§5 ^ ^ (S' c§^
(nM): (KDa)

p23

Gelsolin

a-Tubulin

RIP

PAK-2

p-Catenin

XIAP

Bid

-25

-63

-47

-47
-63

-63
-83

-47

-32
-25

B
Caspase-3 Caspase-7

Cone ^ Q> ^ ^ ^ / MW
(nM): (KDa)

p23

Gelsolin

p-Catenin

XIAP

-25

-63

-47

-83

-47

Figure 4.7
Proteolysis of caspase substrates by recombinant caspase-3 and caspase-7. (A
and B) Substrates exhibiting differential proteolysis by caspases-3 and -7. Jurkat cell- 
free extracts were incubated for 2 h at 37°C with the indicated concentrations of recom
binant human caspase-3 and caspase-7 followed by immunoblotting for the indicated 
proteins.



Caspase-3 Caspase-7
Cone

Caspase-2

Caspase-6

Caspase-9

cP MW
(KDa)

—' — -47
— -32

— — -32

— — — — «—» -47
• — -37

B
Caspase-3 Caspase-7

Cone

Caspase-2

Caspase-6

Caspase-9

-------------------- —

S V

MW
(KDa)
-47
-32

-32

-47
-37

Caspase-3 Caspase-7

(nM): Q (KDa)

Caspase-3

Caspase-6

Caspase-7

Caspase-9

-32

-25
-32

-25

-32

-47

-32

Figure 4.8
Proteolysis of caspases by recombinant caspase-3 and caspase-7. (A and B) Ju-
rkat cell-free extracts were incubated for 2 h at 37°C with the indicated concentrations 
of recombinant human caspase-3 and caspase-7 followed by immunoblotting for the 
indicated proteins. (C) Proteolysis of the indicated 35S-Met labeled caspases, prepared 
by in vitro transcription/translation, by recombinant caspases-3 and -7. Reactions were 
carried out for 2 h at 37°C followed by SDS-PAGE and fluorography analysis. Panel C 
provided by Dr. Sean Cullen.



Caspase-3 Caspase-7
Cone
(nM): (KDa)

p23

Bid

Fodrin

|3-Catenin 

ROCK I

RhoGDI

•« r- ?»'

-25

-25

-175

-83
-175

-25

Figure 4.9
Proteolysis of caspase substrates by recombinant mouse caspase-3 and caspase-
7. J774 cell-free extracts were incubated for 2 h at 37°C with the indicated concentra
tions of recombinant mouse caspase-3 and caspase-7 followed by immunoblotting for 
the indicated proteins.



Cone
(nM):0

Caspase-3 Caspase-7

800 400 200 0 800 400 200

Bid

MW
(KDa)

-17

□ Casp-3 BCasp-7

Concentration (nM)

100, ------r-

Concentration (nM)

800 400 200

Concentration (nM)

Figure 4.10
Proteolysis of recombinant substrates by recombinant human caspase-3 and cas
pase-7. Recombinant Bid, RhoGDI and co-chaperone p23 were co-incubated for 2 h at 
37°C with the indicated concentrations of caspases-3 and -7 and reaction products were 
separated by SDS-PAGE and visualized by coomassie staining. To the right of each gel is 
a coresponding densitometry analysis of % proteolysis at each concentration of caspase- 
3 or-7.



Time

Bid

Rho-GDI

p23

3 Untreated mw Time
): 0 30 60 90 120 150 (KDa) (min)

Caspase-3 Time Caspase-7
: 0 30 60 90 120 150 (KDa) (min): 0 30 60 90 120 150

-32 -32
— ^ -25 -25

-17 — -17

-32 -32

-25 ------------ -25 ---------------- —

-17 -17

-32 -32

-25 -25 ------------------

-17 -17

MW
(KDa)

-32

-25

-17

-32

-25

-17

-32

-25

-17

B
O Casp-3 0 Casp-7 O Casp-3 • Casp-7 O Casp-3 0 Casp-7

Figure 4.11
Proteolysis of recombinant substrates by recombinant human caspase-3 and cas- 
pase-7. (A) Time course analysis of Bid, Rho-GDI and co-chaperone p23 proteolysis by 
caspases-3 and -7 as Substrates were incubated with 200 nM of recombinant caspase-3 
or -7 at 37°C and samples were taken at the indicated times and visualized by immuno- 
blot. (B) Densitometry analysis of % proteolysis over time using 800 nM of recombinant 
caspase-3 or -7 visualized by coomassie staining.



totality of events. Here we show that caspase-3 and caspase-7, 

enzymes with redundant functional outcomes at the cellular level, 

should still be considered functionally divergent and that caspase-3 

mediates a broader palette of changes than does caspase-7.

Individually, caspase-3 and caspase-7 are both sufficient to carry 

out the demolition and subsequent shutdown of an apoptotic cell, but 

produce different phenotypic changes (Kuida et at. 1996, Lakhani et al. 

2006, Gray et al. 2010). However, when the role of caspase-3 or 

caspase-7 is examined at the level of substrate proteolysis the results 

often conflict with the compensatory redundancy observed at the 

cellular level (Slee et al. 2001).

When we treated caspase-3 deficient MCF7 cells with death 

inducing stimuli the kinetics and amount of cell death were comparable 

to that of an MCF7 cell line were caspase-3 had been restored. This 

was despite a clear deficiency in the processing of apoptotic substrates 

in the absence of caspase-3. Additionally, using 2D gel analyses we 

showed that immuno-depletion of caspase-3 alone from Jurkat cell-free 

extract was sufficient to prevent the majority of proteolytic events 

following apoptosome activation. This discrepancy between substrate 

proteolysis and cellular endpoint prompted us to formally compare the 

activity of these two enzymes.

Although caspase-3 and caspase-7 are clearly related enzymes, 

with a sequence identity of only 53% they do display substantial
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divergence. Therefore, even though the preferred target sequence for 

these proteases is the same, it was likely that their activity towards 

natural substrates was non-identical. This is because residues outside 

of the enzymes active site may influence enzyme-substrate interactions. 

Using Jurkat cell-free extract as a source of natural substrates and 

matched amounts of recombinant enzymes we could make a direct 

comparison of caspase-3 and caspase-7 that was not confounded by 

the question of protein expression levels.

Twenty different substrates were examined. Seven substrates 

were processed with equal efficiency by both caspases, one (co

chaperone p23) was preferentially cleaved by caspase-7, while twelve 

were preferentially cleaved by caspase-3. Of those processed with 

equal efficiency, ROCKI, PARP and ICAD are significant in that all have 

particularly well established roles in mediating classic features of 

apoptosis such as membrane blebbing and nuclear fragmentation 

(Lazebnik et al. 1994, Enari et al. 1998, Coleman et al. 2001). 

Processing of substrates such as these would contribute significantly to 

the observed redundancy in apoptotic endpoint.

However, the majority of substrates were preferentially cleaved 

by caspase-3 suggesting that under physiological conditions caspase-3 

is the most dominant effector of cell death. Several of these substrates 

pointed to caspase-3 as having a particularly potent ability to drive on 

the apoptotic cascade. Activation of the pro-apoptotic molecule Bid as
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well as the activation of other caspase enzymes would provide positive 

feedback while deactivation of inhibitors such as XIAP removes 

countervailing sources of negative regulation.

If the observations within cell-free extracts are representative, 

they suggest that although these enzymes are closely related and both 

are activated during the demolition phase of apoptosis (Taylor et al. 

2008), caspase-3 and caspase-7 are clearly distinct proteases and 

occupy non-redundant roles within the cell death machinery. Certainly, 

the finding that caspase-3 was much more promiscuous than caspase-7 

when used at equamolar concentrations appeared to mirror the much 

more global scale analysis of proteolysis provided by our 2D-gel 

analysis. However, in order to confirm the observed functional 

divergence of caspase-3 and -7 in the absence of any indirect effect of 

the cell-free extract, we produced a number of the substrates as 

recombinant proteins. The activity of caspase-3 and caspase-7 toward 

recombinant RhoGDI, Bid and co-chaperone p23 did indeed 

recapitulate the observations from within cell-free extract. In addition, 

mouse caspase-3 and caspase-7 displayed a similar divergence in 

substrate preference.

What is gained from this understanding of caspase-3 and 

caspase-7 as functionally divergent enzymes? After all, under 

physiological conditions both enzymes are always activated together 

and furthermore CASP-3/7 single knockout mice are viable and their
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cells die with comparable kinetics (Kuida et al. 1996, Lakhani et al. 

2006). In contrast, the CASP-3 and CASP-7 double knock out mouse is 

non-viable and the apoptotic pathway is severely blunted (Lakhani et al. 

2006). This evidence firmly establishes these two enzymes as 

compensatory mediators of the same process. In addition, this process 

(the mass cleavage of proteins leading to cellular shut down and 

fragmentation), is dominated by proteolytic events that are poorly 

understood in terms of their contribution to cell death and therefore the 

significance of caspase-3 preference in many scenarios is concordantly 

uncertain. What we do know is that cells can still die and mice can still 

live in the absence of caspase-3 or caspase-7.

At this point, it is important to note that although caspase-3 and 

caspase-7 mediate the hundreds of proteolytic events that have the 

effect of shutting down the cellular physiology their activity is not 

necessarily required for cell death. During the intrinsic pathway of 

apoptosis, mitochondrial outer membrane permeability (MOMP) and 

subsequent release of Cytochrome c is sufficient to kill a cell even when 

caspase activity is blocked (Ricci et al. 2003). Therefore, the proteolytic 

demolition that occurs during apoptosis is not solely directed towards 

cell death but more so towards transforming the cellular remains into a 

form that can be efficiently removed and tolerated by surrounding cells 

{i.e. phagocytes). Herein may lie the significance of caspase-3/7 

divergence with regards to defining the features of apoptotic cell death.
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Although caspase-3 or -7 deficient cells have been demonstrated 

to both undergo cell death in response to apoptotic stimuli this is not to 

say that subtle distinctions have not been reported when the process is 

examined at the level of individual features. Caspase-3 and caspase-7 

single knockout cells have been reported to differ in features such as 

DNA fragmentation and viability as well as in the potency of their 

response to certain apoptotic stimuli (Lakhani et al. 2006, Masud et al. 

2007). In our experiments with MCF7 cells we observed morphological 

differences in dying cells between caspase-3 null and caspase-3 

restored lines. This observation has been more formally examined by 

other groups with the finding that caspase-3 deficiency in MCF7 cells 

blocks nuclear fragmentation as well features of membrane morphology 

(Janicke et al. 1998, Kagawa et al. 2001). Alternative to effects on the 

gross morphology of apoptotic cells caspase-3 and -7 divergence could 

conceivably affect the release of potential immune activators from 

apoptotic cells. Interleukin-33 was identified as a preferred (if not 

exclusive) substrate of caspase-7 (Luthi et al. 2009) an observation the 

like of which could arise as particularly important within certain contexts 

of cell death.

The dramatic defects linked to insufficient cell death seen in the 

brains of certain strains of CASP-3 knockout mice (despite a normal cell 

death response observed in thymocytes) (Kuida et al. 1996) point to the 

potential for subtle differences to manifest as significant pathology in the
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right setting. And while all the above studies are subject to the 

disclaimer that relative expression may underlie the differences between 

caspase-3 and caspase-7 requirement, our comparisons using matched 

enzymes provides strong justification to consider such difference as 

being a direct result of functional divergence.

Another aspect to these findings is their potential relationship to 

non-apoptotic scenarios of caspase-3 or caspase-7 activation. 

Caspase-3 activity has already been implicated in pathways as diverse 

as differentiation, Long term depression of neurons, and T cell energy 

(Zermati et al. 2001, Ribeil et al. 2007, Puga etai 2008, Li et al. 2010). 

Although not specifically addressed, the use of CASP-3 knockouts in 

some of these cases suggests that caspase-7 cannot sufficiently 

compensate in these scenarios. Additionally, a specific requirement for 

caspase-7 has recently been proposed in the context of the 

inflammatory response. In one study CASP-7 knockout mice were 

found to have reduced susceptibility to LPS induced sepsis while in 

another caspase-7 deficiency increased macrophage susceptibility to 

Legionella pneumophila infection (Lamkanfi et al. 2009, Akhter et al. 

2009). These developments in the study of caspase-7 function come 

with the finding that caspase-7 may be cleaved by caspase-1 during 

inflammasome activation (Lamkanfi et al. 2008).

Non-classical activity of caspase-3 or caspase-7 will perhaps 

prove to be the most relevant forum where caspase-3/7 divergence will
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be considered. Our findings should encourage researchers in 

this area to determine whether a specific event is mediated by a specific 

effector caspase as this information may significantly enhance the kinds 

of analyses available. This is particularly important because compared 

to caspase activity observed during apoptosis, activity within non- 

classical scenarios can appear much less definitive and this commonly 

creates some uncertainty regarding the validity of the mechanisms 

proposed. On the other hand, because activation of caspase-3 or -7 

outside of apoptosis likely does involve natural constraints and a smaller 

number of substrates, it may be more amenable to caspase or caspase- 

substrate directed therapies.
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Chapter 5

Caspase-1: substrate promiscuity 

and stability in comparison to

caspase-3 and caspase-7



5.1 Introduction

Members of the caspase family are classified based on their established 

roles in inflammation or apoptosis. Apoptotic caspases (i.e. caspase-3, 

-7, -8 and -9) cleave protein substrates to orchestrate the controlled 

demolition of a dying cell while the inflammatory caspases (ie. caspase- 

1, -4 and 5) are part of the cellular response to immune pattern 

recognition receptors that results in the release of inflammatory 

cytokines (Martinon and Tschopp 2004, Taylor et al. 2008). Despite 

their respective roles in two distinct contexts, the activation of 

inflammatory and apoptotic caspases occurs via analogous 

mechanisms that both involve the formation of oligomeric molecular 

platforms that act to recruit and activate caspases leading to the 

initiation of a proteolysis based signaling cascade. However, although 

over 600 caspase substrates have been reported, the contribution of the 

inflammatory caspases to this list is very low (Luthi and Martin 2007). 

Indeed, only two proteins, interleukin-1 p (ILip) and interleukin-18 (IL18), 

have been confirmed as physiological substrates of the inflammatory 

caspases (Howard et al. 1991, Fantuzzi et al. 1998).

This dichotomy is clearly apparent in a 2D-gel analysis of the 

global proteolysis response to activation of either the inflammasome or 

the apoptosome in THP1 cell free extracts (Figure 5.1). In the 

apoptosome condition triggered by the addition of cytc/dATP, the
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Figure 5.1
Global proteomic analysis of inflammatory versus apoptotic caspase-dependent sub
strate proteolysis. (A) Two-dimensional gel analysis of THP-1 cell-free extracts incubated 
for 2 h under control (10 [xM YVAD-CHO) and inflammasome-activating conditions (37°C). 
New protein spots resulting from inflammatory caspase activation are marked with circles. 
(B) Two-dimensional gel analysis of THP-1 cell-free extracts incubated for 2 h under control 
(10 (xM YVAD-CHO) or apoptosome-activating conditions (50 (xg/ml cytochrome c, 1 mM 
dATP, 37°C). Protein spots that disappeared upon activation of the apoptosome are marked 
with squares, whereas protein spots that appeared upon apoptosome activation are marked 
by circles. (C) Processing of endogenous inflammatory caspases in THP-1 cell-free extracts 
under control (10 |xM YVAD-CHO), inflammasome (37°C incubation) or apoptosome (50 
mg/ml cytochrome c, 1 mM dATP) activating conditions. Figure produced by Dr. Alexander 
Luthi.



number of alterations to the spot pattern is visibly dramatic. In contrast 

the number of alterations following inflammasome activation is very few. 

This is despite the fact that the inflammatory caspases are clearly 

processed under these conditions (Figure 5.1 B).

Not surprisingly this seeming rarity has heightened interest in the 

identification of caspase-1 substrates and, to this end, a number of 

screening studies have been published (Shao et al. 2007, Lamkanfi et 

al. 2008, Agard et al. 2010). Despite this interest, the underlying 

reasons for this paucity of inflammatory caspases substrate is not 

known. It is widely assumed that inflammatory caspases are less 

promiscuous than their apoptotic counterparts but surprisingly little has 

been done to determine whether this is indeed the case. To address this 

question, we sought to make a comparison between the most well 

characterized inflammatory caspase, caspase-1, with the major 

executioners of apoptotic proteolysis, caspase-3 and -7.

Here we show that caspase-1 displays significant promiscuity 

toward both artificial tetra-peptide substrates as well as natural proteins 

and that this activity is comparable to that of caspase-3 with regards to 

the proteolysis of a panel of apoptotic substrates. This finding indicates 

that the physiological substrate profile of caspases-1 is restricted 

through mechanisms other than substrate specificity. We propose that 

one such mechanism by which caspase-1 activity is restricted relates to
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the instability of caspase-1 resulting in its rapid loss of function following 

activation.

5.2 Results

5.2.1 Active site titration of recombinant caspase-1, caspase-3 and 

caspase-7.

Results of experiments such as the 2D-gel analyses reported in Figure

5.1 suggest that inflammatory caspases are much more specific 

proteases than caspases that are activated during apoptosis. However, 

to our knowledge, this assumption had not been formally explored. We 

decided to compare the activity of the key inflammatory caspase, 

caspase-1, to that of caspase-3 and caspase-7 the major effectors of 

apoptotic proteolysis.

As has been discussed in previous chapters, comparisons of 

caspase function critically rely on the use of recombinant enzymes of 

equamolar concentrations. Again, the enzymes used in our 

comparisons were obtained by expression and purification from 

bacteria followed by active site titration using the irreversible inhibitor 

zVAD-fmk (Figure 5.2).
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Figure 5.2
Active site titration of purified recombinant caspase-1, -3 and -7. Left hand panels 
depict the hydrolysis activity of the indicated caspase towards its preferred substrate 
(WEHD-AMC or DEVD-AMC) at a range of inhibitor concentrations (ZVAD-fmk). Right 
hand panels depict the hydrolysis rate plotted against the concentration of added inhibi
tor. A line of best fit was used to extrapolate the concentration of active enzyme.



5.2.2 Comparison of caspase-1, caspase-3 and caspase-7 activity 

toward a panel of small peptide substrates

As a result of scanning peptide screens, a number of tetra-peptide 

substrates are available for analysis of caspase activity. Depending on 

the substrate sequence, these peptides represent the preferred target 

sequence for different caspase family members.

Therefore, as an initial assessment of the potential promiscuity of 

caspase-1, caspase-3 and caspase-7 we compared the activity of 

activity matched enzymes towards a panel of tetra-peptide substrates. 

Somewhat to our surprise, although caspase-1 exhibited the expected 

preference for WEHD at a concentration of 4 nM, as the concentration 

increased to 20 and 100 nM this protease exhibited considerable 

promiscuity towards other peptides (Figure 5.3). This ability to 

hydrolyze substrates other than its preferred target was even greater 

than caspase-3, which has been reported to be the most promiscuous 

apoptotic caspase in terms of both tetra-peptides and full-length 

substrates (Slee et al. 2001, Walsh et al. 2008, McStay etal. 2008).

5.2.3 Processing of full-length apoptotic substrates by caspase-1

Although the result of the tetra-peptide panel was surprising in that it 

appeared to contradict observed caspase-1 activity within cells, it was 

possible that processing of full-length proteins by the latter protease 

was substantially different due to interactions occurring outside the
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active site. To test this possibility, we decided to compare caspase-1, 

caspase-3 and caspase-7 activity toward endogenous proteins that are 

known to be cleaved during apoptosis.

Again to our surprise when Jurkat cell-free extract was treated 

with matched concentrations of caspase-1, -3 and -7, caspase-1 was 

able to keep pace with or surpase the apoptotic caspases in the 

processing of apoptotic substrates. These included the substrates 

ROCKI, XIAP, and Bid. It was also able to cleave and presumably 

activate a number of other caspases including caspase-2, caspase-3 

and caspase-7 (Figure 5.4).

In order to confirm these observations in the absence of any 

confounding elements (namely other proteases) present within Jurkat 

cell-free extracts, we also tested caspase-1 activity against purified 

recombinant protein substrates. Caspase-1 was extremely active 

toward IL-ip, as mature 17 kD form was detectable following incubation 

with caspase-1 at concentrations as low as 1 nM (Figure 5.5A). This 

demonstrates that even very low intracellular concentrations of active 

caspase-1 may be sufficient to drive its primary physiological role of 

cytokine activation. However, caspase-1 was also able to process the 

pro-forms of caspase-3 and caspase-7 at concentrations of 20-100 nM 

in a manner similar to that of caspase-3 (Figure 5.5A). These data 

suggested that caspase-1 rapidly loses substrate specificity in a 

concentration-dependent manner.
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Figure 5.3
Hydrolysis of synthetic tetra-peptide substrates by caspase-1, caspase-3 and cas
pase-7. Recombinant caspase-1, -3 or -7, at the indicated enzyme concentrations, 
were added to a panel of fluorogenic tetra-peptide substrates (DEVD-AMC, WEHD-AMC, 
YVAD-AMC, ZVAD-AMC, and lETD-AMC). Final concentration of substrate was 50 
and the reaction temperature was 37°C.
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Figure 5.4
Processing of caspase substrates by caspase-1, caspase-3 and caspase-7. Jurkat 
cell-free extracts were treated with the indicated amounts of recombinant caspase-1, -3 
and -7 followed by incubation for 2 h at 37°C. Recombinant IL-ip (lOng per reaction) 
was added to cell-free extracts as a positive control for caspase-1 activity. Substrate 
proteolysis was detected by immunoblotting.
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Processing of caspase substrates by caspase-1, caspase-3 and caspase-7. Jurkat 
cell-free extracts were treated with the indicated amounts of recombinant caspase-1, -3 
and -7 followed by incubation for 2 h at 37°C. Recombinant IL-ip (lOng per reaction) 
was added to cell-free extracts as a positive control for caspase-1 activity. Substrate 
proteolysis was detected by immunoblotting.
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Processing of recombinant substrates by caspase-1 and caspase-3. Recom
binant proteins (lOng per reaction) were treated with the indicated amounts of re
combinant caspase-1, and -3 followed by incubation for 2 h at 37°C. (A) Proteins 
treated with caspase-1. (B) Proteins treated with caspase-3. Substrate proteolysis 
was detected by immunoblotting.



5.2.4 Expression levels of caspases within monocyte like cell lines

As was observed using recombinant protein, IL-1|3 is susceptible to 

caspase-1 proteolysis even at very low concentrations. It was therefore 

highly plausible that caspase-1 was expressed at much lower levels in 

cells as compared with caspases-3 and caspase-7. To explore this 

issue, we carried out quantitative immunoblotting by comparison with 

known amounts of recombinant caspases, to determine the relative 

concentrations of these proteases in THP-1 as well as U937 and HL60 

cells. Surprisingly, we found that endogenous amounts of caspase-1 

were comparable to those of caspase-3 (Figure 5.6).

5.2.5 Caspase-1 is highly unstable and rapidly loses activity at 

37°C.

In addition to concentration, enzyme activity can also be limited by 

structural instability. For caspase-1, the activation of which is 

dependent on association with an activating platform such as the 

inflammasome, stability may be particularly important. Caspase-9 

turnover at the apoptosome has been reported to act as a molecular 

timer due to rapid inactivation of this protease upon disassociation from 

the apoptosome (Malladi et al. 2009).

As Figure 5.7 illustrates caspase-1 rapidly loses activity when 

incubated at 37°C. Following incubation for 15 min the concentration of
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active enzyme had already dropped by 63%. After 30 min incubation 

this reduction was 73%. This was distinct from caspase-3 and caspase- 

7 the activity of which remained constant throughout the 30 min 

incubation period (Figure 5.7). At physiological concentrations we 

calculated the half-life of caspase-1 to be approximately 9 min. 

Conversely, caspase-3 and caspase-7 were found to be highly stable 

under the same conditions with half-lives of 8 and 11 hours respectively 

(Figure 5.8).

The reported optimized buffer conditions for caspase-1 (Garcia- 

Calvo et al. 1999) which include 10% glycerol or sucrose had no effect 

on the loss of caspase-1 activity over time (Figure 5.9).

5.2.6 Caspase-1 instability is associated with loss of quaternary 

structure

Unlike the apoptotic effector caspases which form homodimers as 

inactive zymogens, proximity-induced dimerization is a key activating 

event for caspase-1 (Gu et al., 1995; Yang et al., 1998). Supporting a 

role for caspase-1 stabilizing dimerization, we observed that addition of 

kosmotropic salts (an artificial means of enforcing dimerization (Pop et 

al. 2007)) prevented recombinant caspase-1 activity loss (Figure 5.10A). 

Additionally, the presence of a large molar excess of a caspase-1 

substrate in the form of the YVAD peptide also served to stabilize 

caspase-1 activity (Figure 5.1 OB). For these reasons we examined the
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Figure 5.6
Relative amounts of endogenous caspase-1, -3 and -7 in the myelomonocytic 
cell lines, THP-1, U937 and HL60. Cell lysates were generated from identical num
bers of cells and were ran in a dilution series, as indicated, along with known amounts 
of the indicated recombinant pro-caspases. Caspases were detected by SDS-PAGE 
followed by immunoblotting. Results are representative of at least 3 
independent experiments. Figure provided by Dr. Susan Logue.
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Figure 5.7
Active site titration of caspase-1, -3 and -7 following incubation at 37°C for 0, 15 
and 30 min. Line of best fit extrapolates the concentration of active enzyme remaining 
under each condition. The estimated concentration of active sites for caspases-3 and -7 
was consistent under all conditions (Caspase-3 0 min: 69 nM, 15 min: 67 nM, 30 min: 62 
nM; Caspase-7 0 min: 99 nM, 15 min: 98 nM, 30 min: 98 nM). However, the measured 
concentration of caspase-1 dropped by 63% (from 51 nM to 19 nM) after 15 min pre-in- 
cubation at 37°C, and by 73% (from 51 nM to 14 nM) after 30 min pre-incubation 37°C.
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Figure 5.8
Stability of caspase-1, -3 and -7 at 37°C under two different buffer conditions.
Based on previous optimization studies by Garcia-Calvo et al. (1999) protease reaction 
buffer (PRB) was made to an optimal pH of 7.5 with the inclusion of two alternative stabi
lizers 10% glycerol or 10% sucrose, as indicated. Recombinant enzymes were used at 
an initial active concentraton of 10 nM.
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Figure 5.9
Long term stability of caspase-1, -3 and -7. Half-lives of caspase-1 (9 min), caspase-3 
(8 h) and caspase-7 (11 h) were estimated by measuring the residual enzyme activity, by 
comparison with the initial input amounts, after incubation for the indicated times at 37°C. 
Recombinant enzymes were used at an initial active concentraton of 10 nM. Results 
shown represent the mean ± SEM of three independent experiments.
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Figure 5.10
Stabilization of caspase-1 by kosmotropic salts or high molar substrate concentra
tion. (A) Recombinant caspase-1 (lOnM) was incubated on ice (black) or at 37°C (red) for 
15 min alone in protease reaction buffer (PRB) +/- 0.5M Tri sodium citrate. Following this 
incubation activity was measured against the tetra-peptide substrate WEHD-AMC (SOfxM). 
(B) Recombinant caspase-1 (25nM) was incubated on ice (black) or at 37°C (red) for 15 
min in the presence (diamonds) or absense (circles) of 25 i^M YVAD-AFC. Following incu
bation activity was measured against YVAD-AMC (50pl\/l) which can be read at a distinct 
excitation and absorbsion wavelength from YVAD-AMFC



possibility that the rapid loss of caspase-1 activity was due to instability 

of the quaternary structure of the active enzyme.

First, we used homobifunctional cross-linking reagents to 

covalently link heterodimeric (p20p10) and homodimeric (p20p10)2 

caspase-1 oligomers before and after incubation at 37°C. Two different 

crosslinking reagents (bis[sulfosuccinimidyl]suberate and 

bis[maleimido]hexane) were tested to establish conditions for optimal 

caspase-1 cross-linking. As seen in Figure 6A, we found that 1-2 mM 

bis[maleimido]hexane (BMFI) efficiently cross-linked caspase-1, as 

indicated by the appearance of two upshifted products. These bands 

most likely represent (p10p20) heterodimers and (p10p20)2 homodimers 

(Figure 5.11A). Caspase-1 that was pre-incubated for 2 hours at 37°C, 

and therefore inactivated, displayed a clear reduction in the expected 

pattern of oligomers following covalent cross-linking (Figure 5.1 IB). In 

contrast, little change was observed for covalent complexes under the 

same conditions for either caspase-3 or caspase-7 (Figure 5.11C).

5.2.7 Endogenous caspase-1 is rapidly inactivated in THP-1 cell- 

free extracts

While the above experiments strongly suggested that caspase-1 is 

much more labile than either caspases-3 or -7, it was possible that this 

could be an artifact of using recombinant caspases. To control for this 

possibility, we also repeated our activity measurements in the TFIP-1
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cell-free system where inflammatory and apoptotic caspases can be 

differentially activated. As shown in Figure 5.12 assessment of the total 

caspase activity under either inflammasome or apoptosome activating 

conditions revealed two very different scenarios. While apoptosome- 

associated caspase activity, once triggered, accumulates and remains 

high, inflammasome-associated activity was not only comparatively 

much lower but also short-lived. This was despite the fact that, as 

measured by western blot, processed caspase-1 continued to 

accumulate (Figure 5.12).

To more specifically accredit this loss of inflammasome 

dependent caspase activity to caspase-1, we titrated THP1 cell-free 

extracts activated to increasing time points onto FllS-tagged 

recombinant IL-1(3. Again, we observed that despite the accumulation 

of its processed form, caspase-1 activity as observed through 

processing of IL-ip, was limited to a narrow window of time that 

corresponded to peak WEHD-ase activity and was followed by a rapid 

decline (Figure 5.13A).

Additionally, we used biotin-VAD-fmk as an affinity ligand to 

capture active endogenous caspase-1 after different periods of 

incubation of the extracts at 37°C. As Figure 5.13B shows, using this 

approach we observed a sharp time-dependent decline in the quantity 

of active caspase-1 available for capture using biotin-VAD-fmk, despite 

the processed protein being readily detectable in the cell-free extracts.
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Figure 5.11
Caspase-1 inactivation is associated with loss of quaternary structure (A) Recom
binant caspase-1 was treated for 2 h at 4°C with the indicated amounts of BS3 or BMH 
cross-linking reagents. Cross-linking with BMH resulted in a pattern of two up-shifted 
complexes of approximately 32 and 47 kDa. In line with previous studies, we interpreted 
these complexes to represent (p20p10) heterodimers and (p20p10)2 homodimers respec
tively. (B) Cross-linking of recombinant processed caspase-1 after pre-incubation at 37°C 
for the indicated times. (C) Cross-linking of recombinant processed caspase-1, -3 and -7 
after pre-incubation at 37°C for the indicated times.
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Figure 5.12
Caspase activity over time in THP cell-free extracts during either Inflammasome or 
apoptosome activation. (A) Following activation of either the inflammasome (by incuba
tion at 37°C) or the apoptosome (by addtion of 50 p.g/ml Cytochrome c, 1 mM dATP, 37°C) 
caspase activity was measured at each time point by addition 10 p,l of extract to 10^1 of the 
appropriate substrate (WEHD-AMC orDEVD-AMC). (B) At each time point samples were 
also collected to examine caspase-1 or caspase-3 activity by immunoblot.



By contrast, using a similar approach to capture endogenous caspases- 

3 in Cytochrome c/dATP (apoptosome activated) THP-1 extracts 

revealed robust capture of caspase-3 at all time points (Figure 5.13B).

Collectively, the above data suggest that caspase-1 is not an 

especially specific protease, but rather, that this caspase displays 

promiscuity if the concentration of active enzyme exceeds a threshold of 

approximately 10 nM. To minimize this likelihood, active caspase-1 

displays a rapid loss of proteolytic capability v\/ith a half-life of 

approximately 9 min. By comparison, caspases -3 and -7 are highly 

stable proteases with half-lives of almost 2 orders of magnitude longer 

than caspase-1. Thus, caspase-1 specificity appears to be maintained 

through rapid inactivation of this enzyme.

5.3 Discussion

Here we have shown that the substrate specificity of caspase-1 is 

limited by intrinsic factors that are not dominated by substrate specificity 

but rather by structural instability.

As a family of enzymes, the caspases divide labour between the 

two major areas of inflammation and apoptosis. Although these two 

scenarios are distinct, the respective inflammatory/apoptotic caspases 

as structural entities are arguably much less so. In fact, as a role for 

caspases in programmed cell death first emerged it was not 

immediately obvious that this was not (or could not be) a caspase-1

95



(ICE) dependent event (Miura et at. 1993, Thornberry and Molineaux 

1995). However, as research progressed and other caspases were 

discovered (such as caspase-3 and -7), the number of apoptotic 

caspase substrates ballooned (>600) while confirmed inflammatory 

substrates remain highly scarce. Our perception of these two caspase 

clans as distinct has grown concordantly and inflammatory caspase 

substrates have begun to appear increasingly rare.

This difference was demonstrated in dramatic fashion by the 2D- 

gel analysis preformed by a previous member of the lab (Alexander 

Luthi, Figure 5.1) through which an unbiased snapshot of the global 

caspase activity was captured. While apoptotic caspase activation lead 

to the alteration of numerous proteins, the only confirmed inflammatory 

caspase induced alteration was the processing of IL-1(3.

The rarity of inflammatory caspase substrates when compared to 

apoptotic substrates has often been attributed to the specificity of its 

cleavage site. Small peptide screens have identified WEHD/YVAD as 

the preferred sequences for inflammatory caspases as compared to 

DEVD for caspase-3 and -7 (Thornberry et al. 1997, Talanian et al. 

1997). However, in the case of such tetra-peptide based 

substrates/inhibitors, equating sequence preference with specificity can 

be a gross over interpretation. This has been demonstrated formally by 

a number of studies, particularly for the apoptotic caspases (Pereira and 

Song 2008, McStay et al. 2008). We extended this type of analysis to
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caspase-1 using matched concentrations with caspase-3 and caspase- 

7. Somewhat to our surprise, proteolysis of these substrates by 

caspase-1 was revealed to be relatively promiscuous especially at 

higher concentrations. This level of promiscuity was more marked than 

that of caspase-3 which has been reported as being the most 

accommodating of the apoptotic caspases (McStay etal. 2008).

As we have demonstrated previously, activity toward small tetra- 

peptide substrates does not necessarily predict an enzyme’s ability to 

process full length substrates (Walsh et al. 2008). However, when 

Jurkat cell free extracts were used as a source of endogenous protein 

we were again surprised to find that caspase-1 readily processed a 

number of atypical substrates. This finding ran contrary to what we 

know of endogenous caspase-1 activity in THP1 extracts and suggests 

that physiological caspase-1 activity is maintained at very low levels. 

This would restrict caspase-1 mediated proteolysis only to those highly 

preferred substrates such as IL-ip.

Although there are only two confirmed substrates of caspase-1 

(IL-1|3 and IL-18) it is generally believed that the range of caspase-1 

activity goes beyond the activation of these two cytokines. For example 

caspase-1 activity is also thought to be required for the non-classical 

secretion pathway and the release of molecules such as IL-1a that are 

not themselves caspase-1 substrates (Keller et al. 2008). To this end a 

number of new caspase-1 substrates have been proposed in targeted
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single protein studies such as MyD88 adapter like protein (Mai), Parkin, 

and others (Kahns et al. 2003, Miggin et al. 2007, Becker et at. 2009, 

Weigert et al. 2010) as well as through large scale screens (Shao et al., 

2007; Lamkanfi et al. 2008, Agard et al. 2010). Outside IL-ip and IL-18 

more than 100 new caspases-1 substrates have been proposed. 

However, the concentration of caspase-1 used in these studies was 

typically at least a log higher than that which is required to see robust 

IL-1(3 processing. For example, in three reported caspase-1 screens a 

concentration of 400 nM or greater was used (Shao et al. 2007, 

Lamkanfi et al. 2008, Agard et al. 2010). Our findings cast doubt on the 

physiological relevance of such observations as it is very unlikely that 

such concentrations of caspase-1 could be achieved in vivo. In this 

study we have demonstrated that 100 nM caspase-1 is sufficient to 

process several apoptotic substrates. Therefore, although large scale 

screens are undoubtedly valuable in identifying potentially important 

caspase-1 substrates, researchers approaching such data should be 

very wary of the existence of false positives when using high 

concentrations of enzyme.

As we have already demonstrated, when screens are based on 

endogenous caspase-1 activity the number of identified substrates 

drops drastically. Indeed, when Agard et al. (2010) compared screens 

based on the addition of high concentration of recombinant caspase-1
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with those based solely on endogenous caspase-1 activity the number 

of identified cleavage sites drop from 82 to as low as 16.

Caspase activation in the context of cell death is often referred to 

as a cascade and is characterized by an accumulation of active 

enzyme. This is distinct from the inflammatory scenario where caspase 

activation is centralized and the level of activity is constrained. Our 

studies suggest that if active caspase-1 were able to accumulate in a 

similar manner to caspase-3/7 it would behave as a much less specific 

enzyme and could potentially drive apoptosis or necrosis.

Why this does not occur may be partially liked to extrinsic factors 

such as the level of inflammasome activation which could set a 

threshold on caspase-1 activity. Hyper-activation of the inflammasome 

has been suggested to drive caspase-1 dependent necrosis or 

pyroptosis (Bergsbaken et al. 2009) but this is accompanied by the 

proteolysis of few apoptotic substrates with the possible exception of 

caspase-7 and PARP (Malireddi et al. 2010). However, under more 

standard conditions of inflammasome activation, accumulation of the 

processed form of caspase-1 can be observed in the absence of a 

concordant accumulation of active enzyme. This strongly suggests that 

factors such as enzyme stability have an important role in limiting the 

amount of active caspase-1 present within the cell at any one time.

Active caspase-1 is an extremely unstable enzyme. At 

physiological concentrations we have calculated it to have a half-life of
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less than 10 minutes when incubated at 37°C. This is in stark contrast 

to caspse-3 and caspase-7. Both of these enzymes are stable for 

several hours at 37°C with half-lives of 8 and 11 hours respectively. At 

very high concentrations (>2000 nM) caspase-1 inactivation has been 

linked to autolysis, however at physiological concentrations 

disassociation of the homodimer has been proposed (Dang et al. 1996, 

Talanian et al. 1996). Our investigation suggest that this instability is 

linked to a rapid loss of quaternary structure that disrupts the active site 

and eventually leads to full disassociation of the (p20p10)2 homodimers.

Based on our findings we propose that caspase-1, the major 

inflammatory caspase, is a relatively promiscuous enzyme with the 

potential to process many apoptotic caspase substrates. However, the 

physiological levels of active caspase-1 are severely restricted in part 

because of the labile nature of this enzyme.
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Chapter 6

General Discussion



6.1 Introduction

Throughout this thesis caspase or granzyme activity has been 

considered in the context of either apoptosis or inflammation. During 

apoptosis, cell death stimuli lead to the activation of a proteolytic 

cascade that regulates the controlled shutdown and demolition of the 

cell. During inflammation, the sensing of danger or pathogen 

associated molecular patterns indicating tissue damage (DAMPs) or 

microbial infection (PAMPs) can activate caspases resulting in the 

activation and release of cytokines.

In addition to studying these two separate scenarios in their own 

right, we have also considered how the enzymes or substrates 

activated/altered in the context of apoptosis might potentially affect 

inflammation or how inflammatory caspase activation is constrained 

from inducing apoptosis.

Investigation by comparison of the different factors involved in 

mediating these responses is arguably a unifying theme to the work 

presented here. In relation to this, three representative questions were 

posed at the conclusion of chapter 1. They were as follows; Can 

substrate proteolysis during apoptosis regulate the immune response 

through the targeting of immune-cytokines? How do different members 

of the caspase cascade contribute to apoptotic proteolysis and are 

these enzymes functionally redundant or functionally divergent? What
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factors constrain the activity of caspase-1 and determine the 

physiological substrates of inflammasome activation?

6.2 Can substrate proteolysis during apoptosis regulate the 

immune response through the targeting of immune-cytokines?

Something that anyone who studies proteases would like to know is 

what is the complete picture of substrate proteolysis within a given 

pathway or for a given enzyme. Some researchers have put this 

concept forward as the ‘degradome’ (Lopez-Otin and Overall 2002). 

This term can apply to the suite of proteases active within a particular 

setting and/or the full range of substrates cleaved.

Regardless of the terminology, this information is at the core of 

the proteolysis field. Throughout this thesis it has been noted that in the 

case of apoptosis a very large number of proteolytic events have been 

characterized. Some of these events are understood to contribute to 

cellular shutdown while the purpose of many other events is as yet 

undefined.

However, it is important to note that although it is true that 

apoptotic proteolysis has the effect of shutting down many aspects of 

cellular physiology it is not necessarily required for cell death. As 

occurs during the intrinsic pathway of cell death, mitochondrial outer 

membrane permeability (MOMP) and subsequent release of
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Cytochrome c is sufficient to kill a cell even when caspase activity is 

blocked (Ricci et al. 2003). Even CASP-9 knockouts that exhibit clear 

developmental defects are still susceptible to cell death as indicated by 

the normal retraction of inter-digital webbing (Kuida et al. 1998). 

Contrast this with BAX/BAK knockouts where MOMP is blocked and the 

phenotype much more indicative of a complete absence of 

developmental cell death (Lindsten etal. 2000). Therefore, much of the 

proteolytic demolition that occurs during apoptosis must be direct 

towards endpoints beyond cell death such as the efficient removal of 

cell debris and the direction of the subsequent immune response.

The sensing of apoptosis by cells such as surveying phagocytes 

has long been considered a fundamental reason why such a controlled 

cell death mechanism exists. When the remains of apoptotic cells are 

ingested the tolerant response initiated is clearly distinct from the 

sensing of other forms of death such as necrosis (Birge and Ucker 

2008). Many of the necessary alterations that underlie this distinction 

are likely to be directly or indirectly mediated by caspases as in the case 

of the deactivation of the DAMPs interleukin-33 and HMGB1 (Kazama 

et al. 2008, Luthi et al. 2009). When considered, the requirement for 

apoptotic cells to meet the immune system on good terms, is a 

significant additional dimension from which to examine apoptosis- 

associated proteolysis.
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It was on this basis that we chose to carry out a screen of the 

interleukins for novel caspase or granzyme substrates. Identification of 

new substrates was not the only approach that could have been taken 

to investigate the interaction between apoptosis and the immune 

system. For example it would also be valid (but highly laborious) to 

screen known substrates for their ability to affect an immune response. 

However, with the approach taken of screening known immune 

modulators we hoped to take advantage of existing knowledge 

concerning the functional role of such molecules and therefore the 

functional output that should be examined in light of any identified 

proteolytic events.

The possibility that caspases or granzymes may affect the 

immune response by deactivating (or otherwise modulating) cytokine 

activity is intriguing and our screen of interleukins only represents a 

starting point in such investigations. The case of interleukin-33 and its 

deactivation by caspases (Luthi et al. 2009) was the paradigm under 

first consideration at the onset of this screen but not rigidly so, certainly 

not when considering how such an investigation might develop in the 

future. Activation is of course also a possible outcome of proteolysis. 

Lysophosphatidylcholine, interleukin-16 and fractalkine are all examples 

of the release of active factors that have been proposed to attract 

immune cells to the site of cell death (Zang et al. 1998, Lauber et al. 

2003, Truman et al. 2008). As potential targets of apoptotic proteolysis.
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cytokines and chemokines, still remain a large and understudied class 

of proteins.

Also emerging out of our interleukin screen was an appreciation 

of the possible role of granzyme B in modulating the immune response. 

Although initially included in the screen because of its role in apoptosis, 

it was quickly recognized that granzyme B had strong potential to be 

involved in regulating the immune environment external to the apoptotic 

cell. The presence of granzyme B in the sera of RA as well as HIV 

patients, its targeting of extra-cellular matrix proteins, and its perforin- 

independent role in promoting cytokine release, all strongly implied this 

potential (Spaeny-Dekking et al. 1998, Buzza et al. 2005, Metkar et al. 

2008). It is interesting to consider cytotoxic lymphocytes not only as 

targeted killers but also as potential conductors of inflammation through 

the release of extra-cellular granzymes.

Although the granzyme B-mediated cleavage events observed 

here were not demonstrated to be physiologically relevant they do 

provide a certain degree of encouragement towards continuing this line 

of investigation. Even more so than is the case for the apoptotic 

caspases a closer look at the granzyme degradome may reveal an 

entirely new understanding of the function of these proteases.
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6.3 How do different members of the caspase cascade contribute 

to apoptotic proteolysis and are these enzymes functionally 

redundant or functionally divergent?

While the screen of interleukins represents an attempt to expand our 

understanding of what constitutes the apoptotic degradome, a 

comparison of how the different apoptotic caspases contribute to this 

profile is an equally valid approach to understanding these events. As 

multiple related enzymes are activated during the cascade, separating 

their specific roles can be difficult. This is especially true for closely 

related enzymes such caspase-3 and caspase-7.

The suggestion from knockout mice studies has been that 

caspase-3 and caspase-7 are able to functionally compensate for one 

another in the execution of apoptosis (Kuida et al. 1996, Lakhani et al. 

2006). However, a major caveat of these as with any comparison of 

endogenous caspases within cells is that the relative concentrations of 

the enzymes are difficult to define. In addition, when measuring 

apoptosis at the cellular or tissue level the feature chiefly measured is 

understandably the ultimate consequence, cell death.

As mentioned in the previous section, although apoptosis is the 

process of programmed cell death, the function of caspases is not to 

induce cell death per say as Cytochrome c release is alone sufficient to 

kill cells. The caspase-mediated demolition of a cell involves hundreds
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of distinct events represented by substrates that are cleaved or not 

cleaved (Luthi et al. 2007). The consequence of these events affects a 

variety of different aspects of apoptosis including everything from the 

fragmentation of cellular components to the labeling of cells for 

phagocytosis. Therefore, when considering whether caspase-3 and -7 

are functionally redundant we are considering a very large number of 

distinct events that occur within apoptotic cells.

In our comparison of caspase-3 and caspase-7 function we used 

equamolar concentrations of enzyme against endogenous and 

recombinant substrates to make a direct comparison of their proteolytic 

activity. With regards to functional redundancy we did identify a number 

of key substrates such as PARP, ICAD and ROCKI that were cleaved 

with equal efficiency by both enzymes. These results demonstrate how 

caspase-3 and caspase-7 can compensate for the loss of one another 

in carrying out some of the more classical features of apoptosis. 

However, this was not in fact the end of the story as we were also able 

to demonstrate that comparatively, caspase-3 is a much more 

promiscuous enzyme than caspase-7.

The finding that caspase-7 cleaves only a limited number of 

substrates when compared to caspase-3, even though caspase-3 

knockout mice can appear normal (Lakhani et al. 2006), might suggest 

that the substrate profile of caspase-7 represents a minimum 

requirement for apoptosis but we don’t believe this to be the case. A
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closer look at cell death in the absence of caspase-3, for example within 

MCF7 cells that are CASP-3 mutants, suggest that the cell death is far 

from normal (Janicke et al. 1998, Kagawa et al. 2001). The important 

nature of many of the preferred caspase-3 substrates including Bid, 

XIAP and several other caspases along with the shear dominance of 

caspase-3 activity as compared to caspase-7 on a global scale {i.e. 

through 2D gel analysis) strongly suggests that caspase-3 is in fact 

required for complete apoptosis and its loss cannot be compensated for 

by caspase-7.

A second implication of the divergent substrate preference for 

these two enzymes is the possibility that they have acquired divergent 

functions outside of apoptosis. The proposed role of caspase-3 in T cell 

energy or caspase-7 in sepsis (Puga et al. 2008, Lamkanfi et al. 2009) 

are just two examples of scenarios that might be better understood in 

the context of this comparison. The fact that caspase-3 has the greater 

number of substrates may suggest that this enzyme will more frequently 

be identified in non-classical scenarios of caspase activation. 

Conversely, the apparent restriction of caspase-7 activity could be the 

result of selection for an increasingly specialized function for this 

enzyme.
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6.4 What factors constrain the activity of caspase-1 and determine 

the physiological substrates of inflammasome activation?

In the context of apoptosis, the pool of identified substrates is large. As 

an indication of the size of this degradome, caspase-3 and -7, the 

effectors that mediate the vast majority of these events can overlap in 

their targeting of many substrates yet still be considered as highly 

divergent.

This is not the case for the inflammatory caspase substrates 

despite their recognized importance and considerable study. Caspase- 

1 knockout mice exhibit dramatic phenotypes in response to immune 

challenge and the substrates that have been confirmed (IL-1(3 and IL- 

18) are central players in the cytokine response (Thornberry et al. 1992, 

Li et al. 1995, Fantuzzi et al. 1998). Furthermore, since the relatively 

recent characterization of the inflammasome the diversity of pathways 

reported to converge on inflammatory caspases has expanded rapidly 

(Schroder and Tschopp 2010). Because CASP-1 knockout clearly has 

significance beyond its role in activating IL1(3 and IL18 (Fantuzzi et al. 

1996, Keller et al. 2008) its substrate profile must be greater than is 

currently known and is therefore still of considerable interest. However, 

despite this the number of confirmed inflammatory substrates remains 

low.
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Although there are clear parallels between the activation of 

inflammatory caspases and the initiators of apoptosis, effectors such as 

caspase-3 and -7 are a feature of the apoptotic cascade. Initiators are 

generally considered to have a much more limited number of substrates 

in comparison to the effector enzymes (Slee et al. 1999). Likewise, 

inflammatory caspases which are more similar in structure and 

activation to the initiators of apoptosis may well be similarly limited in 

their potential substrates. Most often it is assumed that caspase-1 is a 

highly specific protease in terms of its substrate preference but the 

accuracy of this assumption had not been previously investigated.

Taking this into consideration we decided to make what might 

have appeared at first to be an unfair comparison of activity between 

caspase-1 and the effector enzymes caspase-3 and caspase-7. 

However, at matched concentrations and to our surprise this 

comparison was not so unbalance as one might have predicted. 

Caspase-1 appeared to be relatively promiscuous in substrate choice 

and was capable of processing a number of characteristic apoptotic 

caspase substrates efficiently. By extension then caspase-1 should be 

able to induce apoptosis but clearly it does not. Factors other than 

substrate specificity must therefore limit the activity of caspase-1 during 

inflammasome activation.

In the absence of specificity it is still possible to propose a 

number limiting mechanisms for the inflammatory caspases. The
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presence of inhibitors, constrained cellular localization, low levels of 

active enzyme or increased instability of the active form are all 

possibilities. In the case of caspase-1 we collected evidence that 

instability, due to the lose of tertiary structure was a factor that likely 

limited the accumulation of active enzyme within cells.

Beyond the knowledge gained on the biochemical nature of an 

important enzyme such as caspase-1 such findings also give us pause 

to consider how we define a physiological substrate. Although 

technically more difficult than identifying apoptotic substrates, 

researchers have persisted in the screening for inflammatory caspase 

substrates and our study into caspase-1 function has coincided with the 

emergence of a newly expanded inflammatory degradome (Shao et al. 

2007, Lamkanfi et al. 2008, Agard et al. 2010). As we observed in the 

case of interleukin-12, screens based on in vitro reactions can create 

anomalies even when the concentration of enzyme is kept at 

conservative levels. In our investigation of capase-1 activity we found 

that a concentration of enzyme as low as 100 nM can exhibit a 

promiscuity towards substrates that is not observed in the physiological 

setting. For example, despite clearly being processed by caspase-1 we 

would be not be inclined to suggest that ROCK I or RhoGDI are 

normally cleaved in cells upon inflammasome activation.

In the case of the caspase-1 screens referred to above (Shao et 

al. 2007, Lamkanfi et al. 2008, Agard et al. 2010), the concentration of
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enzyme used was at a minimum 4 times the highest concentration used 

in our comparison. Therefore, an important contribution of our findings 

must be to introduce a note of caution in relation the interpretation of 

such studies that are based on what we now know are very high 

concentrations of this enzyme.

The consequence of using arbitrary amounts of enzyme is 

exemplified by the case of interleukin-33 that was first identified as a 

caspase-1 substrate (Schmtiz et al. 2005). The finding that interleukin- 

33, a newly identified IL-1 like cytokine was also cleaved and (as the 

suggestion was) activated by caspase-1 fit well with our understanding 

of the role of inflammasome activation. Thus it was quickly adopted as 

an inflammatory caspase substrate although the amount of enzyme 

used was poorly defined. However, when the primary observation was 

tested under physiological conditions by our lab as well as several 

others (Luthi et al. 2009, All et al. 2010, Zhao and Hu 2010) interleukin- 

33 was clearly demonstrated to be a caspase-3/7 substrate and not a 

substrate of caspase-1. Further to this, the processing of interleukin-33 

led to the inactivation and not activation of the cytokine. This reversal of 

the interleukin-33 story highlights the importance of establishing the 

reaction conditions that are faithful to the physiological reality of the 

enzyme and substrate.
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6.5 In conclusion

The goal of this body of work has been to expand our understanding of 

apoptotic and inflammatory proteases through investigations into their 

substrate preference and through biochemical comparisons of the 

activity of key members of this family of enzymes.

Here we have shown that the effector caspases, caspase-3 and 

caspase-7, are functionally distinct enzymes and that caspase-3 is the 

primary effector of apoptosis associated proteolysis. In addition, we 

have shown that the major inflammatory caspase, caspase-1, is a highly 

promiscuous enzyme but that this activity is held in check and counter 

balanced by an inherent instability following its activation within the 

inflammasome.
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