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Abstract 

Regulated proteolysis plays an important role in modulating the activities of 

receptors, cytoskeletal proteins and transcription factors during cell growth and 

development. A family of calcium-regulated thiol proteases, known as calpains, 

has been shown to promote this process in mammals, and other eukaryotes. The 

importance of calpains is highlighted through their involvement in a number of 

pathologies in humans. Mutations in calpain3 have been shown to cause limb 

girdle muscular dystrophy type 2A (LGMD2A). Increases in calpain expression 

and proteolytic activity have been associated with a number of degenerative 

conditions, including many forms of muscular dystrophy. Most of the studies 
into both the physiological and pathological role of calpains have been focused 

on two mammalian, ubiquitously expressed, typical calpains: CAPN1 and 

CAPN2. The functions of the more abundant atypical sub-family of calpains 

remain largely unknown. 

The C. elegans genome encodes fifteen atypical calpain sequences. C. elegans, 

therefore, presents an ideal model in which to study atypical calpain activity and 

function. In this study I have analysed the fifteen atypical calpain sequences and 

performed calpain feeding RNAi and mutant analysis to establish what roles the 

calpains of C. elegans might have. Obvious phenotypes were not observed when 

analysing calpain mutants or animals treated with calpain RNAi, which might 

suggest that there is functional redundancy amongst the calpain family. I also 

analysed the promoter activities for some of the C. elegans calpains and showed 

that calpains are expressed in many different tissue types, including; the 

intestine, neurons, muscle, the excretory cell and the hypodermis. Since many 

calpain associated pathologies relate to an increase in calpain expression and 

activity, I ectopically expressed calpains in several tissue types. Animals that 

have CLP-1 ectopically expressed in muscle displayed abnormal muscle cell 

physiology and paralysis. I showed that mutations, which are likely to increase 

intracellular calcium or affect muscle structural integrity, sensitised animals to 

the effects of ectopic CLP-1. I also showed that inactivation of clp-1 suppresses 

muscle degeneration in C. elegans. I propose that the muscle cell abnormalities 

caused by ectopic CLP-1 could highlight a physiological role for CLP-1 in the 



maintenance and turnover of muscle proteins. Finally I attempted to analyse the 

proteolytic properties of some of the atypical calpains of C. elegans, both in vivo 

and in vitro. 
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Introduction 

1.1 The calpain family. 

The first description of a Ca2+ dependent protease was of mammalian CAPN2 in 

1976. It was purified from porcine muscle and was shown to proteolytically 

cleave muscle proteins, such as tropomyosin, and troponins T and I (Dayton et 

al., 1976). This protein was later termed a calpain and is a papain-like thiol 

protease, dependent on Ca2+ for proteolytic activity. The original calpain purified 

in 1976 was re-named m-calpain in 1989 in reference to its millimolar 

requirement of Ca2+ for proteolytic activity (Cong et al., 1989). It is now referred 

to as CAPN2. In addition to the discovery of CAPN2, another mammalian 

calpain was identified and shown to require micromolar concentrations of Ca 2+ 

for proteolytic activity (Dayton, 1982). This calpain was named p-calpain, but 

has also been referred to as Calpain 1 or CAPN1. Both CAPN1 and CAPN2 are 

ubiquitously expressed in mammals. Research into these two calpains revealed 

that, unlike the lysosomal cathepsin proteases or the proteasome, they are not 

involved in the non-specific degradation of proteins. Instead, calpains recognise 

specific sites in substrates and proteolyse them in a limited manner (Reviewed in 

Goll et al., 2003). The limited proteolysis performed by calpains has led to the 

suggestion that calpains are important signalling proteases. The whole genome 

sequences of many organisms revealed that sequences corresponding to calpains 

exist in many eukaryotics. 

1.1.1 Typical calpains. 

Calpains are modular proteins, which are defined by the sequence of their 

catalytic domain. Typical calpains, sometimes referred to as `classic' calpains, 

consist of four domains, named domain I, II, III and IV (Figure 1.1). Domain II is 

the catalytic domain present in all calpains. Domain N is only present in typical 

calpains and contains five EF hand motifs, which are homologous to the EF 

hands of calmodulin (Goll et al., 2003). The EF hands of calmodulin are capable 

of binding Cat+; similarly the EF hand motifs in domain N were originally 

hypothesised to be responsible for the Ca2+ dependence of calpain proteolytic 

activity (Kretsinger and Nockolds, 1973). Whereas domain IV can bind Cat+, it 

is not the only domain with this property. Domain II, which is the catalytic 
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domain, can also bind two Ca2' ions; binding of Ca2' to this domain is likely to 

confer the Ca2+ dependence of calpains (Moldoveanu et al., 2002). The N- 

terminal domain of CAPN1 and CAPN2, domain I, is composed of a short 

sequence, which has little homology to any other protein. Domain III has 

structural homology to a C2 domain (Hosfield et al., 1999; Strobl et al., 2000). 

C2 domains are capable of binding phospholipids in a Ca2+ dependent manner. 

Localisation of calpains to the plasma membrane has been shown to be 

dependent on domain III (Plant et al., 1997). 

The typical calpains CAPN1 and CAPN2 have been the subject of extensive 

research. Most of our current understanding of the relationships between calpain 

domain structure and function has been obtained from CAPN1 and CAPN2. In 

CAPN1 and CAPN2, domain I undergoes autolysis. Hypotheses related to the 

role of autolysis will be discussed later. Domain II, the catalytic domain contains 

the catalytic triad of Cys, His and Asn, which is required for proteolytic activity. 

Studies based on the crystal structures of CAPN1, CAPN2 and more recently 

CAPN9 indicate that the catalytic domain can be further divided into two sub- 

domains: IIa and IIb (Davis et al., 2007; Hosfield et al., 1999; Moldoveanu et al., 

2002; Strobl et al., 2000). IIa contains the catalytic Cys, whilst IIb contains the 

other residues of the triad, His and Asn. In the absence of Ca2+ the two sub- 

domains, sometimes referred to as `lobes', are too far apart to form the active site 

required for proteolytic activity. However, the two sub-domains are brought 

within 3.7 A of each other upon binding two Ca2+ ions and consequently form 

the active site (Moldoveanu et al., 2002). This study, originally performed using 

the catalytic core domain of CAPN1, showed for the first time that the Ca2+ 

dependency of calpains lies specifically within the catalytic domain, although, 

binding of Ca2+ at other domains of calpains might be important in the regulation 

of calpain activity. 

Domains III and IV are predicted to regulate calpain activity. Domain III targets 

calpains to the plasma membrane through its C2 domain (Shao et al., 2006). 

Domain III is required for the interaction between CAPN2 and phosphoinositide 

bisphosphate (PIP2) at the plasma membrane during epidermal 
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Large subunit 

CHN 
IV 

12345 
EF hands 

Calpain small subunit (CSS1/CSS2) 
V VI 

12345 
EF hands 

Figure 1.1: Schematic representation of a typical calpain and the calpain 

small subunit. 

The domain structure of a typical calpain, based on mammalian CAPNI and CAPN2, is 
depicted in the schematic entitled `large subunit'. Typical calpains contain four domains: 
domain I- contains sites for autolysis; domain II - the catalytic domain sub-divided into 
two (Ila and IIb) and contains the catalytic triad of Cys, His and Asn; domain III - 
structural homology to a C2-like domain: domain IV - contains five EF hand motifs. 
Some typical calpains associate with a calpain small subunit, i. e. CSS I or CSS2. CSS I 
and CSS2 have two domains: domain V-a Gly (G) rich domain with little homology to 
other protein sequences; domain VI - similar to domain IV of the large subunit, containing 
five EF hand motifs important in Ca'' binding and dimerisation with the large subunit (see 
text). Figure is adapted from Goll et al, (2003). 
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growth factor (EGF) mediated activation of cell motility (Shao et al., 2006). 

Domain III has also been implicated in a more direct regulatory role in calpain 

activity. In the Ca2+ bound state of some typical calpains, domain III interacts 

and stabilises a helical region in domain II, preventing the helix from sterically 

blocking the active site and subsequently inhibiting proteolytic activity (Davis et 

al., 2007). Thus, domain III is likely to regulate calpain activity on several levels. 

Domain IV contains five EF hand motifs. Four of these EF hands are likely to 

bind Ca2+ and cause a slight conformational change in the calpain molecule. This 

conformational change might facilitate the activation of calpains by 

cooperatively aiding the binding of Cal' to the catalytic domain (Blanchard et al., 
1997; Goll et al., 2003; Lin et al., 1997). The fifth EF hand of typical calpains 
CAPN1, CAPN2, and CAPN9 forms a heterodimer with a calpain small subunit, 
CSS 1 (also referred to as CAPN4 or CPNS 1), which is required for proteolytic 

activity (Davis et al., 2007; Hosfield et al., 1999; Strobl et al., 2000). Typical 

calpains that require heterodimerisation with CSS 1 for activity have 

consequently been referred to as the calpain large subunit, with CSS 1 being the 

calpain small subunit. 

Mammalian CSS 1 only has a domain V and a domain VI (Figure 1.1). Domain V 

is glycine rich and has no homology to any other protein and its function is not 

entirely clear. Domain V also contains the sequence, GTAMRILGGVI, which 
forms an a helix upon contact with phospholipids and consequently inserts into 

lipid membranes (Dennison et al., 2005). Therefore, domain V of CSS1 might 

target typical calpains to the plasma membrane, similar to the C2 domain found 

in domain III of the calpain large subunit. Domain VI of CSS 1 contains five EF 

hand motifs; the fifth EF hand of domain VI associates with domain IV of the 

calpain large subunit (Hosfield et al., 1999; Strobl et al., 2000). X-ray 

crystallographic structures of domain VI of CSS1 have shown that the first four 

EF hands bind Ca2+ and in doing so cause domain VI to undergo a 

conformational change (Blanchard et al., 1997; Lin et al., 1997). It has been 

hypothesised that this conformational change is transmitted to the catalytic 

domain through the association of CSS 1, which, in turn, facilitates the binding of 

Ca2+ to the catalytic domain and proteolytic activation (Blanchard et al., 1997; 
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Lin et al., 1997; Moldoveanu et al., 2002). As stated earlier, some typical 

calpains (CAPN1, CAPN2 and CAPN9) require CSS 1 for function, whilst other 

typical calpains, such as CAPN3 and CAPN8 do not (Arthur et al., 2000; Hata et 

al., 2007; Kinbara et al., 1998; Lee et al., 1999; Ravulapalli et al., 2005). The 

hypothesised roles for CSS 1 include stabilisation of the large calpain subunit, 

possibly through chaperone-like activities, and regulation of calpain activity. A 

vital role for CSS 1 is highlighted in CSS 14- mice, which die as embryos (Arthur 

et al., 2000; Zimmerman et al., 2000). An additional calpain small subunit, 

calpain small subunit 2 (CSS2) has also been discovered. Whilst it is very similar 

in sequence to CSS 1, its role in calpain function is unknown (Schad et al., 2002). 

The finding that CSS 14- mice are not viable would suggest that CSS2 cannot 

compensate for CSS 1 activity. 

1.1.2 Atypical calpains. 

Whole genome sequencing projects have revealed that many calpains do not 

have a domain N that carries EF hand motifs. Calpains lacking EF hand motifs 

are called atypical calpains or `non-classic' calpains. Atypical calpains all carry 

the defining catalytic domain. In many instances, atypical calpains also carry a 

C2-like domain in domain III. Outside of these domains, however, atypical 

calpains share less sequence conservation than their typical counterparts. Many 

atypical calpains have alternative domains, some of which are present in other 

protein families and others that are specific to the calpain family (Table 1-1). For 

those domains found in other protein families, examples include: extra C2-like 

domains, e. g. human CAPN5 and CAPN6; and for those domains that are 

specific to atypical calpains, examples include: small optic lobes homologous 

(So1H) domain, e. g. human CAPN15 and D. melanogaster CALPD (Delaney et 

al., 1991; Kamei et al., 1998; Waghray et al., 2004). Table 1-1 summarises the 

different domains and motifs that are present in atypical calpains. Unlike typical 

calpains, atypical calpains do not have a domain IV, which carries EF hands. It is 

this absence of EF hands that differentiates between the calpain sub-families of 

atypical and typical. Recent phylogenetic studies have suggested that the EF 

hand domain was a late addition in evolution (Croall and Ersfeld, 2007). 
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Homologues of CSS 1 have not been found in lower eukaryotic organisms, such 

as D. melanogaster or C. elegans (Consortium, 1998; Friedrich et al., 2004). 

In the present study of the calpains of C. elegans, all of the calpains are atypical 

and, thus, C. elegans provides an opportunity to study the under researched 

atypical calpains. 

1.1.3 The diversity of the calpain family. 

Calpains are found in almost all eukaryotics. A calpain-like sequence has also 

been reported to be present in prokaryotes (Bourgeau et al., 1992; Sorimachi and 

Suzuki, 2001). In mammals, fourteen calpain genes have been identified, which 

represent a mix of typical and atypical. CAPN 1 and CAPN2 remain the most 

extensively researched. However, it is becoming increasingly evident that other 

mammalian typical and atypical calpains are likely to participate in important 

physiological functions (Hata et al., 2006). 

In addition to mammalian calpains, calpain function has been investigated in D. 

melanogaster. Only four calpains have been discovered in D. melanogaster, 

three of which are typical (CALPA, B and C) and one which is atypical 

(CALPD) (Friedrich et al., 2004). The number of calpains encoded by a specific 

organism does not seem to reflect its evolutionary complexity; although D. 

melanogaster reportedly has only four calpains, some protozoa have a large 

number of calpain genes. For example, the kinetoplastid parasites T. brucei and 

T. cruzi each encode fourteen and fifteen calpain sequences respectively. Some 

of these calpain sequences do not have the catalytic triad residues necessary for 

proteolytic activity, suggesting that they might have alternative, non-proteolytic 

functions, or have lost their function, or were not functional to begin with 

(Ersfeld et al., 2005). 
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Previously identified examples of 
Alternative domain or motif. atypical calpains with the alternative 

domain. 

An alternative C2 domain at the C- 
terminus, sometimes referred to as the 
T domain. 

Small optic lobes homology (SoIH) 
domain. 

Zn finger motifs. 

PaIB homologous domain (PBH). 

Microtubule interacting (MIT) domain 

Transmembrane (TM) domain 

Mammals - CAPN5, CAPN6. 

C. elegans - TRA-3 

Mammals - CAPN15 

D. melanogaster - CALPD (also called 
SOL) 

C. elegans -T 11 A5.6 

Mammals - CAPN 15 

D. melanogaster - CALPD (also called 
SOL) 

C. elegans -T 11 A5.6 

Mammals - CAPN7 

A. ridulans - Pa1B 

S. cerevisiae - CPL1 

Mammals - CAPN7 

A. ridulans - PalB 

S. cerevisiae - CPL1 

A. thaliana - DEK1 

T. thermophilia - 21 TM 

Table 1-1: The alternative domains found in atypical calpains. 
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In contrast to the large number of calpain genes found in some protozoa, only a 

single calpain protein has been identified in plants; the maize calpain, DEK1, is 

proteolytically active (Lid et al., 2002; Wang et al., 2003). These `phytocalpains' 

contain a transmembrane domain, which is a feature that is also seen in a calpain 

of the T. thermophilia ciliate protozoa, but not in any animal calpain (Croall and 

Ersfeld, 2007). Clues as to origin of calpains might come from a calpain-like 

sequence, Tpr, that has been identified in the prokaryote, P. gingivalis, and 

which has been suggested to represent the precursor of calpains now found in 

eukaryotes (Bourgeau et al., 1992; Sorimachi and Suzuki, 2001). 

The identification of different calpains reveals that the calpain family is a diverse 

group of proteins, with a wide array of domains. The specific physiological 

function of these domains remains largely a mystery because research has mostly 

focused on the typical calpains CAPNI and CAPN2. Despite the lack of 

understanding into the function of atypical calpains, investigations into CAPNI 

and CAPN2 have laid the groundwork for an understanding into how calpains 

might be regulated. The unique regulatory features of calpains will be discussed 

in the next section. 

1.2 Calpain activity and regulation. 
The primary in vivo requirement for calpain activity appears to be Cat+. CAPN1 

and CAPN2 require micromolar and millimolar concentrations, respectively, for 

complete proteolytic activation (Cong et al., 1989). CAPN8 and CAPN9 also 

have a high Ca2+ concentration requirement for proteolytic activity (Hata et al., 

2007; Lee et al., 1999). Such Ca2' concentrations are unlikely to occur in vivo 

and so how calpains might achieve proteolytic activity under physiological 

conditions has become an area of debate in the calpain field. One possibility, 

suggested some time ago, involves the process of autolysis. 

1.2.1 Calpain autolysis. 

Autolysis is the Ca2+ dependent process whereby calpains undergo 

autoproteolysis. Autolysis can be either an intermolecular or intramolecular 

process. CAPNI and CAPN2 are proteolytically cleaved within domain I; this 
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cleavage removes seventeen amino acids from CAPN 1 and nineteen amino acids 
from CAPN2. CSS 1 is also autoproteolysed by the calpain large subunits; this 

cleavage removes 91 amino acids from the N-terminus (Brown and Crawford, 

1993; McCelland et al., 1989; Zimmerman and Schlaepfer, 1991). When 

autolysis was discovered, it was predicted to be important in calpain activation. 

Other cysteine proteases, such as cathepsins, are produced as proenzymes, and 

proteolytic cleavage has been shown to cause protease activation (Erickson and 

Blobel, 1983). Thus, a similar model was suggested for why calpains undergo 

autolysis (Pontremoli et al., 1984). However, calpains are proteolytically active 

without undergoing autolysis, suggesting that autolysis is not essential for 

activation (Cong et at., 1989). Autolysis of CAPN1 and CAPN2 reduces the 

concentration of Ca2+ required for proteolytic activity (Cong et al., 1989). 

However, for autolysis to occur, Ca2+ concentrations would still have to be at a 

sufficient level. Thus, the questions initially posed as to the purpose of autolysis 

and how calpains are activated under physiological Ca2' conditions remain 

unanswered. Recent work has shown that CAPN1 and CAPN2 become unstable 
following autolysis; the calpain large subunits dissociate from CSS1 and 

aggregate, which makes them proteolytically inactive (Li et al., 2004). The 

authors suggested that autolysis might represent a regulatory mechanism, 

whereby once a calpain is activated by sufficient Ca2' it undergoes autolysis, 
becoming unstable and inactive (Li et al., 2004). This maintains a short calpain 

activation time span and inappropriate proteolytic activity is avoided. Although 

much of the work on autolysis pertains to CAPN1 and CAPN2, atypical calpains, 

such as C. elegans TRA-3 have also been shown to undergo autolysis, suggesting 

that it is a universal calpain process (Sokol and Kuwabara, 2000). 

1.2.2 Phospholipids, phosphorylation and activator molecules. 

Three additional mechanisms have been suggested to explain how calpains might 

achieve proteolytic activity under physiological Ca2+ conditions. Association of 

calpains with phospholipids and the subsequent effects on Ca2+ requirement for 

calpain activation has been studied extensively. A number of reports have shown 

that calpain binding to different types of phospholipids reduces the Ca2+ 

concentration requirement for calpain activation (Cong et al., 1989; Coolican and 
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Hathaway, 1984; Saido et al., 1991; Saido et al., 1992). These associations are 

likely to occur through domain III as described earlier (see 1.1.1). The binding of 

phospholipids to domain III has been hypothesised to be conformationally 

transmitted to the catalytic domain and reduce the high Ca2' concentration 

requirement needed for proteolytic activity (Tompa et al., 2001). However, the 

Ca2+ concentration required for proteolytic activation of calpains, following 

phospholipid binding, remains greater than that which has been recorded in 

physiological conditions (Goll et al., 2003). This suggests that additional factors 

are required in vivo for calpains to become proteolytically active. A by-product 

of phospholipid binding in vivo could be that calpains become localised near 

plasma membrane Ca2+ channels and thus are localised in a Ca2+ ̀microdomain' 

(the role of Ca2+ microdomains in signalling is reviewed in Berridge, 2006)). 

Ca2+ microdomains are created near the plasma membrane and have been shown 

to reach concentrations in the µM range (Beaumont et al., 2005). The 

combination of phospholipid binding and the elevated Ca2' concentration in 

microdomains near the plasma membrane might, therefore, lead to proteolytic 

activation of calpains. Further work is required to establish the possible role of 
Ca2+ microdomains in calpain activation. 

Human CAPN1 and CAPN2 contain many phosphorylation sites. Calpain 

phosphorylation is hypothesised to aid in calpain activation (Goll et al., 2003). 

CAPN2 is phosphorylated at Ser 50, and this phosphorylation is required to 

localise CAPN2 to the plasma membrane (Shao et al., 2006). CAPN2 also binds 

PIP2. Therefore, it has been suggested that Ser 50 phosphorylation and PIP2 

binding target CAPN2 to the plasma membrane, and in turn proteolytically 

activate CAPN2 (Shao et al., 2006). This suggests that calpain phosphorylation 

and phospholipid binding might cooperatively act to proteolytically activate 

calpains. 

It has also been reported that activator molecules can associate and 

conformationally change calpain structure, reducing the concentration of Ca 2+ 

required for proteolytic activity. Examples of activator molecules include: a 

protein with similarity to a goat liver protein UK114; an acyl-CoA binding 

protein; and an unidentified heat stable protein (Melloni et al., 1998; Melloni et 
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al., 2000; Pontremoli et al., 1988). Each of these proteins are required in a 1: 1 

ratio with either CAPN1 or CAPN2, which suggests that they function by 

binding calpains and not through a catalytic mechanism, such as 

phosphorylation. 

A great deal of research has attempted to establish how calpains achieve 

complete proteolytic activity in vivo. However, despite this research, no clear 

explanation has been reached. Instead it is has been suggested that calpains might 

not reach complete activation under physiological conditions and so only a very 

small proportion of calpain is active at a given time (Goll et al., 2003). As will be 

discussed in a later section, many calpain related pathologies are related to an 

increase in calpain activity, which suggests that calpain activity must be tightly 

controlled to avoid a pathological consequence. Further evidence for tight 

calpain regulation comes from the many ways that calpain activity can be 

inhibited in vivo. 

1.2.3 Calpain inhibition. 

Mammalian calpains can be inhibited by an endogenous inhibitor, called 

calpastatin. Calpastatin specifically inhibits the proteolytic activity of CAPN1 

and CAPN2 in a Ca2+ dependent manner by binding to the EF hands of domain 

IV of calpain large subunits and domain VI of CSS 1 (Nishimura and Goll, 1991; 

Otsuka and Goll, 1987). It is predicted that one calpastatin can bind four calpain 

molecules (Emori et al., 1988). Calpastatin has only been shown to inhibit 

CAPN1, CAPN2 and CAPN9 and is not predicted to inhibit either typical 

calpains that do not associate with a calpain small subunit, or atypical calpains 

(Hata et al., 2007; Nakamura et al., 1999; Sorimachi et al., 1993). It is 

hypothesised that calpastatin cannot bind typical calpains that do not associate 

with a calpain small subunit, because these calpains do not provide the extra EF 

hand domain from the calpain small subunit, which calpastatin requires for 

binding (Goll et al., 2003; Moldoveanu et al., 2002). No calpastatin homologue 

has been found in invertebrates, such as D. melanogaster or C. elegans (Friedrich 

et al., 2004). Alternative modes of calpain inhibition might exist in these 

organisms. 
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The crystal structures of the calpain catalytic core domains of mammalian 

CAPN1, CAPN2 and CAPN9, also referred to as minicalpains, has provided 

evidence that calpains might have an intrinsic auto-inhibitory mechanism. This 

auto-inhibitory mechanism appears to differ between CAPN 1, CAPN2 and 

CAPN9. For instance, in minicalpain CAPN2 from rat, a disordered loop causes 

a highly conserved Trp residue to insert into the active site cleft and prevent, 

proteolytic activity. However, upon Ca2+ binding, the disordered loop becomes 

an a helix, and the Trp residue is no longer positioned in the active site. This then 

allows substrate binding and proteolysis (Moldoveanu et al., 2003). This 

mechanism of autoinhibition is unlikely to occur in human CAPN 1, because the 

auto-inhibitory a helix of CAPN 1 does not fluctuate between a structured and 

unstructured state; instead an a helix conformation is maintained both with and 

without Ca2+ binding (Davis et al., 2007). An alternative mode of autoinhibition 

is seen for CAPN9. In the absence of Ca2+ the two catalytic lobes of CAPN9 are 

far apart and rotated 45° with respect to each other. Even in the presence of Ca2+ 

the two catalytic lobes remain in this orientation. This observation led the authors 

to suggest that domain III or domain IV might be important in bringing the two 

catalytic lobes closer together in order to achieve proteolytic activity (Davis et 

al., 2007). Calpain auto-inhibition has only recently been discovered; in the 

future it will be interesting to see if other calpains undergo similar mechanisms 

of auto-inhibition as those described for CAPN1, CAPN2 or CAPN9. 

Calpain activity can also be regulated by alteration of calpain targets. Calpain 

substrates that have undergone phosphorylation can become more resistant to 

proteolytic cleavage. However, the converse is also true and substrate 

phosphorylation can increase the susceptibility of substrates to proteolysis by 

calpain. For example, protein kinase A (PKA) phosphorylation of troponin I 

decreases the susceptibility of troponin Ito proteolysis by CAPN1. Conversely, 

protein kinase C (PKC) phosphorylation of troponin I increases the susceptibility 

of troponin Ito proteolysis by CAPN1 (Di Lisa et al., 1995). Therefore, calpain 

can behave differently towards the same substrate depending on where the 

substrate has been phosphorylated. 
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An additional mechanism for inhibition of calpain activity could come from 

calpain proteins that are unlikely to be proteolytically active. Some members of 

the calpain family do not contain all three of the catalytic triad residues required 

for proteolytic activity and are, therefore, likely to have a non-proteolytic 

function. Examples of both typical and atypical calpains exist where catalytic 

triad residues are not present (Friedrich et al., 2004; Waghray et al., 2004). One 

might predict that the catalytically inactive calpains can compete with 

catalytically active calpains for similar substrates and hence prevent active 

calpains from associating with their physiological substrate. In this manner, 

catalytically inactive calpains could act as a dominant negative protein in vivo. 

An indication that inactive calpains are important in cellular function was found 

when examining the atypical human CAPN6. CAPN6 does not contain the 

catalytic cysteine residue. Knockdown of capn6 mRNA using small interfering 

RNA molecules (siRNAs) in HeLa cells caused microtubule instability (Tonami 

et al., 2007). Overexpression of CAPN6 in HeLa cells caused a proportion of 

cells to become bi- or tri-nucleated and thus CAPN6 is predicted to affect the 

progression and completion of cytokinesis by increasing the stability of 

microtubules. CAPN6 interacts with microtubules through domain III and thus is 

not reliant on a proteolytically active catalytic domain. The authors suggested 

that CAPN6 might competitively inhibit the proteolytically active CAPN 1 and 

CAPN2 from cleaving tubulin and microtubule associated proteins (MAPs). 

Thus, without CAPN6, microtubules and MAPs are unprotected from cleavage 

by the calpains (Tonami et al., 2007). Further investigation of the possible 

regulatory role of calpains absent for critical catalytic residues could provide an 

alternative method of calpain inhibition in vivo. 

1.3 Physiological functions of calpains. 

Calpains have been implicated in many cellular processes, such as: cytoskeletal 

remodelling, cell motility, signal transduction, cell cycle progression, regulation 

of gene expression, apoptosis, muscle fibre maintenance, and long term 

potentiation signalling in memory. I will not introduce all of the experiments that 

have implicated calpains in these processes. Instead I will describe some of the 

key methods that have been used to study calpain function, the implications of 
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these methods on dissecting calpain function and provide an example of how 

these methods have led to some understanding of calpain function in cell 

migration. 

The four main ways in which calpain function has been examined is: 1) 

identification of calpain substrates, 2) the use of calpain inhibitors, 3) 

examination of transgenic animals in which specific calpains are mutated, and 4) 

measurements of calpain activity in vivo. As previously mentioned, much of the 

research on calpains pertains to the role mammalian CAPN 1 and CAPN2 and 

there has been little research into calpains, such as the atypical calpains. The. 

possible functions of CAPN1 and CAPN2 could provide an initial basis for 

understanding general calpain function. 

1.3.1 Calpain substrates. 

Calpains have high substrate specificity and proteolytically cleave substrates at 

specific sites. The position at which calpains cleave in a specific substrate is 

determined more by three dimensional structure than primary sequence. This was 

shown when examining the autolysis of D. melanogaster CALPB. Mutation of 

the original encoded site for autolysis within the gene encoding CALPB did not 

prevent CALPB autolysis; instead CALPB proteolytically cleaved at an adjacent 

site to the original. This suggests that CALPB recognises more than just the 

immediate protein sequence and the authors suggested that the position at which 

CALPB cleaved was determined by secondary. structure (Tompa et al., 2004). 

The substrate specificity of calpain has allowed researchers to hypothesise on the 

physiological roles of calpains. Over a hundred calpain substrates have been 

identified in vitro. These substrates can be divided up into four protein types: 1) 

cytoskeletal proteins, 2) kinases and phosphatases, 3) plasma membrane 

associated proteins, and 4) transcription factors (Goll et al., 2003). The diversity 

of calpain substrates indicates that calpains have a role in a number of cellular 

processes. For instance, when CAPN2 was first purified it was shown that it 

efficiently proteolysed muscle proteins tropomyosin, troponins T and I, and C- 

protein, but could not cleave actin or myosin (Dayton et al., 1976). This led the 

authors to suggest that calpains could be involved in the turnover of myofibrillar 
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proteins; a hypothesis that is still held today and the findings of this thesis are 

likely to support. 

Whilst one can hypothesise on the roles that calpains might have according to 

what protein substrates they proteolytically cleave in vitro, it remains uncertain 

as to whether many of these proteins are calpain substrates in vivo. The 

conditions used in vitro are unlikely to represent those seen in vivo, for several 

reasons. A major difference concerns the Ca2+ concentrations used in vitro to 

achieve calpain proteolytic activation, which are in the µM - mM range; however 

in vivo, Ca2+ concentrations are unlikely to exceed 300 nM (Cong et al., 1989; 

Harkins et al., 1993; Jacquemond, 1997; Maravall et al., 2000). In addition, in 

vivo, calpains might not come into contact with a substrate that has been 

identified in vitro. This is exemplified by the identification of extracellular 

calpain substrates in vitro, such as fibronectin; in vivo fibronectin is highly 

unlikely to be proteolytically cleaved by calpain because calpains have only been 

localised intracellularly. Therefore, whilst identification of calpain substrates in 

vitro is useful in predicting what processes calpain might be involved in, the 

identification of in vivo susbstrates is vital to show physiological significance. 

1.3.2 Calpain inhibitors. 

The majority of our current knowledge on how calpains function in vivo comes 

from using calpain inhibitors. Many calpain inhibitors have been developed. 

There are two main types of calpain inhibitors: peptidic and non-peptidic (Saez et 

al., 2006). Peptidic inhibitors were the first developed and all of them act on the 

thiol (SH) group of the catalytic cysteine at the calpain active site. Peptidic 

inhibitors can be further subdivided into the following: 1) reversible inhibitors, 

such as peptidyl aldehydes (e. g. leupeptin and calpeptin) and peptidyl a 

ketoamides (e. g. AK275); and 2) irreversible inhibitors, such as peptidyl 

epoxides (e. g. E64). Whilst all of the peptidic inhibitors inhibit calpain 

proteolytic activity, they are not always specific to calpains. For instance, 

peptidyl aldehydes, such as leupeptin, not only inhibit calpains but also inhibit 

other cysteine proteases and even some serine proteases (Aoyagi et al., 1969; 

Moldoveanu et al., 2004). The most specific of the peptidic inhibitors are the 
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peptidyl ketoamides, which inhibit calpains and few other cysteine proteases 

(Neffe and Abell, 2005). 

The non-peptidic inhibitors are molecules that reversibly and non-competitively 

inhibit calpains by binding to domains other than the catalytic active site 

(Carragher, 2006). Non-peptidic inhibitors commonly bind to the EF hand motifs 
found in domain IV of large typical calpain subunits or domain VI of CSS1. An 

example of a non-peptidic inhibitor includes PD 150606, which binds to domain 

IV of typical calpains, in a similar manner as the endogenous calpain inhibitor, 

calpastatin (Saez et al., 2006). Thus, non-peptidic inhibitors inhibit typical 

calpains and are unlikely to affect atypical calpain function. 

Another calpain inhibitor used to study calpain function is calpastatin. 
Calpastatin is extremely specific to heterodimeric typical calpains, and requires 
domains IV and VI for binding; it might also associate with domains II and III 

(Croall and McGrody, 1994; Maki et al., 1988; Nishimura and Goll, 1991; 

Otsuka and Goll, 1987). Transgenic overexpression of calpastatin has been used 

to great affect to show the involvement of calpains in physiological and 

pathological processes. For instance, microinjection of calpastatin into myoblasts 

prevents myoblast fusion, which is a process required for the development of 

skeletal muscle (Temm-Grove et al., 1999). This has led to suggestions that 

calpains are required in the cytoskeletal remodelling involved in myoblast fusion 

(Goll et al., 2003). 

The advancement in the development of calpain inhibitors has led to a greater 

understanding of calpain function in vivo. However, many of the inhibitors are 

not completely specific to the calpain family and so results have. to be interpreted 

with caution. In addition, the role that a specific calpain might play in a cellular 

process cannot be elucidated by using even the most specific calpain inhibitor, 

because an inhibitor is likely to inhibit the entire calpain family. Thus, inhibitors 

can provide information on the function of a calpain family as a whole, or, in the 

case of non-peptidic inhibitors, such as PD150606, can provide information on 

typical calpain function. In more recent research, it has been possible to 

knockdown the activity of specific calpains by using siRNAs. For example, 
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siRNA knockdown of CAPN6 causes microtubule instability, which suggests a 

role for CAPN6 in microtubule dynamics (Tonami et al., 2007). By combining 

the use of different calpain inhibitors and specific calpain siRNA, one could 

identify what specific calpain could contribute to a cellular process. 

1.3.3 Transgenic studies into calpain function. 

There have been several studies using animal models that have indicated a role 

for calpains in different cellular processes. Human pathologies have also been 

linked with calpain dysfunction or inappropriate activity; these will be discussed 

more in the next section. Four types of transgenic mice have been created where 

genes encoding CSS 1, CAPN1, CAPN2 and CAPN3 have been disrupted. Mice 

carrying mutations in capn3 do not display many obvious defects. However, 

disruption of the capn3 gene in humans causes the muscle degenerative disorder 

limb girdle muscular dystrophy type 2A (LGMD2A). The role of CAPN3 in 

LGMD2A will be discussed later (Richard et al., 1995; Richard et al., 2000; 

Tagawa et al., 2000). Mice carrying mutations in capnl do not display any 

obvious defects in development. However, defects were seen in platelet 

aggregation. Calpains have previously been implicated in the activation of 

platelets and the observation that capnl -/- mice display defects in platelet 

aggregation could support this observation. However, the bleeding times of 

capnl -/- mice were normal, suggesting that CAPN1 might not be vital for 

efficient platelet function (Azam et al., 2001). Alternatively, CAPN2 might 

compensate for a lack of CAPN1 activity in the platelets of capnl -/- mice. 

Disruption of the gene encoding CSS 1 in mice caused embryos to die 11.5 days 

after gestation. capn4 -/- (gene for CSS1) embryos did not exhibit any detectable 

calpain activity (Arthur et al., 2000). This result shows that calpain activity is 

required for development. It is also likely to show that CAPN1 and/or CAPN2 

require CSS 1 for activity. Disruption of the capn2 gene in mice causes embryos 

to die before implantation, suggesting that CAPN2 is required for development 

(Dutt et al., 2006). Therefore, the embryonic lethality exhibited by mice lacking 

CSS 1 is likely to be due to an inactivity of CAPN2, since capn1 -/- mice are 

viable and capn2 -/- mice are not viable. Thus, the work using transgenic mice 
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has shown three things with regard to calpain function: 1) CAPN2 is vital for 

embryo development, 2) CSS 1 is likely to be required for CAPN2 function, and 
3) CAPNI is not required for embryo development. 

Transgenic work in model organisms such as D. melanogaster and C. elegans 

has also identified roles for calpains in specific cellular processes. A mutation in 

the small optic lobes (sol) gene, which encodes the calpain CALPD, causes 

neurodegeneration in specific sets of neurons in the pupal optic lobes of D. 

melanogaster. This neurodegeneration causes behavioural defects during both 

flight and walking (Fischbach and Heisenberg, 1981). CALPD is an atypical 

calpain that contains six zinc finger motifs and a unique So1H domain (see Table 

1-1) (Delaney et al., 1991). Homologues of CALPD are also found in mammals 

(Kamei et al., 2000; Kamei et al., 1998). Therefore, genetic studies in D. 

melanogaster highlight a vital function for the atypical calpain, CALPD, in 

sensory neuronal function, and conservation of this atypical calpain in other 

animals might suggest that homologous calpains could also be important in 

neuronal function (Kamei et al., 2000). 

In addition to the role of an atypical calpain in neurodegeneration, an atypical 

calpain. in C. elegans, TRA-3, is vital for the sex determination of XX 

hermaphrodites. XX hermaphrodites lacking functional TRA-3 exhibit a 

pseudomale phenotype (Barnes and Hodgkin, 1996). TRA-3 cleaves a membrane 

protein, TRA-2A, which releases a peptide with feminising potential (Sokol and 

Kuwabara, 2000). The sex determination pathway in C. elegans has been well 

characterised and the fundamental role of TRA-3 in this pathway highlights the 

signalling potential of atypical calpains. TRA-3 has an alternative C2-like 

domain, in addition to the C2-like domain in domain III. This alternative C2-like 

domain is also found in mammalian atypical calpains, such as CAPN5 and 

CAPN6 (see Table 1-1). 

In summary, transgenic studies in animal models have identified vital functions 

for typical and atypical calpains in development, sex determination and neuronal 

survival. 
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1.3.4 Calpain activity in vivo 

Assays for calpain activity in vivo have been created to identify in which tissues 

and under what conditions calpains might be proteolytically active. Analysis of 

calpain activity in vivo has led researchers to hypothesise on what physiological 

processes calpains are involved in and to also examine if calpain activity might 

contribute to certain pathological conditions. In early research into calpains, 

calpain activity was examined for tissue extracts, using casein zymography 

(Raser et al., 1995). Casein zymography is a gel-based assay that takes advantage 

of the fact that casein is a good calpain substrate. Calpain activity is assayed by 

running different tissue extracts into native polyacrylamide gels pre-loaded with 

casein (casein zymograms), incubating the casein zymograms with Ca2+ and 

staining the casein zymogram for protein. After casein zymograms have been 

stained for protein the majority of the casein zymogram will appear blue and 

calpain activity is visualised by the appearance of a white band where the casein 
has been proteolysed (Raser et al., 1995). The drawback to this method is that 

tissue extracts are taken post mortem and thus the level of calpain activity 
identified for a particular tissue extract might not be representative of calpain 

activity in vivo. In addition to using casein zymograms to establish calpain 

activity, antibodies, which are specific to the proteolytic products of calpains, 
have been generated and used to asses calpain involvement in different cellular 

processes. For instance, an antibody specific to the calpain generated cleavage 

product of spectrin (also called fodrin) has been used to show calpain activity in 

the cell lysates from T cells that have commenced apoptosis (Martin et al., 1995). 

This finding suggests that calpains are involved in apoptosis of T cells. However, 

similar to the drawback stated for casein zymography, the use of antibodies 

specific to proteolytic products generated by calpains to show activity has to be 

performed following cell lysis and might not reflect the scenario in living cells. 

In the advancement of the analysis of calpain activity in vivo, fluorescence 

energy transfer (FRET) has been used in different cell lines and in transgenic 

mice to show calpain activity. A mouse model has been developed, which is able 

to provide in vivo information on calpain proteolytic activity. This mouse model 

is called CAFI, which stands for `calpain activity monitored by FRET imaging'. 
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CAN animals transgenically express an ECFP that is attached to an EYFP by a 

calpain cleavable linker (Bartoli et al., 2006). Therefore, in CAFI animals, when 

the calpain sensitive linker is cleaved, ECFP is released from EYFP and the 

FRET is reduced. The authors used the CAFI model to show that calpain activity 
increases during fasting and ischaemia induced muscle regeneration. Calpain 

activity was also increased in skeletal myofibers following exercise induced 

damage. The authors also showed that calpain activity increased in CAFI animals 

which carried a mutation in a sarcoglycan. Mice without a-sarcoglycan exhibit 

muscle degeneration and have been used as a model for muscular dystrophy 

(MD) (Duclos et al., 1998). Therefore, Bartoli et al. (2006) showed that calpain 

activity is increased under pathological conditions, such as muscular dystrophy 

(Bartoli et al., 2006). The development of sophisticated in vivo calpain activity 

models has led researchers to link calpains to cellular processes such as 

apoptosis, ischaemia and exercise induced muscle regeneration and also 

pathological conditions, such as MD. 

The four main ways in which calpain function have been investigated have 

allowed researchers to link calpains to many physiological processes. In the next 

sub-section the role of calpains in cell migration will be described to provide an 

example of how these four approaches have created a greater understanding of 

calpains in cell migration. 

1.3.5 The role of calpains in cell migration. 

Many of the calpain substrates identified in vivo are proteins that either form part 

of adhesion complexes, which are structures important in making focal contacts 

during cell migration, or are proteins that have been otherwise implicated in cell 

migration (Reviewed in Goll et al., 2003). Identification of these types of calpain 

substrates tempted researchers to hypothesise on the potential role of calpains in 

cell migration. In support of this hypothesis calpain proteolytic activity has been 

identified in different forms of cellular migration, including, migration of 

platelets, myoblasts and fibroblasts. Mammalian CAPN1 and CAPN2 have each 
been implicated in distinct areas of cell migration with the suggestion that, 
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despite the high degree of conservation in protein sequence and substrate 

specificity, CAPN1 and CAPN2 are regulated differently in vivo. 

The techniques used to examine calpain function in cell migration are: 1) 

pharmacological and calpastatin calpain inhibition; 2) calpain inactivation; 3) 

calpain activity assays; 4) calpain substrate analysis; and 5) the use of calpain 

resistant substrates. The involvement of calpains in myoblast migration and 

fusion was shown by overexpressing calpastatin in myoblasts. Myoblast 

migration and fusion is critical for the formation of mature skeletal muscle and 

when calpastatin was overexpressed in myoblasts, migration and fusion was 

inhibited (Temm-Grove et al., 1999). Myoblast migration was also inhibited by 

using either antisense RNA to CAPN2 or calpain inhibitors, such as E-64 and 

calpeptin (Balcerzak et al., 1995; Kumar et al., 1992). More recently, it has been 

shown that the expression levels of CAPN2 increase following the induction of 

myoblast migration. In addition, application of the calpain inhibitor, calpeptin, to 

myoblasts reduced growth factor induced myoblast migration (Leloup et al., 
2006). It was also shown that CAPN2 activity increased during growth factor 

induced myoblast migration (Leloup et al., 2006). This suggests that CAPN2 is a 

downstream target of growth factors that instigate myoblast migration, and is 

thus important in the initiation of migration. 

In addition to the role of CAPN2 in myoblast migration, calpains have been 

implicated in fibroblast migration. Fibroblasts are highly migratory cells that are 

important in the maintenance of the extracellular matrix. Fibroblasts isolated 

from CSS 14- mice, in which there is very little CAPN1 and CAPN2 activity, 

have abnormal morphology. CSS 1 -/- murine fibroblasts display an increased 

number of membrane protrusions, which are delayed in their rate of retraction 

compared to wildtype fibroblasts (Dourdin et al., 2001; Franco et al., 2004). In 

addition, CSS 1-/- murine fibroblasts show a decrease in the level of proteolysis 

of specific proteins important in the assembly and disassembly of focal contacts. 

These proteins are also known to be calpain substrates. Examples of these 

proteins include focal adhesion kinase (FAK), paxillin, spectrin, cortactin and 

talin (Dourdin et al., 2001). The proteolysis of these calpain substrates is reported 

to be due to CAPN2. This is based on two lines of evidence: 1) murine 
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fibroblasts that lack CAPN1, exhibit normal levels of substrate proteolysis; 2) 

siRNA knockdown of capn2 mRNA in murine fibroblasts resulted in a similar 

pattern in the levels of calpain substrates proteolysis as that observed in CSS 1 -I- 
murine fibroblasts (Azam et al., 2001; Franco et al., 2004). Further indication of 

calpain involvement in fibroblast migration was seen when fibroblasts that 

transgenically overexpressed calpastatin displayed a decrease in cell spreading 
(Potter et al., 1998). Taken together, the current data on the migration of 
fibroblasts and myoblasts clearly indicates a role for CAPN2 in migration. The 

current working model is that CAPN2 is required to cleave components of the 

adhesion complexes at the rear of the cell, such as focal adhesion kinase (FAK), 

paxillin, spectrin, cortactin and talin. This allows for the detachment of the rear 

of a cell and efficient migration (Franco and Huttenlocher, 2005). In addition to 

showing the requirement for CAPN2 in migration, recent work has identified a 

mechanism for CAPN2 activation during migration. 

During EGF induced activation of fibroblast migration, CAPN2 becomes 

phosphorylated at Ser 50 by the extracellular signal regulated kinase (ERK) 

mitogen activated protein (MAP) kinase cascade (Glading et al., 2004). Glading 

et al. (2004) proposed that phosphorylation at Ser 50 causes CAPN2 activation. 
The Ser 50 residue phosphorylated in CAPN2 is not conserved in CAPN1. This 

suggests that CAPN1 is not activated in a similar manner to CAPN2 in EGF 

induced migration. It has also been shown that Ser 50 phosphorylation of 
CAPN2 in fibroblasts causes CAPN2 to associate with the plasma membrane via 

PIPI. PIP2 is a phospholipid that is located at the plasma membrane towards the 

rear of a cell (Shao et al., 2006). This would position CAPN2 in the vicinity of 

adhesion complexes that require disassembly in order to successfully retract the 

rear of the cell during migration. 

CAPN2 activation by the ERK/MAP kinase cascade has also been shown for 

migration of myoblasts. Growth factor induced migration of myoblasts is 

inhibited by PD98059, which is an inhibitor of MAP kinase kinase in the 

ERK/MAP kinase signalling pathway (Leloup et al., 2007). PD98059 also 
inhibits activation of CAPN2 during growth factor induced myoblast migration. 

This suggests that CAPN2 is activated by the signalling of the ERK/MAP kinase 
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signalling pathway. Previous work in fibroblasts, described above, would 

indicate that CAPN2 activation by phosphorylation leads to myoblast migration. 

The model for the predicted role of CAPN2 in cell migration is depicted in 

Figure 1.2. Upon phosphorylation of CAPN2 by the ERK/MAP kinase signal 

transduction pathway, CAPN2 translocates to the plasma membrane at the rear of 

the cell, where it binds PIP2. This causes activation of CAPN2, which is 

predicted to be through the coordinated action of PIP2 binding, Ser 50 

phosphorylation and possible increased Ca2+ microdomain concentrations within 

the vicinity of the plasma membrane. CAPN2 proteolytic activation then causes 

proteolytic cleavage of adhesion complex proteins, such as talin, FAK, paxillin, 

and cortactin. This causes disassembly of adhesion complexes at the rear of the 

cell. Adhesion complex disassembly will remove the contacts between the 

extracellular matrix and the cell and thus allow the cell to move forward. The 

exact sequence of proteolytic events by which CAPN2 causes adhesion complex 
disassembly and cell retraction is not known. CAPN1 has been implicated in the 

formation of adhesion complexes at the front of the cell but the involvement of 
CAPN1 in this process is less understood than that for CAPN2 (Franco and 
Huttenlocher, 2005). 

It should be noted that studies examining the role of calpains in other cell types 

have revealed that calpains might have different migratory related functions in 

different cell types. This observation adds a greater level of complexity to the 

possible role of calpains in migration. 

24 



Introduction 

Migration 

Figure 1.2: The role of CAPN2 in rear cell retraction during cell migration. 

CAPN2 has been implicated in the process of cell rear detachment during cell migration. 
CAPN2 is phosphorylated at Ser 50 by the ERK/MAP kinase signalling cascade following 
EGF binding to the EGF receptor (EGFR). Phosphorylation at Ser 50 in domain III of 
CAPN2 and subsequent association of CAPN2 to the plasma membrane through binding 
to PIP2, activates CAPN2. Ca2+ channels localised near adhesion complexes might also 
create Ca 2+ microdomains that aid in CAPN2 activation. Once activated, CAPN2 cleaves 
adhesion complex proteins, such as FAK, paxillin and talin, which causes adhesion 
complex disassembly and retraction of the rear of the cell from the extracellular matrix. 
The cell can then migrate forwards. Protein kinase A (PKA) phosphorylation at an 
alternative site in CAPN2 can inactivate CAPN2 and prevent adhesion complex 
disassembly. Figure is based on Franco and Huttenlocher (2005). 
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1.4 Calpain associated pathologies. 

Members of the calpain family in humans have been implicated in many 

diseases. These diseases can be split into two types: 1) those associated with a 

decrease or lack of calpain activity, which are often caused by a genetic mutation 

in a calpain gene, and 2) those associated with an increase in calpain activity, 

which are often caused by a secondary mechanism and not due to a genetic 

mutation in a calpain gene. 

1.4.1 Calpain pathologies associated with loss of calpain 

activity. 

Three diseases have been identified, which are associated with a loss or decrease 

in calpain activity. These are: 1) LGMD2A, which is caused by mutations in the 

capn3 gene; 2) type 2 diabetes, where a capnl0 allele has been identified as a 

susceptibility polymorphism; and, 3) gastric cancer, where expression from the 

capn9 gene is suppressed. 

1.4.1.1 LGMD2A. 

Over 280 mutations have been identified in the capn3 gene, which have been 

shown to cause LGMD2A (Kramerova et al., 2007). LGMD2A is a muscle 

degenerative disorder that primarily affects the proximal shoulder and pelvic 

girdle muscles. The majority of the mutations in capn3 that cause LGMD2A, 

result in a loss of CAPN3 proteolytic activity; however, some mutations could 

affect the ability of CAPN3 to interact with other proteins (Ono et al., 1998). For 

instance, some of the capn3 mutations that cause LGMD2A affect a region of 

CAPN3 that is required for interaction with the giant elastic protein, titin (Jenne 

et al., 2005). There have been two mouse models generated for the LGMD2A 

disorder; however, both models exhibit a much milder phenotype compared to 

LGMD2A in humans (Richard et al., 2000; Tagawa et al., 2000). There is much 

debate as to why loss of CAPN3 causes LGMD2A. CAPN3 is a skeletal muscle 

specific calpain. One might predict that the absence of a protease, such as 

CAPN3, would decrease the amount of muscle proteolysis. This might suggest 

that there would be less overall muscle degeneration, and not more, as is seen in 

26 



Introduction 

LGMD2A patients. As I will come to discuss, increased proteolytic activity of 

CAPN 1 and CAPN2 are linked to many types of muscular dystrophy. Therefore, 

CAPN3 is likely to have the opposite role to CAPN1 and CAPN2 in skeletal 

muscle. 

There have been many hypotheses presented to explain why an absence of 

CAPN3 causes muscle degeneration, including the roles of CAPN3 in apoptosis, 

regulation of the cytoskeleton, plasma membrane repair, regulation of the 

sarcomeric structure through interactions with titin, sarcomeric remodelling, and 

myofibrillar protein turnover (Reviewed in Kramerova et al., 2007). It has been 

suggested that in order to maintain functional sarcomeric units it is necessary to 

recycle damaged or old sarcomeric proteins so that they can be replaced with 

fully functional and newly synthesised proteins (Kramerova et al., 2007). 

Myofibrils consist of many sarcomeres. Sarcomeres are the fundamental 

structural units required for muscle contraction. Calpains have been implicated in 

the process of myofibrillar protein turnover since the time that CAPN2 was first 

purified and shown to cleave specific muscle proteins (Dayton et al., 1976). 

During myofibrillar protein turnover, it is predicted that calpains release 

sarcomeric units from the myofibril by selectively cleaving sarcomeric proteins. 
Calpains are not predicted to completely degrade proteins released from the 

sarcomere (Tompa et al., 2004). Instead, the sarcomeric proteins are 

hypothesised to be non-specifically degraded by the proteasome (Goll et al., 

2007). In LGMD2A, Kramerova et al. (2007) hypothesise that CAPN3 is 

important in myofibrillar protein turnover, and hence the absence of CAPN3 

causes a decrease in the turnover of damaged sarcomeric proteins. Therefore, 

there is a decrease in proteasome degradation of myofibrillar proteins, which 

results in accumulation of damaged proteins and induction of the stress response. 

Induction of the stress response could then lead to atrophy, muscle cell death and 

muscular dystrophy (Kramerova et al., 2007). Whilst this model is plausible, an 

involvement of CAPN3 in myofibrillar protein turnover might contradict the 

finding that an increase in CAPN1 and CAPN2 proteolytic activity is associated 

with other forms of muscular dystrophy. CAPN1 and CAPN2 are also 

hypothesised to be involved in myofibrillar protein turnover because it is 

27 



Introduction 

predicted that the increase in CAPN1 and CAPN2 proteolytic activity observed 

in muscular dystrophies increases the breakdown of muscle proteins that are 

required for myofibril stability (Goll et al., 2007). Therefore, there seems to be 

an inherent contradiction in the function of CAPN3 and CAPN1/CAPN2 in 

muscle. It is unlikely that CAPN3 and CAPN1/CAPN2 are likely to cause the 

same general defect by opposite means. Thus, as to why mutations in capn3 

cause LGMD2A remains an area of speculation. 

1.4.1.2 Type 2 diabetes. 

A screen for type 2 diabetes susceptibility genes identified capn1O (Horikawa et 

al., 2000). Type 2 diabetes is characterised by defects in insulin action and 

secretion. Thus, in patients suffering from the disease, blood glucose levels are 

improperly regulated. capnlO encodes an atypical calpain, with an additional C2- 

like domain at the C-terminus. A polymorphism in exon 3 of the capnlO gene, 

which causes a G/A base change, is predicted to decrease the expression of 

capnlO mRNA (Baier et al., 2000). CAPN10 has been hypothesised to play a 

role in several pathways related to insulin action and secretion, including; 1) 

pancreatic ß cell apoptosis, 2) insulin secretion from pancreatic ß cells, and 3) 

insulin stimulated translocation of the insulin-responsive glucose transporter, 

GLUT-4 (Brown et al., 2007; Johnson et al., 2004; Marshall et al., 2005). A 

group recently showed that siRNA knockdown of capnlO in human skeletal 

muscle cells decreased the amount of insulin stimulated glucose uptake. The 

authors suggested that CAPN 10 is involved in the mechanism of glucose uptake 

in skeletal muscle cells, possibly through the process of docking and fusion of 

vesicles containing GLUT-4 with the plasma membrane (Brown et al., 2007; 

Turner, 2007). The involvement of CAPN 10 in glucose uptake and transport of 

GLUT-4 containing vesicles provides another example of the diverse roles that 

calpains might play. 

1.4.1.3 Gastric cancer. 

The final disease in which a loss of calpain activity is hypothesised to lead to 

disease is in gastric cancer. The typical calpain, CAPN9, has been implicated in 

the tumourigenesis of stomach cancer. Expression of the capn9 gene is down 
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regulated in gastric cancer tissue and gastric cancer cell lines (Yoshikawa et al., 

2000). It has also been shown that antisense RNA knockdown of capn9 

transforms NIH 3T3 fibroblasts; subcutaneous injection of these transformed 

NIH 3T3 cells into nude mice resulted in tumour development at the site of 

injection (Liu et al., 2000). Therefore, CAPN9 is likely to act as a tumour 

suppressor through an, as yet, unknown mechanism. Liu et al. (2000) 

hypothesised that CAPN9 might cleave the targets of tumour suppressors. 

Therefore, in the absence of CAPN9, correct proteolytic processing of tumour 

suppressor proteins does not take place and tumour suppression is not initiated 

(Liu et al., 2000). Identification of CAPN9 targets will help in elucidating the 

role of calpains in cancer. IT Y 

1.4.2 Calpain pathologies associated with increased calpain 
activity. 

The majority of calpain associated pathologies are related to an increase in 

calpain activity; examples include: cataracts, Alzheimer's disease, Parkinson's 

disease, multiple sclerosis, rheumatoid arthritis, ischaemia/reperfusion injury and 

many forms of muscular dystrophy, including Duchenne's muscular dystrophy 

(DMD). The general theme associated with these calpain pathologies is an 

elevation in intracellular Ca2+ that is hypothesised to increase the proportion of 

activated calpain. CAPN 1 and CAPN2 are expressed ubiquitously and so they 

have been implicated in being responsible for the majority of calpain associated 

pathologies. The following section will briefly introduce the involvement of 

calpains in cataracts, Alzheimer's disease, and muscular dystrophies and will 

also discuss a general theme for calpain involvement in degenerative disorders. 

1.4.2.1 Cataracts. 

There are five calpains expressed in the lens of mammals: CAPNI, CAPN2, 

CAPN10, Lp82 and Lp85 (Biswas et al., 2004). Lp82 and Lp85 are two splice 

variants of CAPN3. The major calpains predicted to be involved in rat cataract 

formation are CAPN2 and Lp82. However, in humans, Lp82 is unlikely to be 

expressed in the lens (Nakamura et al., 2000). Therefore, in humans, cataract 

formation is predicted to be primarily due to inappropriate activity of CAPN2. 
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Both mouse and rat cataract models have been studied in an attempt to dissect the 

causes of cataract formation. It has been shown that many types of insults cause 

an influx of Ca2+ into the lens and lead to cataract formation (Nakamura et al., 

2000). Intracellular Ca2+ concentration can reach 1 mM during a lens insult, 

which is sufficient to activate CAPN2; CAPN2 requires between 400 µM and 

800 µM [Ca2+] for half maximal activity (Cong et al., 1989; Nakamura et al., 

2000). In the lens, crystallins normally form an ordered protein lattice that is 

transparent. However, CAPN2 proteolytically cleaves the N-terminus of a and ß 

crystallins and causes them to form aggregates that are resistant to further 

proteolysis. These aggregates scatter light and thus lead to the opacity associated 

with cataracts (Biswas et al., 2001). 

1.4.2.2 Alzheimer's disease. 

The involvement of calpains in Alzheimer's is also linked to an increase in 

calpain proteolytic activity, which is likely to be caused by an increase in 

intracellular Ca2+ in parts of the brain (Leissring et al., 2000). However, calpains 

are predicted to be involved in only part of the pathological process in 

Alzheimer's. Alzheimer's is characterised by: 1) the formation of extracellular 

amyloid plaques, which contain amyloid ß peptides and 2) intracellular 

neurofibrillar tangles that contain hyperphosphorylated tau (Reviewed in Smith 

et al., 2002). Whilst calpains are not predicted to be involved in the formation of 

amyloid plaques, they have been linked to the production of 

hyperphosphorylated tau. CAPN2 expression and activity are increased in 

Alzheimer's (Grynspan et al., 1997; Saito et al., 1993). During the production of 

hyperphosphorylated tau, the increased expression and activity of CAPN2 

increases the cleavage of p35. p35 has been identified as a protein that activates 

cyclin dependent kinase 5 (CDK5) once it has been cleaved into a smaller 

protein, called p25 (Patrick et al., 1999). Therefore, increased CAPN2 activity 

would produce an increase in the quantity of p25 and prolong the activation of 

CDK5. CDK5 is then responsible for hyperphosphorylating tau, which makes tau 

resistant to calpain proteolytic cleavage. Thus, hyperphosphorylated tau forms 

neurofibrillar tangles (Lee et al., 2000; Litersky and Johnson, 1992; Selkoe, 
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2001). In summary, the pathogenic effects of CAPN2 are likely to significantly 

contribute to the production of neurofibrillar tangles in Alzheimer's disease. 

1.4.2.3 Calpains in neurodegeneration: the calpain cathepsin 

cascade. 

Calpains have been linked to many forms of neurodegeneration, including 

Alzheimer's disease, as mentioned above. The common theme of a disturbance 

in intracellular Ca2+ regulation, leading to an activation of calpains has led some 

researchers to propose a model in which inappropriate activation of calpains 
leads to neuronal cell death. This model is called the `calpain cathepsin cascade' 

and was first proposed for the action of calpains in neurons during 

ischaemia/reperfusion injury (Yamashima, 2000). In this cascade, depicted in 

Figure 1.3, an ischaemic insult increases intracellular Ca2', which activates 

calpains. Calpains have then been shown to associate with lysosomes, and are 

predicted to cause lysosomal rupture and cathepsin release. Cathepsins then 
degrade vital protein structures and cause necrosis (Yamashima, 2000). Evidence 

for this cascade comes from work in primate hippocampal neurons, where 

cellular degeneration caused by an ischaemic insult activates calpains and leads 

to their localisation to disrupted lysosomal membranes (Yamashima et al., 1996). 

Additional work in neurodegenerative models of C. elegans has highlighted the 

concerted action of both calpains and cathepsins in neurodegeneration. 
Syntichaki et al. (2002) showed that RNAi on calpains clp-1 or tra-3, or aspartyl 

proteases (cathepsin-like proteases) asp-1, asp-3 or asp-4 each reduced the 

amount of neurodegeneration in a C. elegans neurodegenerative model. They 

also showed that RNAi of both calpains and cathepsins together on the 

neurodegenerative model did not significantly decrease the amount of 

neurodegeneration compared to RNAi of either calpains or cathepsins singly. 

Therefore, the authors suggested that calpains and aspartyl proteases act in the 

same neurodegenerative pathway. This is consistent with the observation that 

calpains and cathepsins cause neurodegeneration through a `calpain cathepsin 

cascade' (Syntichaki et al., 2002). 
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Therefore, work on different neurodegenerative models both in mammals and C. 

elegans has highlighted a potentially conserved mechanism for calpain action in 

disease that is driven by an increase in intracellular Cat+. 

1.4.2.4 Muscular dystrophy. 

There are eleven major types of muscular dystrophy (MD) and many of them 

have been linked to increased calpain activity. The most extensively researched 

form of MD is Duchenne's muscular dystrophy (DMD), which is caused by a 

loss of function of dystrophin (Koenig et al., 1987). Dystrophin is predicted to 

have an important structural role in muscle, by providing a link between the 

cytoskeleton, the plasma membrane (sarcolemma) and the extracellular matrix 

(ECM). Dystrophin is also predicted to have a role in signal transduction, 

because adaptor proteins, which are important in the formation of signal 

transduction complexes, associate with dystrophin and the dystrophin associated 

protein complex (DAPC) at the sarcolemma (Davies and Nowak, 2006; Lapidos 

et al., 2004). The association of calpains with DMD initially came from 

observations that intracellular Ca 2+ is increased in DMD muscle tissue and in 

mdx mice (the mouse model for DMD) (Mallouk et al., 2000; Oberc and Engel, 

1977). However, it remains controversial as to whether intracellular Ca2+ is 

actually increased in DMD (Reviewed in Gillis, 1999). If it is accepted that 

intracellular Ca2+ is increased in DMD, then the increased Ca2+ is likely to 

increase the activity of calpains, such as CAPN 1 and CAPN2. The increase in 

proteolytic activity is then likely to cause a dismantling of sarcomeric units in 

skeletal muscle and muscle degeneration. 
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Figure 1.3: The Calpain Cathepsin Cascade. 

Based on Yamashima (2004). The calpain cathepsin cascade is predicted to occur 
following ischaemic insult, where an increase in intracellular Ca 2+ activates calpains. 
Activated calpains then associate with and rupture lysosomes, which results in cathepsins 
being released into the cytoplasm. Cathepsins then cause widespread degradation and cell 
death. Increases in intracellular Cat might occur through influx from plasma membrane 
channels, or intracellular stores, e. g. the endoplasmic reticulum (ER). ER protein 
aggregation might also activate the caspase proteases, which might have a reciprocated 
role in calpain activation. 
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There are several forms of evidence that show calpain involvement in DMD. 

Calpain expression and activity have been shown in several instances to be 

increased in the muscle of patients suffering from DMD, and mdz mice (Gailly et 

al., 2007; Nixon, 2003). Intramuscular injection of the calpain inhibitor, 

leupeptin, into mdx mice reduces the amount of muscle necrosis (Badalamente 

and Stracher, 2000). However, leupeptin can inhibit other cysteine proteases, as 

well as calpains, such as cathepsins (see 1.3.2). Direct involvement of calpains in 

DMD was shown when calpastatin was transgenically overexpressed in mdx 

mice. Calpastatin overexpression decreased the amount of muscle degeneration 

in mdx mice (Spencer and Mellgren, 2002). Calpastatin does not inhibit CAPN3, 

which suggests that CAPN1 and/or CAPN2 are the calpains responsible for 

muscle degeneration in mdx mice because they are the only other calpains 

predominantly expressed in muscle (Kinbara et al., 1998). Thus, current evidence 

suggests that calpains are involved in DMD. It remains unknown as to which 

calpain, CAPN 1 and/or CAPN2, is activated in DMD and also if calpain 

activation alone can cause the degenerative symptoms of DMD. 

The involvement of CAPN1 and CAPN2 in DMD might further support the idea 

that CAPN1 and CAPN2 have a role in the physiological process of myofibrillar 

protein turnover (Goll et al., 2007). Calpain activity can cause degradation and 

degeneration of muscle, suggesting that calpains proteolytically cleave muscle 

proteins vital for muscle structural integrity. Proteins important for muscle 

structural stability are those that help tether thin (actin) and thick (myosin) 

filaments into sarcomeric units. Examples of such proteins include titin, which 

attaches thick filaments to the Z disk. Calpains were first implicated in 

myofibrillar protein turnover when purified CAPN2 was shown to cleave specific 

sarcomeric proteins, such as tropomyosin, and troponins T and I (Dayton et al., 

1976). Calpains also cleave other sarcomeric proteins, in addition to tropomyosin 

and troponins T and I, including titin (Goll et al., 1992; Raynaud et al., 2005). In 

addition, calpains localise to the Z-disks of sarcomeres (Kumamoto et al., 1992). 

Taken together, this information might suggest that calpains have a role in 

recycling muscle proteins in order to maintain fully functional contractile 
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machinery. However, no direct evidence exists that relates calpains to 

myofibrillar protein turnover. 

In summary, calpains are associated with many diseases, either through a 

knockout/knockdown of activity or through an increase in activity. In pathologies 

where increased calpain activity is likely to cause pathological symptoms, 

calpain activation is most likely to be due to an increase in intracellular Cat±. The 

downstream effects of increased calpain activity might, however, vary between 

different degenerative disorders. The linking of calpains to disease has allowed 

for a greater understanding of calpain cellular functions. However, there is still 

much to learn with regard to the physiological processes different calpains, 

especially atypical calpains, are involved in. 

1.5 Aims of this project. 
The large amount of research into calpains over the last thirty years has focused 

mainly on mammalian calpains CAPN1 and CAPN2. Whilst some research has 

implicated other calpains in specific physiological processes, the amount of data 

on calpains, other than CAPN1 and CAPN2, remains relatively small. In 

mammals, there are eight different atypical calpains, which represents half of the 

total number of calpains. However, little is known as to the function of these 

atypical calpains. Previous research in C. elegans has begun to identify functions 

for atypical calpains. For example, TRA-3 is vital for sex determination of XX 

hermaphrodites, and clp-1 and tra-3 are involved in neurodegeneration (Barnes 

and Hodgkin, 1996; Sokol and Kuwabara, 2000; Syntichaki et al., 2002). 

However, this work represents the tip of the iceberg with regard to understanding 

atypical calpain function. The genome of C. elegans only encodes atypical 

calpains and thus presents an ideal model in which to study and better understand 

the functionality of the atypical calpains. 

In this study I took advantage of the ease by which C. elegans can be genetically 

manipulated to examine atypical calpain function. I analysed the sequence 

conservation amongst the calpain family and identified calpains in C. elegans 

that are highly conserved in other eukaryotics, including mammals. Using both 
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calpain mutants and RNA interference I was able to examine the requirement for 

calpains during development. This work indicated that members of the C. 

elegans calpain family might be functionally redundant. The tissue expression 

patterns of calpains helped indicate the functional relevance of each calpain and 

highlight possible functional redundancy. 

The link between calpain activity and degenerative disease, such as Duchenne's 

muscular dystrophy, raises the question of whether calpain activity is a direct 

cause of disease. An aim of some of the work in this thesis was to explore 

whether calpains are capable of causing a pathological defect. Overexpression of 

calpains in different tissues of C. elegans demonstrated that only a specific 

calpain has the ability to cause a muscle related defect. This suggests that calpain 

activity is highly specific and also that calpain is at least partly responsible for 

the degenerative symptoms of calpain associated diseases. The discovery that 

ectopic calpain can cause a muscle related defect provided me with a model in 

which I could identify different factors that might sensitise muscle to calpain 

proteolysis. In Duchenne's muscular dystrophy, an increase in intracellular Ca2+ 

is reported to activate calpains and accelerate muscle degeneration. Therefore, I 

investigated the effect of increased intracellular Ca 2+ on the defects caused by 

ectopic calpain. In addition, muscular dystrophy can be caused by mutations in 

genes that encode components of the dystrophin glycoprotein complex (DAPC). 

An absence of a functional DAPC might make muscle more susceptible to 

calpain proteolysis. Therefore, I investigated the effect of inactivating 

components of the DAPC on the muscle related defects caused by ectopic 

calpain. This work identified factors that make muscle more susceptible to 

ectopic calpain, which further advances our understanding of the role of calpain 

in pathologies. 

A final aim of this thesis was to examine atypical calpain proteolytic activity. 

Only a small number of atypical calpains have been shown to be proteolytically 

active (Sokol and Kuwabara, 2000; Wang et al., 2003). Atypical calpains are less 

conserved than their typical counterparts and so their proteolytic properties are 

uncertain. Analysis of C. elegans calpain activity could provide information on 

Ca2+ dependence, autolytic properties and substrate specificity. 
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2.1 Materials 

Unless stated otherwise, all chemicals and reagents were of AnalaR quality or the 

highest grade available and obtained from Sigma-Aldrich Company Ltd. 

2.1.1 Bacterial strains 

E. coli Origami (DE3): 1~ ompT hsdSB rB mB-) gal dem lacY1 ahpC 

gor522:: Tn10 (TcR) trxB:: kan pAR5615 (APR). 

E. coli Rosetta (DE3): -F ompT hsdSB(rB mB-) gal dem lacYl pRARE22 (Cm' ) 

pAR5615 (APR). 

E. coli BL21 StarTM (DE3) pLysS: F ompT hsdSB (rB'mB) gal dem rne131 
(DE3) pLysS (CamR). 

E. coli BL21(DE3)pLysS: F ompT hsdSB(rB mB) gal dem (DE3) pLysS (Cam' ) 

E. coli HT115 (DE3): (F-, mcrA, mcrB, IN(rrnD-rrnE)1, lambda-, 

rncl4:: TnlO(DE3 lysogen: lacUVS promoter-T7 polymerase)). 

E. coli XL-1 Blue: (supE44 hsdR17 recAl gyrA46 thi relA1 lacF'[proAB+ 

laclq lacZAM15 Tn10(tetr)]). 

E. coli OP50: Uracil auxotroph (exact genotype unknown). 

2.1.1.1 RNAi library 

E. coli HT 115 RNAi feeding strains for certain genes were obtained from the 

whole genome RNAi library (Kamath et al., 2003). 
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2.1.2 Worm strains 

Strain - Genotype Reference 

CB3769 - tra-1(e1575)I+III; tra-3(e1767)IV females 
Hodgkin, 1983 

=x tra-3(e1767) males 

National Bioresource 
clp-1(tm690)III 

Project (NBRP) 

National Bioresource 
clp-1(tm858)III 

Project (NBRP) 

DA695 - egl-19(ad695gf)IV Avery, 1992 

EG1285 - lin-15(n765); oxIs12 [Pu�c47: gfp + lin- 
15(+)] X 

McIntire, 1997 

HC46 - cc1s4215 [Pmyo-3:: gfp -NLS]I Fire, 1998 

IM19 - urIs13 [Punc-119:: gfp (IM#175; rol- 
Lim, 1999 

6(su1006)] 

JR667 - unc-119 (e2498:: Tc1) III; wIs5l [Pscm:: gfp 
Terns, 1997 

(seam cell) + unc-119(+)] 

KP3948 - eri-1(mg366)IV; lin-15B(n744)X Wang, 2005 

LS292 - dys-1(cxl8)I Bessou, 1998 

LS396 - dyc-1(cx32)X Gieseler, 2000 

LS505 - dyb-1(cx36)I Gieseler, 1999 
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LS587 - dys-1(cxl8)I; hlh-1(cc561 ts)II 

LS706 - dys-1(cx18)I; egl-19(ad695gf)IV 

LS721 - stn-1(ok292)I 

MT464 - unc-5(e53)IV; dpy-11(e224)V; lon- 

2(e678)X 

MT465 - dpy-5(ebl )I; bli-2(e768)II; unc- 
32(e189)III 

MT3022 - nDf20/sma-2(e502) unc-32(e189) III 

NL772 - clp-2(pk323) III 

NL2099 - rrf-3(pk1426)II 

NM1968 - slo-1(js379)V 

PK142 - N2; crEx8 [Phsp_J&. 4J: tra-3(pPK251); rol- 
6(su1006)] 

PK2169 - N2; crEx82 [Ptra_3: tra-3/clp-2/tra-3 fusion 

(pPJ-9); rol-6(sulOO6)] 

PK2201 - N2; crEx79 [Pcip_7: mrfp (pPJ-8); rol- 
6(su1006)] 

PK2206 - N2; crEx65 [Pcip_j: mrfp (pPJ-2); rol- 
6(sul006)] 

Gieseler, 2000 

Mario!, 2001 

KO consortium a and 

Grissoni, 2003 

Tsung/Horvitz, 1993 

Tsung/Horvitz, 1993 

Manser, 1990 

Kuwabara, screened from 

the Plasterk library. 

Sijen, 2001 

Wang, 2001 

Sokol, 2000 

This study 

I This study 

I This study 
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PK2211 - N2; crEx78 [Ptra-3: mrfp (pPJ-6); rol- This study 
6(su1006)] 

PK2212 - N2; crEx72 [Pcii. 3: mrfp (pPJ-4); rol- This study 
6(su1006)] 

PK2214 - N2; crEx74 [Pcaa4: mrfp (pPJ-5); rol- This study 
6(su1006)] 

PK2231 - N2; crEx7O [Pctp-2: mrfp (pPJ-3); rol- 
This study 

6(sulOO6)] 

PK2236 - bgIs312 [excretory cell GFP]; crEx74 
This study [Pcii4: mrfp (pPJ-5); rol-6(su1006)] 

PK2237 - unc-119(e2498:: Tc1); wIs51(seam:: 
This study 

gfp); crEx65 [Pcip. j: mrfp (pPJ-2); rol-6(su1006)] 

PK2238 - bgIs312 [excretory cell GFP]; crEx78 
This study 

[P,,.,, 
-3: mrfp (pPJ-6); rol-6(su1006)] 

PK2239 - unc-119(e2498:: Tc1); wlsSl (seam:: gfp); This study 
crEx74 [Pcip. 4: mrfp (pPJ-5); rol-6(su1006)] 

PK2240 - bgIs312 [excretory cell GFP]; crEx79 This study 
[Pcip-7: mrfp (pPJ-8); rol-6(sul006)] 

PK2241 - oxIs12 [P�nc47: gfp + lin-15(+)] X; crEx74 This study 
[Pctp4: mrfp (pPJ-5); rol-6(sulOO6)] 

PK2242 - bgIs312 [excretory cell GFP]; crEx65 
This study 

[Pcip. l: mrfp (pPJ-5); rol-6(su1006)] 
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PK2243 - cc1s4215 [Pmyo-3:: gfp -NLS]I; crEx65 
This study 

[Pclp-l: mrfp (pPJ-2); rol-6(sulOO6)] 

PK2245 - unc-119(e2498:: Tc1); wIs5l (seam:: gfp); This study 
crEx79 [Pcip. 7: mrfp (pPJ-8); rol-6(sulOO6)] 

PK2246 - cc1s4215 [Pmyo-3:: gfp -NLS]I; crEx74 
This study 

[Pcip. 4: mrfp (pPJ-5); rol-6(sulOO6)] 

PK2247 - urIsl3 [Punc-119:: gfp (IM#175; rol- 

6(su1006)]; crEx79 [Pc p. 7: mrfp (pPJ-8); rol- This study 
6(sulOO6)] 

PK2248 - urIsl3 [Punc-119:: gfp (IM#175; rol- 
6(su1006)]; crEx74 [Pcp4: mrfp (pPJ-5); rol- This study 
6(su1006)] 

PK2249 - oxIsl2 [Puna-47: gfp + lin-15(+)] X; crEx65 This study [Pcip-1: mrfp (pPJ-6); rol-6(sulOO6)] 

PK2261 - oxlsl2 [Piiiic. 47: gfp + lin-15(+)] X; crEx78 This study 
[P: ra-3: mrfP (pPJ-6); rol-6(su1006)] 

PK2265 - urIsl3 [Punc-119:: gfp (IM#175; rol- This study 
6(su1006)]; [Pcip-l: mrfp (pPJ-2); rol-6(sulOO6)] 

PK2268 - urIsl3 [Punc-119:: gfp (IM#175; rol- 

6(su1006)]; crEx78 [Ptra. 3: mrfp (pPJ-6); rol- This study 

6(sulOO6)] 

PK2269 - unc-119(e2498:: Tcl); WIs5l(seam:: gfp); 
This study 

crEx78 [Ptra-3: mrfp (pPJ-6); rol-6(sulOO6)] 
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PK2270 - cc1s4215 [Pmyo-3:: gfp -NLS]I; crEx78 
[Piro-3: mrfp (pPJ-6); rol-6(sulOO6)] 

PK2271 - cc1s4215 [Pmyo-3:: gfp -NLS]I; crEx79 
[Pcip_7: mrfp (pPJ-8); rol-6(su1006)] 

PK2272 - oxlsl2 [P,,,, c. 47: 9fp + lin-15(+)] X; crEx79 
[Pcrp_7: mrfp (pPJ-8); rol-6(su1006)] 

PK2309 - N2; crEx83 [Pclp-6: mrfp (pPJ-7); rol- 
6(su1006)] 

PK2312 - N2; crEx86 [Phsp_1641: clp-2 (pPJ-11); rol- 
6(sulOO6)] 

PK2315 - N2; crEx88 [Phsp-16-41: clp-4 (pPJ-12); rol- 
6(sulOO6)] 

PK2323 - N2; crEx96 [Phsp_1641: clp-7 (pPJ-13); rol- 
6(su1006)] 

PK2431 - unc-32(e189) clp-1(tm690)III 

PK2433 - unc-32(e189) clp-1(tm858)III 

PK2445 - nDf2OIclp-1(tm690) unc-32(e189)III 

PK2446 - nDJ20/clp-1(tm858) unc-32(e189)III 

PK2474 - unc-32(e189) clp-1(tm690) clp-2 
(pk323)III 

PK2475 - N2; crEx110 [PhSP_16.41: clp-1 (pPJ-43); rol- 
6(su1006)] 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

I This study 

This study 

This study 
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PK2477 - N2; crExl12 [Ptra_3: clp-1 (pPJ-45); rol- 
6(su1006)] 

PK2480 - unc-32(e189) clp-1(tm858) clp-2 
(pk323)III 

PK2497 - egl-19(ad695gflIV; crExl29 [Puic-54: clp-2 
(pPJ-47); Psur-s:: gfP (TG96)] 

PK2503 - egl-19(ad695gf )IV; crExl35 [Puiic_S4: clp-4 
(pPJ-48); Psur-5:: gfP (TG96)] 

PK2509 - N2; crEx141 [Punc_54: clp-2 (pPJ-47); Psur- 

5:: gfp (TG96)] 

PK2515 - N2; crExl47 [Punc_s4: clp-4 (pPJ-48); Psur- 

s:: gfp (TG96)] 

PK2521 - N2; crEx153 [Pu�c-54: clp-1 (C371A) (pPJ- 

69); Psur-5:: gtV (TG96)] 

PK2526 - egl-19(ad695gf)IV; crExl58 [Pu�ý-s4: clp-1 
(C371A) (pPJ-69); Psur-s:: gfp (TG96)] 

PK2554 - dys-1(cxl8)I; egl-19(ad695gf)IV; crEx183 
(Punt-54: clp-1 (pPJ-46); Psur-s:: gfp (TG96)] 

PK2555 - dys-1(cxl8)I; egl-19(ad695gf)IV; crExl84 
[Puxic-s4: clp-1 (pPJ-46); Psur-s:: gfp (TG96)] 

PK2557 - dys-1(cxl8)I; egl-19(ad695gf)IV; crExl87 
[Punt-s4: clp-1 (pPJ-46); PS�r-s:: gfp (TG96)] 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

I This study 

This study 

This study 
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PK2566 - N2; crExl9O [P,,,, c_tly: clp-1 (C371A) (pPJ- 

75); Pmyo_2:: gfp (pPD118.33)] 

PK2568 - N2; crExl9O [Punt-119: clp-1 (pPJ-74); 

Pmyo-2:: $fP (PPD 118.33)] 

PK2572 - dys-1(cxl8)I; crExl83 [Punc-s4: clp-1 (pPJ- 

46); Psur_s:: gfp (TG96)] 

PK2574 - N2; crExl83 [Punc-54: clp-1 (pPJ-46); PSUr- 

5:: gfp (TG96)] 

PK2576 - egl-19(ad695gf)IV; crExl83 [Pu�, -s4: clp-1 
(pPJ-46); Psur-s': gfP (TG96)] 

PK2577 - N2; crExl84 [Punc-54: clp-1 (pPJ-46); P, sur- 

S:: gfp (TG96)] 

PK2578 - dys-1(cxl8)I; crEx184 [Pun. 54: clp-1(pPJ- 
46); Psur-5:: $fp (TG96)] 

PK2579 - egl-19(ad695gf)IV; crEx184 [P,,, c_54: clp-1 
(pPJ-46); Psur-s:: gfP (TG96)] 

PK2580 - N2; crEx187 [Punc-54: clp-1 (pPJ-46); PsuT- 

S:: gfp (TG96)] 

PK2581 - dys-1(cx18)I; crEx187 [Punc_s4: clp-1 (pPJ- 

46); Psur-s:: $fp (TG96)] 

PK2582 - egl-19(ad695gf)IV; crEx187 [Punc-54: clp-1 

(pPJ-46); Psur_5:: gfp (TG96)] 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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PK2587 - clp-1(tm690)III; crEx202 [Pclp-1:: gfp 
(pPJ-83); rol-6(sulOO6)] 

PK2595 - clp-1(tm690)III; crEx210 [Pclp- 

1(C371A):: gfp (pPJ-83); rol-6(sulOO6)] 

PK2604 - N2; crEx2l9 [Pu, c. s4: clp-1:: myc (pPJ-88); 

Psur-5:: gfp (TG96)] 

PK2605 - N2; crEx220 [Punc_s4: clp-1:: myc (pPJ-88); 

Psur-5:: 8fP (TG96)] 

PK2608 - N2; crEx223 [Purc-54: clp-1:: myc (pPJ-88); 

Psur-s:: $fP (TG96)] 

PK2614 - N2; crEx229 [PhsP_J6al: clp-1:: myc (pPJ- 

89); Psur-s:: gfP (TG96)] 

PK2615 - N2; crEx230 [PhsP_164]: clp-1:: myc (pPJ- 

89); Psur-5:: gfP (TG96)] 

PK2624 - N2; crEx241 [Punc47: clp-1 (pPJ-92); Pmyo- 

2:: gfp (pPD118.33)] 

PK2628 - dys-1(cxl8)I; egl-19(ad695g )IV; crEx243 

(Punt-54: clp-2 (pPJ-47); Psur-5:: gfp (TG96)] 

PK2634 - dys-1(cx18)I; egl-19(ad695g )IV; crEx249 
[Punt-54: clp-4 (pPJ-48); Psur-5:: gfp (TG96)] 

PK2637 - dys-1(cxl8)I; egl-19(ad695gf)IV; crEx252 

[Phsp-16-41: clp-1:: myc (pPJ-89); P,,,,, 
-s:: gfp (TG96)] 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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PK2649 - dys-1(cxl8)I; egl-19(ad695gflIV; crEx258 
[Punc-54: clp-7 (pPJ-93); Psur-s:: gfp (TG96)] 

PK2654 - dys-1(cxl8)I; egl-19(ad695g f )IV; crEx263 
[Punc-54: tra-3 (pPJ-97); Psur-5:: gfP (TG96)] 

PK2660 - crlsl [Punt-54: clp-1 (pPJ-46); Paar-5:: gfp 
(TG96)]V 

PK2661 - crls2 [P,,, c. s4: clp-1 (pPJ-46); Psur. s:: gfp 
(TG96)]I 

PK2662 - crls3 [Punc-54: clp-1 (pPJ-46); Psur-s:: gfp 
(TG96)]X 

PK2666 - dys-1(cxl8)I; crlsl [Pu�c_s4: clp-1 (pPJ- 

46); Psur-s:: gfP (TG96)]V 

PK2667 - egl-19(ad695gflIV; crlsl [P,,,,, _s4: clp-1 
(pPJ-46); Psur-5:: gfp (TG96)]V 

PK2668 - dys-1(cxl8)I; egl-19(ad695gf)IV; crlsl 
[Punt-54: clp-1 (pPJ-46); Psur-5:: gfp (TG96)]V 

PK2669 - slo-1(js379)V; crls2 [Pu, c-s4: clp-1 (pPJ- 

46); P�r-s:: gfP (TG96)]I 

PK2670 - dyb-1(cx36)I; crlsl [Punt-54: clp-1 (pPJ- 

46); Psur-5:: gfp (TG96)]V 

PK2671 - dyc-1(cx32)X; crlsl [Pc. s4: clp-1 (pPJ- 

46); Psu, 
_s:: gfp (TG96)]V 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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PK2672 - okIs53 snf-6(ok720)III; crlsl [Punt-s4: clp- 
1 (pPJ-46); Psur-s:: gfp (TG96)]V 

PK2673 - stn-1(ok292)I; crlsl [Pun, 
-54: clp-1 (pPJ- 

46); Psur-s:: gfP (TG96)]V 

PK2674 - clp-1(tm858)III; crEx2O2 [Pclp-1:: gfp 

(pPJ-83); rol-6(sulOO6)] 

PK2675 - N2; crEx2O2 [Pclp-1:: gfp (pPJ-83); rol- 
6(sul006)] 

PK2676 - clp-1(tm858)III; crEx2lO [Pclp- 

1(C371A):: gfp (pPJ-83); rol-6(su1006)] 

PK2677 - N2; crEx210 [Pclp-1(C371A):: gfp (pPJ- 

83); rol-6(sulOO6)] 

PK2678 - egl-19(ad695gf)IV; crEx241 [Pinc-47: clp-1 
(pPJ-92); Pmyo-2:: gfp (PPD 118.33)] 

PK2679 - dys-1(cxl8)I; egl-19(ad695gf)IV; clp- 
1(tm690)III 

PK2683 - egl-19(ad695gf)IV; crls3 [P,,,, c_s4: clp-1 
(pPJ-46); Psur-s:: gfp (TG96)]X 

PK2684 - dys-1(cxl8)I; crls3 [P,,,, c_s4: clp-1 (pPJ- 

46); Psur_s:: gfp (TG96)]X 

PK2685 - slo-1(js379)V; crls3 [Punc_54: clp-1 (pPJ- 

46); PS�r_5:: gfp (TG96)]X 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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PK2686 - itr-1(sy290gfl unc-24(e138)IV; crlsl 
[Punt-54: clp-1 (pPJ-46); Psur-5:: gfp (TG96)]V 

PK2687 - itr-1(sy327g) unc-24(e138)IV; crlsl 
[Punt-54: clp-1 (pPJ-46); Psur-s:: gfP (TG96)]V 

PK2689 - hlh-1(cc561 ts)II; crlsl [Punt. 54: clp-1 (pPJ- 

46); Psur-5:: gp (TG96)]V 

PK2690 - dys-1(cxl8)I; hlh-1(cc561 ts)Il; clp- 
1(tm690)III 

PK2691 - dys-1(cxl8)I; hlh-1(cc561 ts)II; crlsl [P�nc- 

54: clp-1 (pPJ-46); Psur-s:: gfP (TG96)]V 

PK2697 - N2; crEx3l9 [Punt-54: clp-1 (C371A) (pPJ- 

108); Psurs:: gfp (TG96)] 

PK2699 - N2; crEx321 [P,,, ic. 54: clp-1 (C371A) (pPJ- 

108); Psur. s:: gfp (TG96)] 

PK2700 - N2; crEx322 [Punc_54: clp-1 (C371A) (pPJ- 

108); Psur_s:: gfp (TG96)] 

PK2703 - dys-1(cxl8)I; egl-19(ad695gf)IV; crEx325 
[Punt-54: clp-1 (pPJ-107); P, sur-5:: gfp (TG96)] 

PK2705 - dys-1(cx18)I; egl-19(ad695gf)IV; crEx327 
[Punt-54: clp-1 (pPJ-107); Psur-s:: gfP (TG96)] 

PK2706 - dys-1(cxl8)I; egl-19(ad695gf)IV; crEx328 
(Punt-54: C1p-1 (pPJ-107); Psur-5:: gfp (TG96)] 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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PK2707 - N2; crEx325 [Puic. 54: clp-1 (pPJ-107); Psur- 
This study 

5:: gfp (TG96)] 

PK2708 - egl-19(ad695gf)IV; crEx325 [Puic. 54: c1p-1 This study 
(pPJ-107); Psurs:: gfp (TG96)] 

PK2711 - N2; crEx327 [Punt-54: c1p-1 (C371A) (pPJ- 
This study 

108); Psur-s:: gfP (TG96)] 

PK2712 - egl-19(ad695g1)IV; crEx327 [Punc-54: c1p-1 This study 
(pPJ-107); Psur-s:: gfp (TG96)] 

PK2713 - N2; crEx328 [Punt-s4: clp-1 (C371A) (pPJ- 
This study 

107); P, urs:: gfp (TG96)] 

PK2714 - egl-19(ad695gf)IV; crEx328 [Puic-54: c1p-1 This study 
(pPJ-107); Psur-s:: gfp (TG96)] 

VC591 - okIs53 snf-6(ok720) III KO consortium a 

UG756 - bgIs312 [excretory cell GFP] Devgen 

Wildtype - Bristol N2 Brenner, 1974 

a C. elegans gene knockout consortium. 
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2.1.3 Plasmids 

2.1.3.1 Commercial Plasmids. 

pBluescript II KS (+) - 2961 bp bla (AmpR), lacZ (Statagene). 

pGEM®-T Easy - 3015 bp bla (AmpR), lacZ (Promega). 

L4440 - 2790 bp T7p, T7p, bla (AmpR) (Fire Lab). 

pPD95.77 - 4493 bp bla (AmpR), GFP S65C (Fire Lab). 

pPD122.56 - 4720 bp bla (AmpR), GFP S65C NLS (Fire Lab). 

pPD30.38 - 4820 bp bla (AmpR), Pun, -54, unc-54 3' UTR (Fire Lab). 

pPD49.83 - 3818 bp bla (AmpR), PhsP_164j (Fire Lab). 

pPD93.97 - 6794 bp bla (AmpR), Pmyo-3: gfP (Fire Lab). 

TG96 - Psur_s: gfp (Yochem, 1998). 

pPD118.33 - 5034 bp bla (AmpR), Pmyo_2: gfp (Fire lab). 

pRF4 - 6817 bp bla (AmpR), rol-6(sulOO6) (Fire Lab). 

pET-11- 5675 bp bla (AmpR), T7p (Novagen). 

pET-15 - 5708 bp bla (AmpR), T7p, N-terminal His tag (Novagen). 

pET-21- 5442 bp bla (AmpR), Tip, C-terminal His tag (Novagen). 

pET-22 - 5493 bp bla (AmpR), T7p, C-terminal His tag, pelB signal sequence 

(Novagen). 

pET-30 - 5422 bp neo (KanR), T7p, N and C-terminal His tag, S-tag (Novagen). 
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pcDNA3.1 - 5494 bp bla (AmpR), T7p, myc and His tag (Invitrogen). 

pmRFP C1- 4692 bp neo (KanR), SV40 early promoter, mRFP (construct 

from Cullen lab, mRFP originally from Tsien Lab). 

pSS30 - 8910 bp bla (AmpR), Pta_3 (Sokol, 2000). 

2.1.3.2 Plasmids constructed. 

Name I Vector I Insert 

pPJ-1 

pPJ-2 

pPJ-3 

pPJ-4 

pPD122.56 I 

pPJ-1 

pPJ-1 

pPJ-1 

Agel/EcoRI 697 bp mRFP 
PCR amplified from 

pmRFP_C 1. 

HindIllBamHI 3174 bp 

clp-1 promoter - PCR 

amplified from N2 

wildtype genomic DNA 

and sub-cloned (TA) into 

pGEM®-T Easy. 

XbaJSmaI 3380 bp clp-2 

promoter - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

Sa1I/XbaI 3185 bp clp-3 

promoter - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

Application 

mtcrr 

transcriptional 

expression 

vector. 

PCrp-j: mrfp 

Pctp-z: mrfP 

P, tp-3: mrfp 
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pPJ-5 pPJ-1 HindIlIBamHI 3326 bp Pclp-a: mrfP 

pPJ-6 

pPJ-7 

pPJ-8 

pPJ-1 

pPJ-1 

pPJ-1 

clp-4 promoter - PCR 

amplified from N2 

wildtype genomic DNA 

and sub-cloned (TA) into 

pGEM®-T Easy. 

HindIIl/BamHI 3240 bp Ptra-3: mrfp 

tra-3 promoter - PCR 

amplified from N2 

wildtype genomic DNA 

and sub-cloned (TA) into 

pGEM®-T Easy. 

HindIIJ/Sall 642 bp clp-6 Pcip-6: mrfP 

promoter - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

HindIIIBamHI 3618 bp Pctp-7: mrfP 

clp-7 promoter - PCR 

amplified from N2 

wildtype genomic DNA 

and sub-cloned (TA) into 

pGEM®-T Easy. 
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pPJ-9 pSS30 1809 bp Nhei/EcoRV tra- 
31clp-21tra-3 insertional 

PCR generated cDNA. clp- 
2 cDNA was RT-PCR 

Pira-3: tra-3/clp- 

2/tra-3 

pPJ-11 

pPJ-12 

pPJ-13 

pPJ-25 

pPD49.83 

pPD49.83 

pPD49.83 

L4440 

amplified from N2 

wildtype mRNA, tra-3 

cDNA was PCR amplified 
from pPK247. 

Nhel/EcoRV 2424 bp clp-2 

cDNA - PCR amplified 

from pPK264 (yk3b 10 - 
Kohara lab) and sub-cloned 

(TA) into pBluescript II 

KS (+). 

Phsp-16-41: clp-2 

Nhel/EcoRV 2157 bp clp-4 

cDNA - RT-PCR amplified 

from N2 wildtype mRNA 

and sub-cloned (TA) into 

pBluescript II KS (+). 

Xbal/HpaI 2790 bp clp-7 

cDNA - PCR amplified 

Phsp-16-41: clp-4 

Phsp-16-41: clp-7 

from yk1733g09 - Kohara 

lab, and sub-cloned (TA) 

into pBluescript II KS (+). 

EcoRl 470 bp clp-1 

genomic - PCR amplified 
from N2 wildtype genomic 
DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

clp-1 RNAi 
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pPJ-26 

pPJ-27 

pPJ-28 

pPJ-29 

L4440 

L4440 

L4440 

L4440 

EcoRI 427 bp clp-2 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

EcoRI 453 bp clp-3 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

EcoRl 307 bp clp-4 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

Sall/XbaI 420 bp tra-3 

cDNA - generated from 

clp-2 RNAi 

clp-3 RNAi 

clp-4 RNAi 

pPJ-30 L4440 

tra-3 RNAi 

pPK247. 

EcoRI 299 bp clp-6 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

clp-6 RNAi 
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pPJ-31 

pPJ-32 

pPJ-33 

pPJ-34 

pPJ-35 

L4440 

L4440 

L4440 

L4440 

L4440 

EcoRI 376 bp clp-7 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

EcoRI 413 bp T 11 A5.6 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

EcoRI 341 bp W04A4.4 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

EcoRI 350 bp W05G11.4 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

EcoRl 356 bp F44F1.3 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

clp-7 RNAi 

T11A5.6 RNAi 

W04A4.4 RNAi 

W05G11.4 

RNAi 

F44F1.3 RNAi 
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pPJ-36 

pPJ-43 a 

pPJ-45 a 

pPJ-46 a 

pPJ-47 

pPJ-48 

L4440 

pPD49.83 I 

pSS30 

pPD30.38 

pPD30.38 

I pPD30.38 

EcoRI 358 bp F44F1.1 

genomic - PCR amplified 

from N2 wildtype genomic 

DNA and sub-cloned (TA) 

into pGEM®-T Easy. 

NheI 2349 bp clp-1 cDNA 

- PCR amplified from 

ykl317aO1 (Kohara lab) 

and sub-cloned (TA) into 

pGEM®-T Easy. 

NheI 2349 bp clp-1 cDNA 

(ykl3l7aO1- Kohara lab) 

- generated from pPJ-43. 

NheI 2349 bp clp-1 cDNA 

(ykl3l7a01- Kohara lab) 

- generated from pPJ-43. 

Nhel/EcoRV 2424 bp clp-2 

cDNA (yk3blO - Kohara 

lab) - generated from pPJ- 

11. 

Nhel/EcoRV 2157 bp clp-4 

cDNA - RT-PCR amplified 
from N2 wildtype mRNA 

and sub-cloned (TA) into 

pBluescript II KS (+). 

F44F 1.1 RNAi 

Phsp-16-41: clp-1 

P«a-3: Clp-1 

Punc-54: clp-1 

Punc-54: clp-2 

Punc-54: clp-4 
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pPJ-49 

pPJ-50 

pPJ-64 $ 

pPJ-65 

pPJ-67 

pPJ-68 

pPJ-28 

pPJ-28 

pET-30b 

pET-30b 

I pET-30a 

I pET-30a 

Apal/SaII 470 bp clp-1 

genomic DNA generated 

from pPJ-25. 

Apal/SaII 376 bp clp-7 

genomic generated from 

pPJ-31. 

HindIII 2346 bp clp-1 

cDNA - PCR amplified 

from pPJ-46 and sub- 

cloned (TA) into 

pBluescript II KS (+). 

HindIIl 2334 bp clp-7 

cDNA (PCR amplified 

from pPJ-13 and sub- 

cloned (TA) into 

pBluescript II KS (+). 

EcoRV/SaII 2421 bp clp-2 

cDNA - PCR amplified 
from pPJ-11 and sub- 

cloned (TA) into 

pBluescript II KS (+). 

EcoRV/HindIIl 2154 bp 

clp-4 cDNA - PCR 

amplified from pPJ-12 and 

sub-cloned (TA) into 

pBluescript II KS (+). 

clp-1 /clp-4 

RNAi 

clp-7/clp-4 
RNAi 

CLP- l 

purification (N 

and C-terminal 

His tag). 

CLP-7 

purification (N 

and C-terminal 

His tag). 

CLP-2 

purification (N 

and C-terminal 

His tag). 

CLP-4 

purification (N 

and C-terminal 

His tag). 
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pPJ-69 a 

pPJ-74 a 

pPJ-75 a 

pPJ-83 8 

pPJ-84 

pPJ-86 a 

pPD30.38 

pPK675 

pPK675 

pPD95.77 

pcDNA3.1 

I pPD95.77 

Nhel 2349 bp clp-1 

(C371A) cDNA (site 

directed mutagenesis 

(SDM) on pPJ-46). 

NheI 2349 bp clp-1 cDNA 

generated from pPJ-43. 

NheI 2349 bp clp-1 
(C371A) cDNA generated 
from pPJ-69. 

3174 bp clp-1 promoter 
(PCR amplified from pPJ- 
2) + 2346 bp clp-1 cDNA 
(PCR amplified from pPJ- 
43). 

3174 bp clp-1 promoter 
(PCR amplified from pPJ- 
2) + 2346 bp clp-1 cDNA 
(PCR amplified from pPJ- 
43). 

3174 bp clp-1 promoter 
(PCR amplified from pPJ- 
2) + 2346 bp clp-1 (C 

371A) cDNA (PCR 

amplified from pPJ-69). 

Punc-54: clp-1(C 

371A) 

Punc-119: clp-1 

Punc-119: clp-1(C 
371A) 

Pclp-1:: g fp 

Pclp-1:: myc 

Pclp- 

1(C371A):: gfp 
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pPJ-87 a 

pPJ-88 a 

pPJ-89 a 

pPJ-91 

pPJ-92 a 

pPJ-93 

pcDNA3.1 

pPD30.38 

pPD49.83 I 

pPD30.38 

pPJ-91 

PPD30.38 

3174 bp clp-1 promoter 
(PCR amplified from pPJ- 
2) + 2346 bp clp-1 
(C371A) cDNA (PCR 

amplified from pPJ-69). 

Nhel 2400 bp clp-1 cDNA 

+ myc tag (PCR amplified 

from pPJ-84). 

NheI 2400 bp clp-1 cDNA 

+ myc tag (PCR amplified 
from pPJ-84). 

HindIIVNhel 1194 bp unc- 

47 promoter - PCR 

amplified from N2 

wildtype genomic DNA 

(removed unc-54 promoter 

and replaced with unc-47 

promoter). 

NheI 2349 bp clp-1 cDNA 
(generated from pPJ-43). 

NheI 2334 bp clp-7 cDNA 

- PCR amplified from pPJ- 

13 and sub-cloned (TA) 

into pBluescript II KS (+). 

Pclp- 

1(C371A):: myc 

Punc-54. C1p- 
1:: myc 

Phsp-1641: Clp- 

1:: myc 

Punc47 

expression 

vector. 

Punc 47: Clp-l 

Pun, 
-54: clp-7 
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pPJ-97 pPD30.38 Nhel/EcoRV 1947 bp tra-3 Punc. 54: tra-3 

cDNA - PCR amplified 
from pPK247 and sub- 

cloned (TA) into 

pBluescript II KS (+). 

pPJ-102 a pET-l lc Nhel 2346 bp clp-1 cDNA CLP-1 

- generated from pPJ-43. purification. 

pPJ-103 a pET-15b Blunt end 2346 bp clp-1 CLP-1 

cDNA - generated from purification (N- 

pPJ-64. terminal His 

tag). 

pPJ-104 a pET-21b HindIII 2346 bp clp-1 CLP-1 

cDNA - generated from purification (C- 

pPJ-64. terminal His 

tag). 

pPJ-105 a pET-22b HindIII 2346 bp clp-1 CLP-1 

cDNA - generated from purification (C- 

pPJ-64. terminal His tag, 

periplasmic 

signal 

sequence). 

pPK675 b pPD30.38 HindIIIJNhel 2189 bp unc- Punc-119 

119 promoter. expression 

vector. 
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pPJ-106 

pPJ-107 

pPJ-89 

pPJ-46 

Performed two rounds of 

site directed mutagenesis 

(SDM) using primer pairs 

PK835/PK836 and 

PK837/PK838 to correct 

two encoded mutations in 

clp-1 cDNA - M(520)L, 

V(770)L. 

Released a 1017 bp Kpnl 

fragment from pPJ-106, 

Phsp-1641: Clp- 

1:: myc 

pPJ-108 pPJ-69 

Punc-54: C1p' 

1:: myc 

containing the corrected 

clp-1 cDNA sequence and 

ligated into the KpnI sites 

of pPJ-46. 

Released a 1017 bp Kpnl 

fragment from pPJ-106, 

containing the corrected 

clp-1 cDNA (C371A) 

sequence and ligated into 

the KpnI sites of pPJ-69. 

Punc-54: clp-1 
(C371A):: myc 

a Constructs that have a clp-1 cDNA with two mutations, causing the following 

amino acid changes: M(520)L and V(770)L. Mutations were discovered after 

experimental work had finished. Certain key experiments were repeated using 

the correct clp-1 cDNA sequence - constructs denoted with c. 

b Created by Patty Kuwabara. 

2.1.4 Oligonucleotides. 

Custom designed oligonucleotides were made by Sigma Genosys (Sigma 

Aldrich). See Appendix for an entire list of oligonucleotides used in this study 

(see 8.1). 
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2.1.5 Automated DNA sequencing. 

DNA sequencing was performed by MWG Biotech AG, Sequencing Department, 

Germany. 

2.1.6 Buffers and Solutions. 

2.1.6.1 General Solutions. 

2x Bleach Solution: 1N NaOH, 4.4 M NaC1O. 

10 x PBS: 1.4 M NaCl, 0.025 M KC1,0.08 M Na2HPO4,0.016 M KH2PO4. 

Block Solution: 10% (w/v) non-fat dried milk in 1x PBS 0.02% (w/v) Tween. 

CaC12 solution for competent cells: 0.06 M CaC12,15% (w/v) glycerol, 10 mM 

PIPES. 

DNA loading buffer (6 x Ficoll): 15% (w/v) Ficoll 400,0.25% (w/v) 

Bromophenol blue, 0.25% (w/v) Xylene cyanol. 

10 x PCR buffer: 0.1 M Tris-HC1(pH 8.3), 0.5 M KCI, 0.015 M MgC129 0.1% 

(w/v) Gelatin. 

10 x SDS PAGE running buffer: 0.25 M Tris-base, 1.9 M glycine, 1% (w/v) 

SDS. 

10 x Western transfer buffer: 0.25 M Tris-base, 1.9 M glycine. 

1x Western buffer (1 L): 1x Western transfer buffer, 15% (w/v) EtOH. 

2x SDS protein sample buffer: 0.125 M Tris-HC1(pH 6.8), 20% (w/v) 

glycerol, 4% (w/v) SDS, 3 mM bromophenol blue, 1.425 M ß-mercaptoethanol 

(added prior to use). 
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SDS PAGE 10% resolving gel: 10% (w/v) acrylamide: BIS (29.2: 0.8%) 

(Severn Biotech), 0.375 M Tris-HC1(pH 8.8). To polymerise: 5 µl TEMED, 15 

µl 25% w/v ammonium persulfate (APS) per 6 ml. 

SDS 4.75% stacking gel: 4.75% (w/v) acrylamide: BIS, 0.125 M Tris-HC1(pH 

6.8). To polymerise 1 ml: add 2.5 µl TEMED and 6.4 µl 25% APS. 

10 x TBE: 0.9 M Tris-base, 0.9 M boric acid, 0.02 M ethylenediaminetetraacetic 

acid (EDTA) pH to 8.3. 

50 x TAE: 2M Tris-base, 17.5% (w/v) glacial acetic acid, 0.05 M EDTA (pH 8). 

TE buffer: 0.01 M Tris-HC1(pH 8), 0.1 mM EDTA. 

Diethyl pyrocarbonate (DEPC) treated water: 0.05% (w/v) DEPC, incubated 

at 37°C overnight and autoclaved. 

M9 buffer: 0.4 M Na2HPO4,0.22 M KH2PO4,0.08 M NaCl, 0.19 M NH4C1. 

2x worm freezing solution: 0.1 M NaCl, 0.05 M KH2PO4,30% (w/v) glycerol, 

5.6 mM NaOH. Autoclaved then 0.3 mM MgSO4 added. 

Single worm PCR lysis buffer: 0.05 M KC1,0.01 M Tris-HC1(pH 8.3), 2.5 mM 

MgCl2,0.45% (w/v) nonidet P-40,0.45% (w/v) Tween 20,0.01% (w/v) gelatine, 

autoclaved and stored at -20°C. 100 µg/ml proteinase K added prior to use. 

S-mix: 0.2 M Na phosphate (pH 7.5), 1 mM MgC12,0.004% (w/v) SDS. 

PBBT: 1x PBS, 0.5% (w/v) bovine serum albumin (BSA), 0.5% (w/v) Tween- 

20. 

Worm mounting solution: 1x PBS, 90% (w/v) glycerol, 1 mg/ml 

phenlyenediamine. 
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10% casein resolving gel: 10% (w/v) acrylamide: BIS, 0.2% (w/v) casein, 0.375 

M Tris-HC1(pH 8.8). 

2x protein sample buffer for native proteins: 0.15 M Tris-HC1(pH 6.8), 20% 

(w/v) glycerol, 3 mM bromophenol blue, 1.425 M ß-mercaptoethanol (added 

prior to use). 

10 x running buffer for native gels: 0.25 M Tris-base, 1.9 M glycine. 

1x running buffer for native gels: 1x running buffer, 1 mM EDTA, 1 mM 

Dithiothreitol (DTT). 

CaC12 solution for incubation with casein gels (500 ml): 0.02 M Tris-HC1(pH 

7.4), 3 mM CaC12,1 mM DTT. 

SDS PAGE fixing solution: 40% (w/v) MeOH, 10% (w/v) glacial acetic acid, 

2.5% (w/v) glycerol in MilliQ water. 

Colloidal coomassie G-250 Brilliant Blue: 70 µM G250 brilliant blue, 5% w/v 

EtOH, 8.5% w/v phosphoric acid. G250 is dissolved in EtOH for -20 min, 

passed thru filter paper into phosphoric acid/MilliQ water mix and filter paper 

was rinsed with 50 ml MilliQ water. 

2.1.6.2 Protein Purification Solutions 

Urea Buffer: 8M urea, 50 mM Tris-HC1(pH 8). 

Buffer C: 100 mM NaH2PO4,10 mM Tris-HCI, 8M urea, pH to 5.9. 

Lysis buffer: 50 mM NaH2PO4,300 mM NaCl, 20 mM imidazole, 5% (w/v) 

glycerol, 5 mM ß-mercaptoethanol, 1mM EDTA, 50 mg/L protease inhibitors 

(Roche) (added immediately before use), pH to S. For use with 5 ml HiTrap Ni2+ 

chelating column (Amersham Biosciences) buffer was filtered and degassed. 
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1M imidazole lysis buffer: 50 mM NaH2PO4,300 mM NaCl, 1M imidazole, 

5% (w/v) glycerol, 5 mM ß-mercaptoethanol, 1mM EDTA, 50 mg/L protease 
inhibitors, from complete protease inhibitor cocktail tablets (Roche) (added 

immediately before use), pH to 8. For use with 5 ml HiTrap Ni2+ chelating 

column (Amersham Biosciences) buffer was filtered and degassed. 

Inclusion body wash buffer: 100 mM Tris-HC1(pH 7.5), 2M urea, 5 mM ß- 

mercaptoethanol, 50 mg/L protease inhibitors, from complete protease inhibitor 

cocktail tablets (Roche). 

Ni-NTA washing buffer: 6M urea, 300 mM NaCl, 5% (w/v) glycerol, 20 mM 
Tris-HC1(pH 7.4), 20 mM imidazole, 5 mM ß-mercaptoethanol, 50 mg/L, from 

complete protease inhibitor cocktail tablets (Roche). 

Ni-NTA washing buffer with 1M urea for refolding: 1M urea, 300 mM NaCl, 

5% (w/v) glycerol, 20 mM Tris-HC1(pH 7.4), 20 mM imidazole, 5 mM ß- 

mercaptoethanol, 50 mg/L protease inhibitors, from complete protease inhibitor 

cocktail tablets (Roche). 

Inclusion body solubilisation buffer: 20 mM Tris-HC1(pH 7.4), 300 mM NaCl, 

8M urea, 1mM EDTA, 5 mM ß-mercaptoethanol. 

Elution buffer for Ni slurry: 50 mM NaH2PO4,300 mM NaCl, 250 mM 

imidazole, 5% (w/v) glycerol, 5 mM ß-mercaptoethanol, 1mM EDTA, 50 mg/L 

protease inhibitors, from complete protease inhibitor cocktail tablets (Roche) 

(added immediately before use), pH to 8. 

2.1.7 Media. 

Tryptone, yeast extract and peptone were purchased from Beckton Dickinson. 

2.1.7.1 Bacterial Media. 

Luria Bertani (LB) broth: 10 g bactotryptone, 5g yeast extract, 10 g NaCl. 

Make up to 1L with MilliQ water, pH to 7.5, autoclaved. 
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2x YT: 16 g bactotryptone, 10 g yeast extract, 5g NaCl, MilliQ water to 1 L, pH 

to 7.4, autoclaved. 

2x YT agar: 16 g bactotryptone, 10 g yeast extract, 5g NaCl, 15 g Difco"m agar, 
MilliQ water to 1 L, pH to 7.5, autoclaved. 

2.1.7.2 Blue white selection. 

For ß galactosidase (blue/white) selection 30 ml 2x YT plates were spread with 

75 µ12% (w/v) X-gal in dimethylformamide (DMF) and 3 µl 1M isopropyl-beta- 

D-thiogalactopyranoside (IPTG). 

2.1.7.3 Antibiotics. 

Antibiotics were spread on 2x YT plates or added directly to media. The 

following concentrations were used: 

Ampicillin - Stock solution of 50 mg/ml in MilliQ water, filtered and sterilised. 

Working concentration: 100 gg/ml. 

Kanamycin - Stock solution of 10 mg/ml in MilliQ water. Working 

concentration: 30 µg/ml. 

Chloramphenicol - Stock solution of 10 mg/ml in methanol. Working 

concentration: 20 µg/ml. 

Tetracycline - Stock solution of 12 mg/ml in 70% ethanol. Working 

concentration: 12 gg/ml. 

2.1.7.4 Worm Media. 

Nematode growth medium (NGM) single peptone (1 L): 0.05 M NaCl, 2.5 g 

bactopeptone, 19 g DifcoTM agar, autoclaved. Allowed to cool to 55°C and added: 

5 pg/ml cholesterol (in 96% EtOH), 1 mM CaCl2,1 mM MgSO4,0.025 M 

KH2PO4 (pH 6), 0.2 gg/ml Fungizone (Invitrogen). 
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RNAi plates: For 9 ml NGM single peptone plates spread the following: 18 µl 

50 mg/ml Ampicillin, 9 µl 12 mg/ml Tetracycline, 4.5 µl 1M IPTG. 

2.1.8 Antibodies. 

2.1.8.1 Primary antibodies. 

ab3194 (DM1A + DM1B) - mouse monoclonal antibody against tubulin 1A and 
1B (Abcam). 

Anti myc 9E10 - mouse monoclonal antibody against myc 9E10 epitope. A kind 

gift from Harry Mellor. 

GFP (B-2): sc-9996 - mouse monoclonal antibody against GFP (Santa Cruz). 

Anti S-tag - mouse monoclonal antibody against the S-tag epitope (Novagen). 

2.1.8.2 Secondary antibodies. 

NIF-82J - Sheep anti-mouse horse radish peroxidase (HRP) linked antibody 
(Amersham). 

2.1.9 Calpain-GIoTM Protease assay. 

The Calpain-G1oTM Protease assay (Promega) is a luciferase based proteolytic 

assay containing succinyl proluminescent calpain substrate, Suc-LLVY- 

aminoluciferin, luciferase and a buffer optimised for calpain and luciferase 

activity. 
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2.2 Molecular Biology Methods. 

2.2.1 Extraction of genomic DNA from C. elegans. 

Genomic DNA was isolated using the PUREGENE® DNA Isolation Kit (Gentra 

Systems). Animals were harvested by washing off starved Lls from 8 NGM 

single peptone plates, centrifuging at 2,000 xg for 3 min and resuspending in 

200 µl of MiiliQ water. Animals were resuspended in 3 ml Cell Lysis Solution 

and inverted to mix. 15 µl Proteinase K Solution (20 mg/ml) was added, the 

solution inverted 25 times and incubated at 55°C for 3 hours (hrs) until tissue 

particulates dissolved. 15 µl RNase A Solution (4 mg/ml) was added, the solution 

inverted 25 times and incubated at 37°C for 15-60 min. The sample was cooled 

to room temperature (RT), 1 ml Protein Precipitation Solution added, vortexed 

vigorously for 20 seconds (s) and centrifuged at 2000 xg for 10 min. 3 ml of 

isopropanol was added to the supernatant, the solution inverted gently 50 times 

and centrifuged at 2000 xg for 5 min. The pellet was washed with 3 ml 70% 

EtOH by inverting, centrifuged at 2000 xg for 1 min, EtOH removed and air 

dried for 15 min. Genomic DNA was resuspended with 200 gl TE by heating at 

65°C for 1 hr and stored at 2- 8°C. 

2.2.2 Extraction of total mRNA from C. elegans. 

Total mRNA was extracted as described by Hope (Hope, 1999). Animals were 

washed off 10 NGM single peptone plates to create a1 ml pellet. The pellet was 

resuspended in 2 ml TRIzol (Invitrogen), mixed and snap frozen in liquid N2. 

Pellet was thawed, the freeze thaw process was repeated and 4 ml TRIzol was 

added. Pellets were vortexed vigorously until thawed and vortexed for an 

additional 5 min. The mix was incubated at RT for 5 min, the solution split into 6 

RNAse-free centrifuge tubes, incubated at RT for 5 min, and centrifuged at 

16,000 xg for 10 min at 4°C. The supernatant was transferred to fresh centrifuge 

tubes containing 200 µl chloroform/isoamyl alcohol (24: 1), vortexed for 15 s, 

incubated at RT for 3 min and centrifuged at 16,000 xg for 15 min at 4°C. The 

upper aqueous phase was transferred to fresh centrifuge tubes, 500 µl 

isopropanol added, mixed, incubated at RT for 10 min and centrifuged at 16,000 

xg for 10 min at 4°C. The pellet was washed with 70% EtOH, centrifuged at 
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16,000 xg for 10 min at 4°C, EtOH removed and pellet resuspended in 500 µl 

DEPC-treated water. 500 µl phenol chloroform was added, mixed, centrifuged at 

16,000 xg for 10 min at 4°C, the aqueous layer transferred to a fresh centrifuge 

tube, 0.1 x vol. 3M NaAc2 and 2.5 vol. 100% EtOH added and incubated at 

-80°C for 1 hr. The solution was centrifuged at 16,000 xg for 10 min at 4°C, 

pellet washed with 70% EtOH, centrifuged at 16,000 xg for 10 min at 4°C, the 

pellet resuspended in 50 µl TE (see 2.1.6.1) and incubated at 65°C for 10 min. 

mRNA not in use was stored at -80°C in 0.1 x vol. 3M NaAc2 and 2.5 x vol. 

96% EtOH. 

2.2.3 Agarose gel electrophoresis. 

Agarose (Invitrogen) was prepared to 0.5% - 2% (w/v) concentration in 1x TBE 

or 1x TAE (see 2.1.6.1) by heating and was subsequently stored at 65°C. 

Typically a I% (w/v) TAE or TBE gel was used. DNA was loaded with 1x DNA 

loading buffer (see 2.1.6.1) and electrophoresed at 60V as described by 

Sambrook et al. (2001). Gels were stained with 0.5 µg/ml ethidium bromide 

(BioRad) for 20 min and imaged using Gene Genius gel doc system with 

GeneSnap analysis software V 6.01 (Syngene). 

2.2.4 Polymerase chain reaction (PCR). 

A standard 50 µl PCR reaction using the protocol provided by the manufacturer 

(Promega) was used. Each reaction contained the following: lx Promega GoTaq 

buffer 0.2 mM dNTPs (Bioline), 0.2 µM forward primer, 0.2 µM reverse primer, 

50 - 100 ng genomic or plasmid DNA, 1 unit of GoTaq polymerase (Promega), 

1.5 mM MgC12, MilliQ water to 50 µl. 

The 50 µl reaction was amplified in a PTC-200 Peltier Thermal Cycler (MJ 

Research) as follows: 95°C for 3 min, then 30 - 35 cycles of 95°C for 30 s, 60°C 

for 1 min, and 72°C for 1 min/kb. Then final extension at 72°C for 10 min. 

2.2.5 Insertional PCR. 

Insertional PCR, adapted from Yon and Fried (1989) (Yon and Fried, 1989), was 

used to substitute the tra-3 catalytic domain for the clp-2 catalytic domain (see 
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2.2.4). To join the tra-3 5' end to the clp-2 catalytic domain, oligonucleotides 

containing a 34 bp overlap were made. Each PCR fragment was amplified in 50 

µl reactions as follows: 5 µl 10 x Expand HF buffer (1 x) (Roche), 0.4 µl 25 mM 

dNTPs (0.2 mM), 5 p. 12 gM forward primer (0.2 µM), 5 p. 12 gM reverse'primer 

(0.2 µM), 100 ng tra-3 cDNA or clp-2 cDNA, 3 units of EXPAND Hi Fidelity 

Taq polymerase (Roche), MilliQ water to 50 µl. Amplification was performed as 

in 2.2.4. PCR fragments were gel purified and annealed in 50 µl as follows: 5 µl 

10 x Expand HF buffer (1 x) (Roche), 0.4 µl 25 mM dNTPs (0.2 mM), 2.5 p. 15 

gM forward primer (0.25 µM) (PK390 - tra-3 5'), 2.5 p. 15 gM reverse primer 

(0.25 µM) (PK385 - clp-2 3'), 1 µl tra-3 5' PCR reaction with overlap, 1 µl clp-2 

PCR reaction, 3 units of EXPAND Hi Fidelity Taq polymerase (Roche), MilliQ 

water to 50 µl. The PCR conditions were as follows: an annealing step of 95°C 

for 3 min, 30°C for 5 min and 72°C for 4 min, 35 cycles of 95°C for 30 s, 56°C 

for 2 min and 72°C for 3 min. Then a final extension at 72°C for 10 min. 

The subsequent tra-31clp-2 fragment was cloned and used in a second insertional 

PCR step with the 5' end of tra-3, performed as above. 

2.2.6 One step RT- PCR. 

One step RT-PCR was performed using the Access RT-PCR kit (Promega) as 

directed by the manufacturer. 1 µg of N2 wildtype mRNA was used to amplify 

cDNA. 

2.2.7 Preparation of CaCI2 competent E. coli cells. 

A single E. coli colony was used to inoculate 5 ml 2x YT with appropriate 

antibiotics, and grown overnight. The 5 ml culture was added to 420 ml 2x YT 

in a sterile 2L flask, shaken at 37°C at 200 rpm until OD590 reached 0.375 

(approx. 2 hrs). The culture was divided into 8x 50 ml pre-cooled Falcon tubes, 

incubated on ice for 10 min, centrifuged at 4,000 rpm for 7 min at 4°C, 

supernatant was discarded and each pellet resuspended in 10 ml ice-cold CaC12 

solution (see 2.1.6.1). CaC12 solution wash was repeated and suspensions 

incubated on ice for 30 min. Contents of Falcon tubes were pooled to 4 tubes, 

centrifuged at 2,500 rpm for 5 min at 4°C, supernatant discarded and pellets 
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resuspended in 4 ml ice-cold CaC12 solution. 400 µl samples were aliquoted into 

pre-cooled centrifuge tubes, snap frozen with liquid N2 and stored at -80°C. This 

method was taken from Current Protocols, Wiley and Sons (2000) (Ausubel et 

al., 1987). 

2.2.8 Transformation of CaCI2 competent E. coli cells. 

A 400 µl aliquot of competent cells was thawed on ice. Once thawed, 100 µl of 

competent cells were incubated with either 5 µl DNA ligation reaction or 100 - 
500 ng plasmid DNA for 20 min on ice. Cells were heat shocked at 42°C for 2 

min, then incubated on ice for 2 min, 250 µl of 2x YT added and incubated at 

37°C for 1 hr. 200 µl of cells were spread on 30 ml 2x YT plate with appropriate 

selection (antibiotic or blue/white - see 2.1.7) and incubated at 37°C overnight 

(Sambrook and Russell, 2001). 

2.2.9 Purification of DNA from agarose gel. 

DNA fragments were run on a TAE agarose gel (see 2.2.3). Agarose gels were 

stained with SybrGold, (Molecular Probes) diluted 50,000 times with water, for 

20 min. DNA bands were visualised using a Dark Reader (Clare Chemical 

Research) and excised using a sterile razor blade. DNA was purified from gel 

slices using the Qiagen Gel Purification Kit, following the manufacturer's 

instructions. 

2.2.10 EtOH precipitation of DNA 

Solutions containing DNA were concentrated as described by Sambrook and 

Russell (2001) by adding 1 µl 20 mg/ml glycogen, 0.1 x vol. 3M NaAc2 and 2x 

vol. 96% EtOH and incubating at -20°C for 20 min. Samples were centrifuged at 

16,000 xg for 3 min, the pellet was washed with 100 µl 70% EtOH, and 

resuspended with 10 pl TE (see 2.1.6.1). 

2.2.11 Qiagen plasmid purification. 

Single colonies of interest were picked into 5 ml 2x YT with appropriate 

antibiotics, and grown in a shaking incubator at 37°C overnight. Overnight 
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cultures were harvested for plasmid DNA using the QIAprep® miniprep kit 

(Qiagen) according to the manufacturer's instructions. 

2.2.12 Restriction endonuclease digestion of plasmid DNA. 

Plasmid DNA was digested using restriction endonuclease enzymes from New 

England Biolabs (NEB) using the appropriate buffer and BSA as described by 

the manufacturers. 

2.2.13 TA cloning of PCR products. 

PCR products generated as in 2.2.4 were ligated into the pGEM®-T Easy vector 

(Promega), typically following gel extraction (see 2.2.9) and EtOH precipitation 

(see 2.2.10), according to manufacturer's instructions. Alternatively, PCR 

products were ligated into T-tailed pBluescript II KS, created by Patty 

Kuwabara. 

2.2.14 Dephosphorylation of vector. 

Following restriction endonuclease digestion of both vector and insert, phosphate 

groups were removed from the 5' ends of vector to prevent re-circularisation 

during ligation (Sambrook, 2001). Solutions containing digested vector were 

incubated with 1x calf intestine alkaline phosphatase (CIP) buffer (Roche) and 1 

unit CIP at 37°C for 30 min. Vector DNA was gel purified (see 2.2.9) prior to 

ligation reactions. 

2.2.15 DNA ligation. 

100 ng of dephosphorylated vector (see 2.2.14) plus 100 ng gel purified insert 

(see 2.2.9) were mixed with 1 unit of T4 DNA ligase and 1x T4 DNA ligase 

buffer (NEB), made up to 5 µl with MilliQ water and incubated at 4°C overnight 

(Sambrook and Russell, 2001). 

2.2.16 Klenow `polishing' of DNA ends. 

Following restriction endonuclease digestion there were sometimes incompatible 

DNA 3' and 5' ends between vector and insert. In this case blunt ends were 
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required, which were generated using the following reactions: 5 µl 10 x T4 

polynucleotide kinase buffer (NEB) (1 x), 1 µl 25 mM dNTPs (0.5 mM), 1 unit 

Klenow (NEB), MilliQ water to 50 µl, and incubate at 37°C for 30 min. 

Immediately following this 1 µl 10 mM ATP (0.2 mM) and 1 µl T4 

polynucleotide kinase (NEB) was added and incubated at 37°C for 30 min. DNA 

was gel purified (see 2.2.9) and ligations set up (see 2.2.15). 

2.2.17 Plasmid construction. 

2.2.17.1 RNAi feeding constructs. 

250 - 500 bp exon-rich genomic DNA was PCR amplified from N2 genomic 

DNA for each of the following calpains: CLP-1, CLP-2, CLP-3, CLP-4, CLP-6, 

CLP-7, T11A5.6, W04A4.4, W05G11.4, F44F1.3 and F44F1.1. The following 

oligo pairs were used, each pair corresponds to the calpain order described in the 

previous sentence: PK330/PK331, PK315/PK316, PK332/PK333, 

PK334/PK335, PK336/PK337, PK338/PK339, PK340/PK341, PK342/PK343, 

PK344/PK345, PK346/PK347 and PK348/PK349 (see 8.1). Amplified PCR 

products were TA cloned into pGEM®-T Easy, released with EcoRI and ligated 

into the EcoRI site of L4440. In the case of tra-3, a 420 bp tra-3 cDNA fragment 

was released from pPK247 using ApaJJSaII and ligated into the ApaIlSall sites of 

L4440. pPJ-25 to pPJ-36 represent each of the RNAi feeding constructs (see 

2.1.3.2). 

2.2.17.2 pPJ-1 and calpain transcriptional expression constructs. 

To create the transcriptional expression vector pPJ- 1, mRFP was PCR amplified 

from the pmRFP_C 1 vector, using oligos PK504 and PK505 and TA cloned into 

pGEM®-T Easy. The S65C GFP was released from pPD112.56 using 

AgeJJEcoRI, mRFP was released from pGEM®-T Easy with AgeIlEcoRI, and 
ligated into the AgellEcoRI sites of pPD 112.56. 

PCR amplified -3 kB promoter sequences from directly upstream of the calpain 

transcriptional start sites were TA cloned into pGEM®-T Easy using the 

following oligo pairs: PK503/PK474 (clp-1), PK 527/PK528 (clp-2), 
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PK477/PK529 (clp-3), PK530/PK531 (clp-4), PK481/PK482 (tra-3), 

PK553/PK584 (clp-6) and PK485/PK486 (clp-7). They were then cloned into 

pPJ-1 via the compatible restriction sites listed in 2.1.3.2. PCR amplification of a 

3 kB clp-6 promoter fragment proved difficult and instead a 642 bp fragment 

was amplified, TA cloned into pGEM®-T Easy, released using HindIII and Sall 

and ligated into the HindIIJJSaII sites of pPJ-1. 

2.2.17.3 Pc/p-1:: gfp (pPJ-83) construct. 

The clp-1 cDNA (2349 bp) originally from ykl317aO1 and encoding splice 

variant C06G4.2a. 1, was PCR amplified from pPJ-43 using primers PK728 and 

PK781, which remove the C-terminal stop codon. The amplified PCR product 

was TA cloned into pBluescript II KS (+), released using HindIII and XbaI and 

cloned into the HindIII/Xbal sites of pPD95.77. pPD95.77 encodes a S65C GFP 

sequence and the clp-1 cDNA was cloned upstream of this sequence in the 

correct reading frame to allow for fusion between the C-terminus of CLP-1 and 

the N-terminus of S65C GFP. S65C GFP is a variant of GFP where serine 

residue 65 is mutated to a cysteine. This reportedly produces a more intense 

fluorescent signal and increases stability (Heim et al., 1995). In addition, 

pPD95.77 contains 3 canonical introns within the GFP sequence that improve 

expression (Okkema et al., 1993). Following insertion of clp-1 cDNA into 

pPD95.77, the clp-1 promoter was PCR amplified from pPJ-2, TA cloned into 

pBluescript II KS (+), released using HindIII and cloned into the HindIII site 

upstream of the clp-1 cDNA in pPD95.77 to create Pclp-1:: gfp (pPJ-83). 

2.2.17.4 Heat shock inducible calpain cDNAs. 

clp-1 cDNA was PCR amplified from ykI317a01 using primers PK541 and 

PK542 and TA cloned into pGEM®-T Easy, released using Nhel and ligated into 

the NheI site in pPD49.83 (pPJ-43). clp-7 cDNA was released from yk1733g09 

using Xbal and Hpal and ligated into the NheI/EcoRV sites of pPD49.83 (pPJ- 

13). clp-2 cDNA was released from pPK264 (originally from yk3blO) using 

Nhel/EcoRV and ligated into the Nhel/EcoRV sites in pPD49.83 (pPJ-11). clp-4 

cDNA was RT-PCR amplified from N2 wildtype RNA using primers PK547 and 
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PK548, TA cloned into pBluescript II KS (+), released using NheIlEcoRV and 

ligated into the NheI/EcoRV sites in pPD49.83 (pPJ-12). 

2.2.17.5 Neuronal c/p-1 cDNA expression constructs. 

To create Punc-J19: clp-1 (pPJ-74), clp-1 cDNA was released from pPJ-43 using 

NheI and ligated into the Mel site of pPK675. pPK675 was created by Patty 

Kuwabara, whereby the unc-119 promoter was PCR amplified from N2 genomic 

DNA using primers PK775 and PK776 (see 8.1), TA cloned into pBluescript II 

KS (+), released using Hindun and NheI and ligated into the HindIlIINhel sites of 

pPD30.38 (after the unc-54 promoter had been removed using HindIIIJNhel). 

Punc47: clp-1 (pPJ-92) was created by firstly making the Pu�c_47 expression vector 

(pPJ-91). A 1194 bp unc-47 promoter was PCR amplified from genomic DNA 

using primers PK792 and PK793, TA cloned into pBluescript II KS (+), released 

using HindIII and NheI and ligated into the HindIIIINheI sites of pPD30.38 (after 

the unc-54 promoter had been removed using HindlII and Nhel). clp-1 cDNA 

was released from pPJ-43 using Nhel and ligated into the NheI site of pPJ-91 to 

create Punc-a7: clp-1 (pPJ-92). 

2.2.17.6 Muscle specific calpain cDNA expression constructs. 

Pun, 
-54: clp-1 (pPJ-46) was created by releasing clp-1 cDNA from pPJ-43 using 

NheI and ligating into the NheI site of pPD30.38. Punc-54: clp-2 (pPJ-47) was 

created by releasing clp-2 cDNA from pPJ-11 using NheI and EcoRV and 

ligating into the Nhel/EcoRV sites of pPD30.38. Pinc-54: clp-4 (pPJ-48) was 

created by releasing clp-4 cDNA from pPJ-12 using NheI and EcoRV and 

ligating into the Nhel/EcoRV sites of pPD30.38. Punc-54: tra-3 (pPJ97) was created 

by PCR amplifying tra-3 cDNA from pPK247 using primers PK487 and PK488, 

TA cloning into pBluescript II KS (+), releasing tra-3 cDNA using Nhel and 

EcoRV and ligating into the Nhel/EcoRV sites of pPD30.38. Punc-54: clp-7 (pPJ- 

92) was created by PCR amplifying clp-7 cDNA from pPJ-13 using primers 

PK551 and PK754, TA cloned into pBluescript II KS (+), released with Nhel and 

ligated into the NheI site of pPD30.38. 
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2.2.17.7 Heat shock inducible and muscle specific clp-1:: myc cDNA 
constructs. 

Phsp-1641: clp-l:: myc (pPJ-89) was created by PCR amplifying clp-1:: myc cDNA 
from pPJ-84 using primers PK783 and PK785, TA cloning into pBluescript II KS 

(+), releasing clp-1:: myc cDNA using Spel and ligating into the NheI site of 

pPD49.83. Punc-54: clp-1:: myc (pPJ-88) was created by releasing clp-1:: myc cDNA 

from pBluescript II KS (+) using Spel, as above, and ligating into the Nhel site of 

pPD30.38. 

2.2.17.8 Calpain constructs used for protein purification. 

Calpain cDNA for clp-1, clp-2, clp-4 and clp-7 were cloned into pET-30 to 

create pPJ-64, pPJ-67, pPJ-68 and pPJ-65 respectively. clp-1 cDNA was PCR 

amplified from pPJ-46 using primers PK728 and PK729, TA cloned into 

pBluescript II KS (+), released using HindIII and ligated into the HindIIl site of 

pET-30b to create pPJ-64. clp-2 cDNA was PCR amplified from pPJ-11 using 

primers PK730 and PK73 1, TA cloned into pBluescript II KS (+), released using 

EcoRV and SaII and ligated into the EcoRV/Sail sites of pET-30a to create pPJ- 

67. clp-4 cDNA was PCR amplified from pPJ-12 using primers PK732 and 

PK733, TA cloned into pBluescript II KS (+), released using EcoRV and HindIII 

and ligated into the EcoRV/HindIII sites of pET-30a to create pPJ-68, clp-7 

cDNA was PCR amplified from pPJ-13 using primers PK735 and PK736, TA 

cloned into pBluescript II KS (+), released using HindIII and ligated into the 

HindIll site of pET-30b to create pPJ-65. 

clp-1 cDNA was also cloned into the following protein expression vectors: pET- 

1 ic, pET-15b, pET-21b and pET-22b to create pPJ-102, pPJ-103, pPJ-104 and 

pPJ-105 respectively. pPJ-102 was created by releasing clp-1 cDNA from pPJ-43 

with Nhel and ligated into the Nhel site of pET-I lc. pPJ-103 was created by 

releasing clp-1 cDNA from pPJ-64 with HindIII, `polishing' the clp-1 cDNA 

ends using Klenow (see 2.2.16) and ligating in Klenow `polished ends' of NdeI 

digested pET-15b. pPJ-104 was created by releasing clp-1 cDNA from pPJ-64 

with HindIII and ligating into the HindHI site of pET-21b. pPJ-105 was created 
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by releasing clp-1 cDNA from pPJ-64 with HindIIl and ligating into the HindIII 

site of pET-22b. 

2.2.18 Quikchange site directed mutagenesis (SDM). 

When changing specific nucleotides in cDNA sequences the Quikchange SDM 

kit (Stratagene) was used. Oligonucleotides design and subsequent PCR 

conditions were performed according to the manufacturer's instructions. 

2.2.19 Preparation of protein samples from C. elegans. 

Protein samples from C. elegans were generated by placing 80 adult animals in 

15 gl of M9, mixing with 1x SDS protein sample buffer, vortexing and 

incubating at 95°C for 5 min. Samples were either immediately electrophoresed 

using SDS PAGE or stored at -20°C. 

2.2.20 SDS polyacrylamide gel electrophoresis (PAGE). 

Protein samples were separated by size on SDS PAGE using a Hoefer® mini VE 

vertical electrophoresis system (Amersham). 10% resolving gels were prepared 

as in 2.1.6.1, covered with water-saturated butanol and allowed to set. Butanol 

was washed off with water and resolving gels were covered with a 4.75% 

stacking gel (see 2.1.6.1), a comb inserted and allowed to set. Protein samples 

prepared as in 2.2.19 were loaded and electrophoresed at 100 V at RT until the 

bromophenol blue migrated out of the gel. Gels were either stained using 

colloidal coomassie G-250 Brilliant Blue or transferred onto nitrocellulose 

membranes for Western blotting. 

2.2.21 SDS PAGE G-250 colloidal coomassie G-250 Brilliant 

Blue staining. 

SDS polyacrylamide gels from 2.2.20 were washed 3 times for 5 min in MilliQ 

water and fixed with SDS PAGE fixing solution for 20 min. The gel was washed 

for 5 min and stained with colloidal coomassie G-250 Brilliant Blue for > 30 min 

or until bands were clearly visible. Colloidal coomassie G-250 Brilliant Blue was 

washed off 3 times for 5 min with MilliQ water, photographed using the Syngene 
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Media Light and Gene Genius gel doc system with GeneSnap analysis software 
V 6.01 (Syngene). This method was adapted from Neuhoff et al. (1988). 

2.2.22 Western blotting. 

Proteins from SDS polyacrylamide gels (see 2.2.20) were transferred to 

nitrocellulose membranes (Schleicher and Schuell, Germany) using a Hoefer® 

miniVE blotter (Amersham) and by the method of Towbin (1979) (Towbin et al., 

1979). The SDS polyacrylamide gel was placed on two 1x Western buffer pre- 

soaked 3 mm pieces of filter paper, a pre-soaked nitrocellulose membrane was 

placed on top and a further two pre-soaked 3 mm pieces of filter paper were 

placed on top. Two buffer soaked sponges were placed on the bottom and top, 

loaded into the blotting apparatus with 1x Western buffer, placed on ice and 

electroblotted overnight at 40 V. 

2.2.23 Antibody probing of Western blotted nitrocellulose 
membranes. 

Following transfer of proteins onto the nitrocellulose membrane (see 2.2.22), the 

membrane was blocked with blocking solution for 1 hr, and probed with a 

primary antibody diluted in 2 ml of 3% (w/v) non-fat dried milk in 1x PBS 

0.02% Tween (see 2.1.6.1). The primary antibodies were used at the following 

dilutions: ab3194 (DM1A + DM1B) at 1 in 4000, anti myc 9E10 at 1 in 1000, 

GFP (B-2): sc-9996 at 1 in 500 and anti S-tag at 1 in 5000 (see 2.1.8). The 

nitrocellulose membrane was washed 3 times for 5 min in 1x PBS Tween, and 

probed with NIF-82J secondary antibody (see 2.1.8) at a1 in 5000 dilution in 2 

ml of 3% (w/v) non-fat dried milk in 1x PBS 0.02% Tween (see 2.1.6.1). The 

membrane was washed 3 times for 5 min in 1x PBS Tween and processed with a 

Western Lightning® chemiluminescence kit according to the manufacturer's 

instructions (Perkin-Elmer). The membrane was exposed to Super RX medical 

X-ray film (FUJIFILM) and developed using an AGFA Curix 60 film processor 

(AGFA). Quantitative analysis of protein levels was performed using Adobe 

Photoshop 6.0. 
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2.2.24 Casein zymography. 

The casein zymography method used here was adapted from Raser et al. (Raser 

et al., 1995). Casein loaded polyacrylamide gels were prepared as in 2.1.6.1 

using equipment from 2.2.20. The resolving gel was covered in water-saturated 

butanol and once set, the butanol was washed off with water. A 4.75% stacking 

solution was used to cover the resolving gel, a comb inserted and protein samples 

containing calpain were mixed with 2x protein sample buffer for native proteins 

(see 2.1.6.1) and loaded into the casein gel. The casein gel was run at 4°C at 120 

V for 2 hrs, and washed 3 times for 5 min in CaC12 solution for incubation with 

casein gels (see 2.1.6.1) at RT. The casein gel was incubated for 24 hr with 

CaC12 solution for incubation with casein gels and stained with colloidal 

coomassie G-250 Brilliant Blue (see 2.1.6.1). Calpain activity was present if 

there was a clearing of colloidal coomassie G-250 Brilliant Blue where casein 

had been digested. In control experiments, where casein gels are incubated in the 

absence of Cat+, CaCl2 is omitted from the CaC12 solution and EDTA to a final 

concentration of 1 mM is added (see 2.1.6.1). 

2.2.25 Test induction of bacterially expressed His-tagged 

calpains. 

Plasmids containing His-tagged calpains were transformed into relevant E. coli 

strains, single colonies picked into 2.5 ml LB plus appropriate antibiotics, grown 

overnight and 500 µl of culture used to inoculate prewarmed 10 ml LB. Cultures 

were grown in a shaking incubator at 37°C until the OD600 was 0.5 - 0.7, at 

which point they were induced with 5 µl 1M IPTG (0.5 mM) being sure to 

include an uninduced control for each plasmid, for 5 hr. The culture was 

centrifuged at 4000 rpm at 4°C for 10 min, and the cell pellet was lysed in 400 µl 

urea buffer (see 2.1.6.2) by gentle vortexing. Bacterial lysate for induced and 

uninduced samples were mixed with 2x SDS protein sample buffer, heated at 

70°C for 5 min and analysed using SDS PAGE (see 2.2.20) and colloidal 

coomassie G-250 Brilliant Blue staining (see 2.2.21). For His-tagged proteins 

carrying an S-tag, Western blotting (see 2.2.22) was used to check for the 

presence of His-tagged calpains using the anti S-tag antibody (see 2.1.8.1). This 
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method was adapted from protocol 5 of the QIAexpressionist (2003) (Qiagen, 

2003). 

2.2.26 Purification of His-tagged proteins from test induction. 

When expression levels were low, Ni-NTA agarose (Qiagen) was used to enrich 

for His-tagged proteins, adapting the method described in protocol 5 of the 

QIAexpressionist (2003) (Qiagen, 2003). Bacterial lysate from 2.2.25 

resuspended in urea solution was incubated with 50 µl Ni-NTA agarose (Qiagen) 

on a shaker at RT for 1 hr. Lysate was centrifuged at 1.2 rpm for 1 min, washed 

with 0.75 ml Buffer C, and repeated. 20 µl of 800 µl Buffer C mixed with 200 µl 

0.5 M EDTA, was used to elute protein off Ni-NTA agarose, mixed with 2x 

SDS protein sample buffer, and analysed using SDS PAGE (see 2.2.20) and 

colloidal coomassie G-250 Brilliant Blue staining (see 2.2.21). 

2.2.27 Preparation of soluble and insoluble fractions from test 

inductions. 

Bacterial pellets from 2.2.25 were used to establish if His-tagged calpains were 

in the soluble or insoluble fraction using the method described by the 

BugbusterTM (Novagen). The bacterial pellets were resuspended in 500 µl 

BugbusterTm (Novagen), 0.5 µl Benzonase® (Sigma-Aldrich), incubated at RT 

on a shaker for 20 min and centrifuged at 16,000 x g. The insoluble pellet was 

resuspended in 200 µl urea solution and both soluble and insoluble fractions were 

mixed with 2x SDS protein sample buffer, heated at 95°C for 5 min and 

analysed with SDS PAGE (see 2.2.20) and colloidal coomassie G-250 Brilliant 

Blue staining (see 2.2.21). Alternatively fractions were enriched for His-tagged 

calpains (see 2.2.26). 

2.2.28 Altering temperature and length of induction for His- 

tagged CLP-1. 

Test inductions of CLP-1 were performed where both temperature and length of 

induction are altered. Where temperature is altered 10 ml cultures were grown at 

22°C, 26°C, 30°C and 37°C and processed for soluble and insoluble fractions 
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(see 2.2.27). Where length of induction was analysed 75 ml cultures were set up 
for bacterial strains transformed with plasmids encoding His-tagged CLP- 1. At 

1.5 hr, 3 hr and 5 hr after IPTG induction 25 ml of bacterial culture was removed 

and centrifuged at 4000 rpm, 4°C for 10 min and stored at -20°C. All time points 

were processed simultaneously for soluble and insoluble (see 2.2.27) except 3 ml 
BugbusterTm (Novagen) and 3 µl Benzonase® (Sigma-Aldrich) was used. 

2.2.29 Large scale purification of His-tagged calpains using 
Ni-NTA agarose. 

Single colonies of E. coli strains containing plasmids encoding His-tagged 

calpain were used to inoculate 5 ml LB plus appropriate antibiotics and incubated 

at 37°C in shaking incubator overnight. 750 ml of pre-warmed LB in 2L flask 

was inoculated with 5 ml LB culture and shaken at 37°C until OD600 is 0.5 - 0.7. 

The culture was cooled on ice and induced with 0.2 mM IPTG at 25°C overnight. 

The culture was centrifuged at 3000 xg for 20 min at 4°C using the SLC-3000 

fixed angle rotor (Sorvall). Supernatant was discarded and cells were 

resuspended using 50 ml Lysis Buffer (see 2.1.6.2). Bacterial suspension was 
homogenised using tissue grinder (Fisher Scientific) and cells were lysed using a 

cell disrupter (Constant Disruption System, Daventry, UK). Cell lysate was 

centrifuged at 25,000 xg for 35 min at 4°C using an SS-34 fixed angle rotor 

(Sorvall) and the soluble fraction was incubated at 4°C with 0.5 ml Ni-NTA 

agarose for 1 hr. Soluble fraction plus Ni-NTA agarose was passed through a 

plastic column (Sigma-Aldrich), washed twice with 4 ml Lysis Buffer (see 

2.1.6.2), and eluted 4 times with 0.25 ml Elution Buffer (see 2.1.6.2). The 

insoluble fraction was resuspended in 1 ml urea buffer (see 2.1.6.2) and all 
fractions were collected, mixed with 2x SDS protein sample buffer, heated at 
95°C for 5 min and analysed using SDS PAGE (see 2.2.20) and colloidal 

coomassie G-250 Brilliant Blue staining (see 2.2.21). This method was taken 

from protocol 12 of the QlAexpressionist (2003) (Qiagen, 2003). Calpain activity 

was analysed using casein zymography (see 2.2.24) and the Calpain-Glolm 

Protease assay (see 2.1.9). 
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2.2.30 Large scale purification of His-tagged calpain using a5 

ml HiTrap Ni2+ chelating column. 

Overnight 5 ml LB cultures were used to inoculate 6 or 10 L cultures (6 x1L LB 

in 2L flasks or 5x2L of LB in 5L flasks respectively) and cultures were grown 

to OD600 0.5 - 0.7. Cultures were induced with a final concentration of 0.4 mM 

IPTG at 25°C overnight, centrifuged at 5,000 rpm at 4°C for 30 min. Cell pellets 

were resuspended in 50 ml of Lysis Buffer (see 2.1.6.2), homogenised and lysed 

using a cell disrupter. The lysed cells were centrifuged at 25,000 xg for 35 min 

at 4°C and the soluble lysate was loaded onto a5 ml HiTrap Ni2+ chelating 

column (Amersham Biosciences) using an Äkta Prime. The column was washed 

with Lysis Buffer (see 2.1.6.2) until all non-specifically bound protein was 

removed, as determined by the A280. A linear gradient was used to elute protein 

between 20 mM -1M imidazole, over a 50 ml volume. Eluted protein was 

collected in 2 ml fractions, which were subsequently analysed using SDS PAGE 

(see 2.2.20) and calpain activity assays (see 2.2.24). 

2.2.31 On column refolding of insoluble CLP-1. 

The insoluble fraction from 2.2.30 was used to purify and refold CLP-1. The 

insoluble pellet was resuspended in 50 ml inclusion body washing buffer (see 

2.1.6.2), centrifuged at 3000 xg for 20 min at 4°C. The pellet was solubilised in 

inclusion body solubilisation buffer (see 2.1.6.2), incubated at RT for 30 min, 

diluted to 30 ml with Ni-NTA washing buffer (see 2.1.6.2), incubated overnight 

at 4°C and centrifuged at 50,000 xg for 1 hr. Solubilsed inclusion bodies were 

loaded onto a5 ml HiTrap Ni2+ chelating column and washed with lysis buffer 

(see 2.1.6.2) to remove non-specifically bound protein. A linear gradient between 

6M and 1M urea (6 M and 1M Ni-NTA washing buffer (see 2.1.6.2)) over a 50 

ml volume was run over the column and followed with elution of bound proteins 

using a linear gradient between 20 mM and 1M imidazole gradient (see 2.2.30). 

Fractions were analysed using SDS PAGE and calpain activity assays (see 2.2.20 

and 2.2.24). 
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2.2.32 Concentration of protein samples. 

Fractions containing calpain were concentrated using spin columns with 10 kDa 

protein cut-off (Sartorius), typically concentrated four fold. Active rat m-calpain 

was stored at -20°C in 33% glycerol. 

2.2.33 Calpain-GIoTM Protease assay. 

Fractions containing calpain were analysed for activity using the Calpain-GloTM 

Protease assay (Promega) according to the manufacturer's instructions. Typically 

50 pl of fraction containing calpain was mixed with 50 µl of calpain substrate 

(Suc-LLVY-aminoluciferin/luciferase mix) and luminescence was measured 

using a Spectramax M2 luminometer and data recorded using Softmax Pro v5 

software (Molecular Devices). 
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2.3 C. elegans Methods. 

2.3.1 General C. elegans handling. 

All strains were grown and maintained at 20°C as described (Brenner, 1974), 

except those containing PD4605: hlh-1(cc561 ts)II which were grown at 15°C 

(Harfe et al., 1998). 

2.3.2 Obtaining embryos and synchronous cultures by 

bleaching. 

Synchronous animals were obtained using the method described by Hope (1999) 

(Hope, 1999). Gravid adult hermaphrodites were washed off plates using 4.5 ml 

of M9 and mixed with 4 ml of 2x bleach solution. The tube was inverted for 

approximately 3 minutes or until animals began to break in half and embryos 

spill out. The tube was centrifuged at 1,200 rpm for 1 min, supernatant quickly 

discarded and worm pellet resuspended in 15 ml of M9. The wash was repeated 

twice or until bleach smell had disappeared, embryos were resuspended in 6 ml 

of M9, mixed, and poured onto an unseeded NGM single peptone plate. Plate 

was placed on rocker overnight, allowing embryos to hatch and Us to arrest and 

thus obtaining a synchronous culture of animals. 

2.3.3 Generation of transgenic animals by microinjection. 

Transgenic animals were created by microinjecting DNA into the germ line of 

adult hermaphrodite animals (Mello and Fire, 1995). The DNA to be injected 

contained the DNA of interest and a selectable marker that indicated when 

injection was successful. Here 4 different markers were used: pRF4 (a plasmid 

carrying a dominant mutation in rol-6(sulOO6)), TG96 (Ps�r-s: gfp), pPD93.97 

(Pmyo-3: gfp) and pPD118.33 (Pmyo-2: gfp). Typically a 10 µl mix of marker DNA 

and the plasmid of interest was microinjected together and were at the following 

final concentrations: plasmid of interest at 10 gg/ml, pRF4 at 80 pg/ml, TG96, 

pPD93.97 and pPD 118.33 at 50 µg/ml. Following microinjection, animals 

carrying the markers were selected and those lines that gave a proportion of 

animals carrying the marker in the F2 generation were considered to be stably 

expressing the extrachromosomal array. 
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2.3.4 Chromosomal integration of extrachromosomal arrays. 

In order to integrate extrachromosomal arrays into the C. elegans genome, so that 

extrachromosomal arrays were 100% heritable, double strand breaks need to be 

introduced into the C. elegans genomic DNA. To do this, animals were exposed 

to gamma irradiation following the method by Koelle (1998) (Koelle, 1998). 50 

transgenic L4 animals were transferred onto an OP50 seeded NGM peptone plate 

and gamma irradiated with 4800 rads using a 137Cs source (RX30/50, Gravatom 

Industries). 250 transgenic Fls were picked singly onto NGM single peptone 

plates seeded with OP50 bacteria (see 2.1.1). Fls were scored at 1A stage for the 

percentage transmittance of the array in the F2 generation. Animals exhibiting 

-75% transmission rate were maintained to the F3 generation. F3 animals which 

gave 100% transmission rate in the F4 generation were considered to have 

undergone chromosomal integration. Integrated strains were backcrossed 5 times 

with N2, and subsequently mapped using MT464 and MT465 (see 2.1.2). 

2.3.5 Microscopy. 

Animals were mounted onto a slide containing a 3% (w/v) agarose pad with 

water. Live animals were paralysed using 10 mM Na azide. Differential 

interference contrast (DIC) and fluorescent images were captured with a Zeiss 

Axioskop 2 fitted with a Hamamatsu ORCA-ER digital camera driven by 

Openlab 4 software (Improvision). 

2.3.5.1 Phalloidin staining. 

Synchronised populations were obtained as in 2.3.2. LI animals were transferred 

to freshly seeded OP50 plates and grown at 20°C (except those containing hlh- 

1(cc561 ts)II, which were grown at 15°C), observed for when they first lay eggs 

and two days later were either washed off plates and concentrated into 10 µl of 

M9, or picked according to phenotype into 10 µl M9. Samples were snap frozen 

in liquid nitrogen and immediately placed in an Automatic Environmental 

Speedvac (Savant) to lyophilise the worms. Samples were fixed with 3 drops of 

ice-cold acetone and dried. Animals were stained with 2 Units Alex Fluor 594 

phalloidin (Molecular probes) resuspended in 20 µl S-Mix (see 2.1.6.1), 
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incubated for 1 hour in the dark and washed twice with 1 ml PBBT (see 2.1.6.1). 

This protocol is taken from (Koelle, 1998) (Koelle, 1998). 

To view fluorescence, animals were mounted on 3% agarose pads with equal 

volume of mounting solution (see 2.1.6.1). The two most visible (determined by 

the orientation in which animals are mounted) body wall muscle quadrants (40 

cells per animal) were scored. At least 30 animals were scored for each instance. 

2.3.6 Scoring the percentage of animals displaying CLP-1 

induced paralysis. 

10 LA hermaphrodites were picked onto separate NGM single peptone plates. PO 

animals were transferred daily (every 24 hr) for 3-4 days (until brood had 

finished) and number of Lls counted per plate. When animals reached day 2 of 

adulthood plates were scored for total number of paralysed animals. Paralysis 

was defined as animals that were alive but were unable to move away upon 

touch. Therefore, the total number of paralysed animals was calculated as a 

percentage of total number of animals per brood. Broods consisting of less than 

10 animals were disregarded. Alternatively, for RNAi experiments, synchronous 

populations of Lls generated (see 2.3.2) were transferred to freshly seeded plates 

and grown at 20°C (unless otherwise stated) and allowed to grow to day 2 of 

adulthood (normally 4 days from L1 at 20°C ). Plates were scored for the number 

of animals displaying paralysis. 

For strains carrying extrachromosomal arrays whereby calpain cDNAs are 

expressed from the hsp16-41 promoter, after synchronisation via bleaching, 

plates were incubated at 33°C for 1 hour, daily from L1 stage. At day 2 of 

adulthood heat shocked animals were scored for paralysis. 

2.3.7 Statistical analysis. 

Where appropriate, statistical analysis was performed using the Student's T-test 

and P values are indicated in figure legends. 
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2.3.8 Gene silencing by RNA interference (RNAi). 

Genomic or cDNA pertaining to the gene of interest was inserted into the L4440 

vector (see 2.1.3.1) and transformed into HT115 E. coli (see 2.1.1). The L4440 

vector causes HT1 15 cells to make double stranded (ds) RNA from two T7 

promoters, which when fed to C. elegans results, in gene silencing (Timmons et 

al., 2001). Single colonies, transformed with L4440 vector plus gene insert, were 

grown overnight in 5 ml 2x YT and appropriate antibiotics and 60 µl of culture 

was seeded onto RNAi plates (see 2.1.7.4) and left to dry for 24 hrs before use. 

Either synchronous Us were seeded onto RNAi plates (see 2.3.2), or second 

generation RNAi fed L4 animals were placed on RNAi plates, transferred daily 

and the resulting Fls scored for defects, total broods and percentage embryonic 

lethality. This RNAi feeding method was taken from Timmons et al. (2001). 

2.3.9 Single worm PCR. 

Single animals were picked into thin walled PCR tubes containing 2.5 µl worm 

lysis buffer and 100 µg/ml Proteinase K (see 2.1.6.1). Tubes were incubated on 

dry ice for 30 min, 5 gl of mineral oil was transferred into each tube and the 

sample was heated in a PTC-200 Peltier Thermal Cycler (MJ Research) PCR 

machine at 60°C for 1 hr followed by 95°C for 20 min. The 2.5 µl of lysed 

worms were used in a PCR reaction under standard concentrations and 

conditions (see 2.2.4). This method was taken from Williams et al. (1992). 

2.3.10 Freezing of worms for long term storage. 

Using the method described by Koelle (1998) (Koelle, 1998), plates containing 

starved Lis were used. At least 3 plates were used per strain. Animals were 

washed off plates with M9 (see 2.1.6.1), centrifuged at 1,200 rpm for 1 min and 

reduced in volume to 1 ml and 1 ml of worm freezing solution (see 2.1.6.1) was 

added, mixed and 3x 750 µl transferred into 3 cryovials. Cryovials were placed 
in a commercial isopropanol freezing container, placed in -80°C freezer and once 

frozen, stored in liquid N2. 
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3A survey of the atypical calpains of C. 

elegans. 
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3.1 The atypical calpain family of C. elegans. 
The C. elegans genome encodes fifteen calpain sequences: clp-1, -2, -3, -4, -6, - 
7, tra-3, T1 1A5.6, W04A4.4, W05G11.4, F44F1.3, F44F1.1, F47F6.9, H25P06.4 

and Y53H1B. 6, which were all identified through their homology to the calpain 

catalytic domain. The catalytic domain for each calpain is recognised by the 

protein motif search engine, Prosite. Figure 3.1 outlines the domain structure for 

fourteen of the predicted calpain proteins. F44F1.1 has been identified as a 

pseudogene by the C. elegans database, WORMBASE (www. wormbase. org, 

release WS 184,2007) and is not included in Figure 3.1. Comparison of F44F1.1 

with other calpain sequences such as F44F1.3, W05G11.4 and T11A5.6 shows 

an invalid 5' truncation in F44F1.1 (www. wormbase. org, release WS 184,2007). 

Therefore, for the remainder of this chapter only the fourteen predicted calpains 

will be discussed. Based on Figure 3.1, it is likely that CLP-1, CLP-2, CLP-4, 

TRA-3, CLP-6, CLP-7, T1 1A5.6, W05G11.4 and F44F1.3 are all proteolytically 

active calpains as they have a full length catalytic domain with an intact catalytic 

triad. 

In order to highlight the conservation between the different domains amongst C. 

elegans calpains, a protein sequence alignment comparing human CAPN 1 and 

CAPN2, and the fourteen predicted proteins from C. elegans: CLP-1, -2, -3, -4, -, 

-6, -7, TRA-3, T11A5.6, W04A4.4, W05G11.4, F44F1.3, F47F6.9, H25P06.4 

and Y53H1B. 6, was performed (Figure 3.2). Human CAPN1 and CAPN2 were 

used for comparison because they have been the most extensively studied. Figure 

3.2 shows conservation in domain II - especially surrounding, and including, the 

catalytic triad residues. Less conservation is seen in domain III and the even less 

in protein sequence outside of domains II and III. The conservation of the C. 

elegans calpains is also highlighted in Table 3-1, which compares the domains I, 

II or III for each of the C. elegans calpains with domains I, II or III of human 

CAPN2. Whilst domain II shows high conservation amongst most of the C. 

elegans calpains, there is less conservation in domain III, the C2-like domain, 

and even less in domain I. CLP-1 appears to be the most similar to human 

CAPN2 because it shows highest identity to domains I, II and III of CAPN2. 
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1HN 780 as 
CLP-1 EEL 

CLP-2 1HN 805 as 

(hCAPN7 - PaIBH) 
1iii 702 as 

CLP-3 

1CHN 716 as 
CLP-4 a 

1iiN 648 as 
TRA-3 

(hCAPN5/hCAPN6) 1HN 790 as 
CLP-6 

1CHN 778 as 
CLP-7 

1HN 718 as 
T11 A5.6 0 

(hCAPN15? ) 
1iHX 233 as 

W04A4.4 

1HN 634 as 
W05G11.4 

(hCAPN15? ) 1HN 646 as 
F44F 1.3 a 

1HX 317 as 
F47F6.9 

1HN 425 as 
H25P06.4 a 

1HN 251 as 
Y53 H1B. 6 

Figure 3.1: The predicted calpain proteins of C. elegans. 

A comparison between 14 atypical calpain protein sequences of C. elegans. The conserved 
catalytic domains are highlighted in grey, catalytic residues annotated with red arrows and 
absent catalytic residues are marked with an X. G and GE regions (baby blue) indicate 
regions rich in glycines, and glycines and glutamates respectively. The SEEL at the C- 
terminus of CLP- I indicates a possible ER target sequence. PBH is the PaIB homologous 
domain (with some domain III homology at the C-terminus), T is a TRA-3 specific C2 
domain, Zn is a zinc finger motif-containing domain and SoIH is a SOL homology 
domain. F44FI. I is not included as it is predicted to be a pseudogene by WORMBASE 
(www. wormbase. org, release WS 184,2007). 
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Results and Discussion 

C. elegans calpain Percentage 
identity to 
CAPN2 domain I 
(%)a 

Percentage 
identity to 
CAPN2 domain II 
(%)a 

Percentage 
identity to 
CAPN2 domain 
III(%)a 

CLP-1 26 54 41 

CLP-2 15 26 N/A 

CLP-3 13 42 26 

CLP-4 24 51 35 

TRA-3 32 41 25 

CLP-6 16 52 35 

CLP-7 21 53 28 

T 11 A5.6 12 26 N/A 

W05G11.4 9 28 N/A 

W04A4.4 N/A 20 20 

F44F1.3 13 20 6 

F47F6.9 N/A 20 11 

H25P06.4 N/A 22 2 

Y53H1B. 6 N/A 22 6 

Table 3-1: A comparison between domains I, II and III of calpains of C. elegans and 

domains I, II and III of human CAPN2. 

Domain sequences were taken from alignment information in Figure 3.2. 
N/A - not applicable because domains are either not present or are substituted for an 
alternative domain. 
Percentage identities were calculated between each C. elegans calpain domain I, II or III 
and domain I, II or III of human CAPN2, using ClustaiW version 1.83. 
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Results and Discussion 

Figure 3.1 and Figure 3.2 show that the predicted calpains CLP-3, W04A4.4, 

F47F6.9, H25P06.4 and Y53H1B. 6 are unlikely to have a proteolytically active 

catalytic domain because they either do not have all three catalytic residues 

and/or they have a severely truncated catalytic domain. CLP-3 has comparatively 
high sequence identity to the human CAPN2 catalytic domain and also shows 

sequence similarity to domain III, but lacks the three catalytic residues required 
for proteolytic activity (Table 3-1). Therefore, CLP-3 might bind similar 

substrates as other C. elegans calpains but be unable to proteolytically cleave 

these substrates. This could make CLP-3 a regulator of calpain proteolytic 

activity. 

Figure 3.1 also highlights the sub-domains, IIa and IIb of the catalytic domain of 

calpains (Moldoveanu et al., 2002). In human CAPN2 it has been shown that in 

the absence of Ca2+ these two sub-domains are unable to form the active site 

required for proteolytic activity. However, binding of Ca2+ to the catalytic 

domain brings the two catalytic sub-domains close together in three dimensional 

space, which forms a proteolytically active site (Moldoveanu et al., 2002). The 

binding of Ca2+ to the catalytic domain is predicted to confer the Cal' 

dependence of calpain proteolytic activity. Ca2+ binding is predicted to require 

seven conserved residues within the catalytic domain (Moldoveanu et al., 2002). 

Examination of the protein sequence alignment performed in Figure 3.2 shows 

that these are completely conserved in the C. elegans calpains CLP-1, CLP-4, 

CLP-6 and CLP-7 and are partly conserved in CLP-2, CLP-3, TRA-3, T11A5.6, 

W05G11.4, H25P06.4 and Y53H1B. 6 (Moldoveanu et al., 2002). The 

conservation of these Ca2+ coordinating residues would suggest that the 

proteolytic activity of some of the C. elegans calpains is dependent on Ca2+ 

binding to the catalytic domain, similar to human CAPN2. Previously it has been 

suggested that atypical calpains might not display Ca2+ dependent activity 

because they do not have a domain that contains EF hands; however, the 

conservation of these Ca2+ binding residues in the catalytic domain of C. elegans 

atypical calpains might argue against this point. 

In addition to comparing the conservation of C. elegans calpain domains to the 

conserved domains found in typical calpains I also examined the alternative 
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domains that are found in atypical calpains. C. elegans calpains display a diverse 

array of alternative domains, most of which have been identified in other 

eukaryotes. For instance: TRA-3 has an extra C2 domain at domain IV, termed a 

T domain; CLP-2 contains a microtubule interacting domain (MIT) at its N- 

terminus and a Pa1B homologous (PBH) domain at its C-terminus; and T11A5.6 

contains a zinc finger domain at its N-terminus and a So1H domain at its C- 

terminus (Figure 3.1) (Barnes and Hodgkin, 1996; Futai et al., 2001; Kamei et 

al., 1998). CLP-1 and CLP-7 do not have a domain IV; however they do contain 

an extended region upstream of domain I that is either rich in glycine (CLP-1), or 

glycine and glutamate (CLP-7). Glycine rich regions are also present in domain 

V of CSS 1 and CSS2, and domain V has previously been described as an 

unstructured domain (Goll et al., 2003). Therefore, I speculate that domain V of 

CSS 1 and CSS2 might have originally been part of the same protein, in a 

conformation similar to that observed in CLP-1 and CLP-7. 

The presence of alternative domains in C. elegans calpains could highlight the 

conservation of specific atypical calpains across eukaryotes. For instance, C. 

elegans CLP-2 and human CAPN7 are closely related because they both contain 

an MIT and PBH domain. In fact, CLP-2/CAPN7 specific homologues, which 

carry both an MIT and PBH domain, are found in other eukaryotes, such as A. 

nidulans and S. cerevisiae (Denison et al., 1995; Futai et al., 2001). The T 

domain, present in TRA-3, is also found in human CAPN5 and CAPN6; TRA-3 

shows 37% and 33% sequence identity, respectively, to CAPN5 and CAPN6, 

which is greater than that found for the other human calpains (Waghray et al., 

2004). The SolH domain present in T11A5.6 and W05G11.4 is also found in 

human CAPN15 and D. melanogaster CALPD (Delaney et al., 1991; Kamei et 

al., 1998). In addition, T11A5.6, CAPN15 and CALPD contain zinc finger 

motifs at their N-terminus; CAPN15 and CALPD contain six zinc motifs, whilst 

T11A5.6 only contains one (Delaney et al., 1991; Kamei et al., 1998). To date, 

only one atypical calpain, which contains a SolH domain, has been found per 

organism, thus the identification of potential SolH paralogues in C. elegans is 

novel. 
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To summarise the divergence between the different members of the calpain 
family a phylogenetic tree of the calpains from humans, D. melanogaster and C. 

elegans is shown in Figure 3.3. The phylogenetic tree has been rooted using the 

calpain-like protein, TPR- 1, identified in the prokaryotic organism P. gingivalis. 

TPR-1 is predicted to be the prokaryotic calpain precursor (Bourgeau et al., 

1992; Sorimachi and Suzuki, 2001). The tree is approximately divided into the 

two calpain sub-families; typical and atypical. The tree also identifies the 

conservation of specific atypical calpains between C. elegans, D. melanogaster 

and humans, which is discussed above. For instance, CLP-2 and CAPN7 are 

present on a separate branch, and are evolutionary closest to the calpain-like 

protein, TPR-1. So1H domain containing proteins such as CAPN15, CALPD, 

T11A5.6 and W05G11.4 are grouped and TRA-3, CAPN5 and CAPN6 also 

cluster. C. elegans calpains that show extended conservation in domain II and 

domain III (CLP-3, CLP-4, CLP-6 and CLP-7) are also grouped. CLP-1 appears 

to be the most closely related to typical calpains of humans and D. melanogaster. 

This is in agreement with comparisons between the domains of CLP-1 and 

human CAPN2, shown in Table 3-1. Notice also the C. elegans calpains 

W04A4.4, F47F6.9, H25P06.4 and Y53H1B. 6, which lack regions of their 

catalytic domain, form an isolated cluster. In summary, the calpain family of C. 

elegans represents a diverse group of proteins, which are likely to perform many 

different functions. 
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Figure 3.3: Phylogenetic tree analysis of calpains. 

The phylogenetic relationship between the calpains from C. elegans (Ce), D. 

melanogaster (Dm) and H. sapiens (Hs). The tree is approximately divided into the two 
subfamilies: atypical (red line) and typical (blue line). Protein sequences were aligned 
using ClustalW version 1.83, and the tree was bootstrapped using Phylip version 3.67 (100 
iterations). The tree was rooted using the calpain like protein, TPR-l, from the prokaryotic 
organism, Porphyromonas gingivalis (Pg). Bootstrap values are indicated at each branch 

point. 
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3.2 Atypical calpain RNAi. 

3.2.1 Calpain RNAi causes no obvious phenotypes. 

To establish a functional role for the atypical calpains in C. elegans, I used the 

technique known as RNA mediated interference (RNAi). RNAi is a process 

whereby short double stranded RNA molecules that are identical to a specific 

target gene are used to `knockdown' the endogenous levels of mRNA and 

consequently decrease protein levels. Thus, it is possible to evaluate the effect of 

`knocking down' a particular protein without the need of a null mutation. RNAi 

techniques exist in many eukaryotic systems. In mammals small interfering RNA 

molecules (siRNAs) specific to the gene of interest must be synthesised (Samuel, 

2001). However, in C. elegans it is possible to use long dsRNA sequences (- 300 

bp - 1000 bp), which are then processed by C. elegans into siRNA type 

molecules (Reviewed in Joyce et al., 2006). Conveniently, there are three ways to 

administer dsRNA into C. elegans: 1) animals can be soaked in a solution 

containing dsRNA; 2), bacteria overexpressing dsRNA from T7 promoters can 

be fed to animals on NGM single peptone plates (termed 'RNAi feeding'); or, 3), 

dsRNA solutions can be introduced into animals using microinjection (Fire et al., 

1998; Tabara et al., 1998; Timmons and Fire, 1998). RNAi feeding was 

employed here because of the ease and efficiency at which many different RNAi 

constructs can be examined. RNAi feeding constructs were created for calpains 

CLP-1 to CLP-7 and T11A5.6, W04A4.4, W05G11.4, F44F1.3 and F44F1.1 (see 

2.2.17.1). An F44F1.1 RNAi feeding construct was created and RNAi feeding 

performed before F44F1.1 was identified as a pseudogene. Feeding RNAi was 

not performed for F47F6.9, H25P06.4 and Y53H1B. 6. 

N2 wildtype and RNAi sensitive, rrf-3(pk1426) L4 animals were fed with HT 115 

bacteria expressing calpain dsRNA (see 2.3.8). rrf-3(pk1426) animals are 

hypersensitive to RNAi because RRF-3, an RNA dependent RNA polymerase 

(RdRP), is predicted to compete with components of the RNAi machinery and 

thus inhibit RNAi (Sijen et al., 2001; Simmer et al., 2002). F1 animals produced 

within the first 24 hours after PO animals were fed E. coli expressing dsRNA 

were not examined because embryos produced during this time were not exposed 
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to the full effect of RNAi. F1 animals were examined for obvious motility or 

morphological defects. In order to assess motility defects, animals were tapped 

on both the anterior and posterior to see if animals moved away. In both N2 

wildtype and rrf-3(pk1426) strains none of the RNAi for the twelve predicted 

calpains examined here, exhibited any obvious motility or morphological defects. 

To ensure the feeding RNAi protocol was effective, unc-22(RNAi) was 

performed. As expected, unc-22(RNAi) caused a proportion of animals to twitch. 

This showed that the feeding RNAi technique was functional. As mentioned 

earlier, RNAi constructs for F47F6.9, H25P06.4 and Y53H1B. 6 were not 

created, so it remains to be seen if RNAi on these calpains would result in an 

obvious defect. tra-3(RNAi) did not exhibit obvious phenotypes despite null 

mutations in tra-3 result in a pseudomale phenotype in XX hermaphrodites 

(Hodgkin and Brenner, 1977). 

3.2.2 Calpain RNAi does not affect brood size or cause 

embryonic lethality. 

I next sought to examine if calpain RNAi affected either brood size or caused 

embryonic lethality. Transgenerational feeding RNAi was performed using LA 

animals, which had experienced at least two generations of feeding RNAi; these 

animals were transferred every 24 hours onto fresh RNAi plates (see 2.3.8) until 

they stopped producing embryos. Brood size and embryonic lethality were 

scored for each of the twelve calpain RNAi feeding constructs (see 2.3.8); 

however, no differences were observed when compared to N2 wildtype animals 

fed on HT 115 bacteria (Table 3-2). As mentioned in 3.2.1, tra-3 null mutations 

cause a pseudomale phenotype (Hodgkin and Brenner, 1977). A weak mutation 

in tra-3 (tra-3(e2333)) that truncates the T domain, causes the germ line to be 

partially masculinised, which is displayed as an increase in sperm number 

(Hodgkin and Barnes, 1991; Sokol and Kuwabara, unpublished data). Because 

sperm is limited in fertile XX hermaphrodites, an increase in sperm number leads 

to an increase in brood size. 
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Calpain RNAi n Brood size 
Percentage embryonic 
lethality 

clp-1 10 292: k 10 0±0% 

clp-2 9 293 ± 21 0±0% 

clp-3 8 302 ± 10 0±0% 

clp-4 8 312 ± 14 0±0% 

tra-3 10 287 ± 13 0±0% 

clp-6 10 314±5 0±0% 

clp-7 9 288 ± 11 0±0% 

T11A5.6 4 312± 11 0±0% 

W04A4.4 10 297 ± 14 0±0% 

W05G 11.4 9 298 ± 17 0±0% 

F44F1.3 7 271 ± 21 0±0% 

F44F1.1 10 278 ± 15 0±0% 

N2 wildtype a 10 287 ±8 0±0% 

Table 3-2: Calpain RNAi feeding effects on brood size and percentage embryonic lethality. 

N2 wildtype animals were fed on HT115 E. coli. n represents the number of broods 

counted. Error is ± standard error of the mean (SEM). This data is the combination of two 
independent RNAi experiments, where n is <_ 5 for each experiment (except in the case of 
Ti 1A5.6). 
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I did not see either the pseudomale phenotype or an affect on brood size with tra- 

3(RNAi). 

Since the family of calpains in C. elegans is large, it is possible that there is 

genetic redundancy that might prevent RNAi of single calpains causing obvious 
defects. There is also the possibility that calpain RNAi might not be effective at 

producing a neuronal phenotype (Timmons et al., 2001). Alternatively, the 

calpains might not play a major role in C. elegans and thus an absence would not 

cause any defects. 

3.2.3 Combinatorial RNAi does not reveal any obvious defects. 

To investigate the possibility that there is functional redundancy amongst 

members of the calpain family in C. elegans, I created two RNAi feeding 

constructs; pPJ-49 and pPJ-50 (see 2.2.17.1). pPJ-49 encodes genomic DNA for 

clp-1 and clp-4, whilst pPJ-50 encodes genomic DNA for clp-4 and clp-7. These 

two combinations for double RNAi were chosen because of similar tissue 

expression patterns from their respective promoters (described later in this 

chapter). Both constructs were used to perform feeding RNAi on N2 wildtype 

and the RNAi sensitive strain eri-1(mg366); lin-15B(n744). eri-1(mg366); lin- 

15B(n744) has been shown to enhance the RNAi response (Wang et al., 2005). 

eri-1 encodes an exonuclease that is predicted to partially degrade siRNAs - the 

effectors of the RNAi response - and prevent their incorporation into the RNAi 

machinery. Without ERI-1, some of the inhibition on the endogenous RNAi 

response is removed and thus eri-1(mg366) animals display increased sensitivity 

to RNAi (Kennedy et al., 2004). lin-15B encodes a component of the 

Retinoblastoma (Rb) complex in C. elegans. The role of LIN-15B in RNAi is 

complex and among the possible hypotheses is the idea that LIN-15B and other 

components of the Rb complex use machinery from the RNAi pathway in the 

chromatin silencing pathway, thus the two pathways are in direct competition. 
Therefore, mutations in the Rb pathway could alleviate the competition, making 

machinery more available to the RNAi pathway (Kennedy et al., 2004). When 

eri-1(mg366) is combined with lin-15B(n744) an even greater sensitivity to 

RNAi is seen, which suggests that the two proteins do not operate in the same 
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pathway (Kennedy et al., 2004). Feeding RNAi with either pPJ-49 or pPJ-50 did 

not cause any obvious movement or morphological defects in either N2 or eri- 
1(mg366); lin-1 SB(n744) animals. 

3.3 Analysis of calpain mutants. 

3.3.1 clp-1 mutants. 

I obtained two strains with mutations in clp-1 from the National Bioresource 

Project in Japan, which are called clp-1(tm690) and clp-1(m858). To verify the 

nature of the mutation in each of these mutants I sequenced PCR products 

generated from primers PK724 and PK725 (see 8.1) for the clp-1(tm690) strain 

and primers PK707 and PK708 (see 8.1) for the clp-1(tm858) strain. The 

sequencing results showed that clp-1(tm690) has a 624 bp deletion, which is 

predicted to create a frame-shift at A(460), producing a truncated protein of 493 

amino acids in length (Figure 3.4). clp-1(tm690) is likely to express a non- 

functional CLP-1 protein because two of the three catalytic residues are deleted. 

The clp-1(tm858) strain has both an insertion and a deletion. 11 thymines are 

inserted, followed by a 407 bp deletion. This produces a predicted insertion of 

VFFF after M(206) and an in frame deletion of 121 amino acids, which entirely 

removes domain I and some protein upstream of domain I (Figure 3.4). c1p- 

1(tm858) might still express a functional protein because the catalytic domain 

and domain III remain intact. 

The clp-1(tm690) and clp-1(tm858) mutants did not display any obvious 

movement or morphological defects. When performing crosses involving clp-1 

mutations single worm PCR was used to verify the presence of each deletion (see 

2.3.9). In case either clp-1 allele is hypomorphic, i. e. the expressed CLP-1 

functions at a reduced efficiency, both clp-1 alleles were heterozygosed in trans 

with the nDJ20 chromosomal III deficiency that spans the c1p-1 locus. Trans- 

heterozygous animals carrying the nDf20 in trans with either clp-1(tm690) or 

clp-1(tm858) appear wildtype. 
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C06G4.2a. 1 (CLP-1) 

1111 Aso as 

lib Ila III 

C 493 as 

GI Ila 4 clp-1(tm690) 

Deletion of 624 bp after A(460) causes 
a frameshift and premature termination. 

11HN 662 as 
G Ila Ilb III clp-1(tm858) 

T 

Inframe deletion/insertion 

Figure 3.4: Characterisation of alleles of clp-1 - clp-1(tm690) and clp-1(tm858). 

The conserved catalytic domain is highlighted grey, subdivided into domains IIa and IIb. 
Boxes labelled `G' (baby blue) are rich in glycines, catalytic residues are highlighted with 
red arrows. 

T04A8.16 (CLP-2) 

as 

TO insertion 
(1612 bp) 

Figure 3.5: The clp-2(pk323) allele. 

The conserved catalytic domain is highlighted grey, subdivided into domains IIa and IIb. 
The Tc I insertion (red) inserts after domain II disrupting the PBH domain. 
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3.3.2 NL772 - clp-2(pk323)III. 

A mutation in clp-2 was previously isolated by Patty Kuwabara by screening the 

Plasterk Tcl insertion library (Zwaal et al., 1993). The 1612 bp Tcl insertion in 

clp-2 is predicted to be after 1-538 and disrupts the PBH domain (Figure 3.5). 

Since the PBH domain is likely to be required for the specific function of CLP-2 

one might expect a disruption in CLP-2 activity. However, the predicted CLP-2 

protein still contains the entire catalytic domain. In order to remove any 

additional Tel insertional mutations, clp-2(pk323) was out-crossed twice with 

N2 wildtype and re-isolated using primers PK467 and Tc1R (see 8.1) and single 

worm PCR (see 2.3.9). Out-crossed clp-2(pk323) animals did not exhibit any 

obvious movement or morphological phenotypes. 

3.3.3 Combining clp-1 mutations with clp-2(pk323)III. 

To investigate the possibility that functional redundancy exists between clp-1 and 

clp-2, I generated the strains unc-32(e189) clp-1(tm690) clp-2(pk323) and unc- 

32(e189) clp-1(tm858) clp-2(pk323); neither exhibited any obvious phenotypes. 

However, because the clp-1 alleles were marked with the unc-32(e189) allele, 

which causes animals to display an uncoordinated phenotype, it would be 

difficult to detect any additional motility defects associated with inactivation of 

clp-1 and clp-2. Ideally the unc-32(e189) allele should have been removed from 

these strains. Removal of unc-32(e189) was attempted twice but since unc-32 

was 0.45 cM away from clp-1, and clp-1 was 2.4 cM away from clp-2 on 

chromosome III, processing and isolation of double clp-1 clp-2 mutants was 

difficult and unsuccessful. 

3.4 Transcriptional expression of calpains CLP-1 to CLP- 

7. 

3.4.1 Five calpains show transcriptional expression. 

In order to characterise the calpain family further, I created transcriptional 

promoter expression constructs for each of the calpains, clp-1 to clp-7. A putative 
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3 kB promoter for each of the calpains was used to drive expression of mRFP, so 

that one could visualise the tissues in which each of the calpain promoters is 

active. I limited it to these calpains as they encode full length calpain protein 

with high degrees of similarity in domains I, II and III (except CLP-2 which has 

a PBH domain instead of domain III). It might prove useful in future to also 

examine the promoter functionality of T11A5.6, W05G11.4 and F44F1.3 as they 

contain an entire calpain catalytic domain, and also W04A4.4, F47F6.9, 

H25P06.4 and Y53H1B. 6 to see if they have active promoters (see Figure 3.1). 

The promoter expression vector used was pPJ-1, which was derived from 

pPD112.56. pPJ-1 expresses mRFP in place of S65C GFP, but it still contains 

four SV40 nuclear localisation signals (NLS) (see 2.2.17.2). The NLS sequences 

target and concentrate the GFP or mRFP to the nucleus, which aids detection 

when expression levels are low. mRFP was substituted for GFP for two reasons. 

Firstly, the intestine of C. elegans contains lipofuscin granules that auto- 

fluoresce at the same wavelength of fluorescence emission of GFP (Clokey and 

Jacobson, 1986; Klass, 1977). Secondly, the use of mRFP makes it possible to 

co-localise with tissue specific reporters that express GFP. 

Promoter sequences from directly upstream of the calpain translational start sites 

were used to drive expression of mRFP (see 2.2.17.2). Each of the constructs 

(pPJ-2, pPJ-3, pPJ-4, pPJ-5, pPJ-6, pPJ-7, or pPJ-8) was microinjected into N2 

wildtype animals and at least two stable lines were generated per construct. It 

should be noted that the expression patterns for tra-3 and clp-1, have already 

been shown (Sokol and Kuwabara, unpublished data; Syntichaki et al., 2002). 

tra-3 is expressed in the intestine, neurons and hypodermal cells and clp-1 is 

expressed in neurons, muscle, hypodermal cells and intestinal cells. It is repeated 

here so that I could gain a thorough understanding of the entire calpain family of 

C. elegans and how they might relate to one another. 

Five of the calpains promoters, clp-1, -2, -4, -7, and tra-3 were active in many 

tissues (Figure 3.6). clp-3 and clp-6 did not show promoter activity. According to 

the C. elegans database, WORMBASE (www. wormbase. org, release WS 184, 

2007), two partial expressed sequence tags (ESTs) have been identified for clp-3, 

and one for clp-6 (Table 3-3). 1 was also unable to amplify cDNA for either clp- 
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3, using primers PK603 and PK604 to generate a predicted 508 bp product, or 

clp-6, using primers PK605 and PK606 to generate a predicted 561 bp product. 

In addition, clp-3 lacks the three catalytic residues required for calpain activity, 

and clp-6 lies directly upstream of clp-7 in the C. elegans genome. Therefore, 

there is a possibility that clp-3 is a pseudogene and clp-6 is an inactive paralogue 

of clp-7. Table 3-3 summarises EST, splice variant and cDNA information for all 

of the predicted calpains except F44F1.1. As shown in Table 3-3, splice variants 

have only been detected for clp-1 and clp-4. 

The expression patterns of clp-1, -2, -4, -7 and tra-3 are distinct (Figure 3.6). 

None of the calpain promoters showed activity in the germ line; however, this is 

probably due to the phenomenon of germ line silencing, which occurs when 

using high copy number extrachromosomal arrays (Kelly et al., 1997). The 

promoter of clp-1 showed activity in many tissue types, with particularly high 

activity in the head. The promoter of clp-2 only showed activity in the intestine. 

The promoters of clp-4 and clp-7 expressed mRFP in similar tissues; promoter 

activity was not as strong or as widespread as clp-1, especially in the head. The 

promoter of tra-3 also showed activity throughout the animal, and exhibited 

particularly strong expression in the two intestinal nuclei located behind the bulb 

of the pharynx. 

Expression variability can exist for reporter constructs transformed into C. 

elegans due to the phenomenon of mosaic expression. Reporter and marker DNA 

form large complex arrays that are extrachromosomal, and so the array can be 

lost during cell division (Kelly et al., 1997). Therefore, a transformed animal will 

show mosaic expression of the reporter, as only a subset of somatic cells will 

carry the array. Due to mosaic expression it was necessary to verify the 

expression patterns for each calpain promoter in many animals. In addition, at 

least two independent transgenic lines were examined for each calpain reporter to 

ensure the expression pattern for each calpain promoter was consistent. To 

ensure expression of arrays in all somatic cells it is possible to integrate the 

extrachromosomal array into the C. elegans genome. Chromosomal integration is 

performed using the method described in 2.3.4, but was not used here because 

integration of all five calpain reporters would have been time consuming. 
111 



Results and Discussion 

Calpain Predicted no. of 
splice variants a 

No. of ESTs b cDNA 
confirmation 

clp-1 4 30 Yes °+ 

clp-2 1 8 Yes c+d 

clp-3 1 2 No c 

clp-4 2 19 Yes 

tra-3 1 10 Yes d 

clp-6 1 1 No c 

clp-7 1 26 Yes c+d 

T11A5.6 1 0 NT 

W04A4.4 1 0 NT 

W05G 11.4 1 1 NT 

F44F 1.3 1 0 NT 

F47F6.9 1 0 NT 

H25P06.4 1 0 NT 

Y53H1B. 6 1 0 NT 

Table 3-3: Predicted number of splice variants and ESTs for each C. elegans calpain. 

Information obtained from WORMBASE (www. wormbase. org, release WS 184,2007). 
b Information obtained from WORMBASE (www. wormbase. org, release WS184,2007) 
and ESTs created by Yuji Kohara. 

cDNA presence confirmed using RT-PCR. 
d cDNA presence confirmed from cDNAs obtained from Yuji Kohara. NT = not tested. 
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A 

rcID 

NLS:: mRFP 

Figure 3.6: Five calpains show promoter activity 

A) The P,.,,,: NLS:: mrfp expression construct (pPJ-1) used for each calpain. The 4 NLSs are 
shown in grey and mRFP shown in red. -3 kB promoters are cloned upstream of the 
NLS:: mrfp in a multiple cloning site (MCS). 
B-F) Promoter expression patterns of entire adult animals for the different calpains. 
Nomarski DIC photos shown on the left, mRFP fluorescence on the right. Calpains are as 
follows: B) P,. I,, _,: 

NLS:: mrfp (pPJ-2 - PK2206), C) P,. 11, _2: 
NLS:: mrfp (pPJ-3 - PK2231), D) 

P(. j,, _4: 
NLS:: mrfp (pPJ-5 - PK2214), E) P,,,, 

_i: 
NLS:: mrfp (pPJ-6 - PK221 1), F) P,. 11, _ 

7: NLS:: mrfp (pPJ-8 - PK220I ). Scale bar is 50 µM. 
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3.4.2 The five calpains have promoters that are active 

throughout development. 

Having shown that five of the seven calpain promoters are active in adult 

animals, I next sought to identify whether promoter expression varied 

temporally. Animals from larval stages L1 through to L4 were analysed for each 

calpain reporter. Each of the calpain promoters showed activity throughout 

development and Figure 3.7 shows some examples of the expression patterns for 

each calpain promoters at different larval stages. In addition, Table 3-5 

summarises the promoter expression patterns of calpains clp-1 to clp-7, which 

will be discussed in detail below. 

3.4.3 Tissue specific GFP reporters aid in identifying the tissue 

localisation of calpain promoter expression reporters. 

In order to fully characterise the cells showing calpain promoter activity, I took 

advantage of tissue specific GFP reporters available in the C. elegans 

community. Apart from the promoter of clp-2, whose expression appeared to be 

solely in the intestine, the promoters of clp-1, -4, -7 and tra-3 showed activity in 

multiple tissues. Co-localisation studies were simplified because both the tissue 

specific GFP reporters and Pcalpain:: mRFP reporters were targeted to the 

nucleus. Table 3-4 shows the expression patterns of the tissue specific GFP 

markers used in this study. 

Each of the tissue specific GFP reporter strains were mated with one transgenic 

line of each calpain promoter expression reporter; clp-1, -4, -7 and tra-3 (strains 

PK2206, PK2214, PK2211, PK2201 respectively). However, the strains carrying 

the calpain promoter reporter extrachromosomal arrays were not integrated, 

therefore double mutants carrying tissue specific GFP reporters and 

Pcalpain:: mRFP reporters had to be continually maintained. 
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Figure 3.7: Five calpains have promoters that are active throughout development. 

A-E) Promoter expression patterns of calpains at different larval stages. Nomarski DIC 

photos shown on the left, mRFP fluorescence on the right. Calpains are as follows: A) L2 
larvae expressing P, r, -,: 

NLS:: mrfp (PK2206), B) L3 larvae expressing Pc,, 2: NLS:: mrfp 
(PK2231), C) L4 larvae expressing PCj 4: NLS:: mrfp (PK2214), D) L2 larvae expressing 
P,,. o_3: NLS:: mrfp (PK2211), E) LI larvae expressing Pcj 7: NLS:: mrfp (PK2201). Scale bar 
is 10 µM. 
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Following the generation of strains carrying both tissue specific GFP reporters 

and Pcalpain:: mRFP expression reporters, I examined a number of animals for 

reporter co-localisation. Due to the mosaic expression of non-integrated 

reporters, it was not possible to state with certainty that the transcriptional 

expression pattern of a calpain promoter did not co-localise with a specific GFP 

reporter. 

3.4.3.1 Calpain promoter activity in neurons. 

To examine if calpain promoters are active in neurons, both P,,,, c. 47: gfp (EG1285) 

and Punc-119:: gfp (IM19) were used. The UNC-47 protein encodes a 

transmembrane vesicular GABA transporter and is only expressed in the 

GABAergic neurons of the ventral nerve cord (McIntire et al., 1997). UNC-119 

encodes a protein predicted to be involved in axonal signal transduction and is 

expressed in all neurons (Knobel et al., 2001; Maduro and Pilgrim, 1995). The 

reason for using both reporters was because animals expressing the Punc- 

119:: gfp reporter show very strong expression of GFP throughout the animal and 

expression is especially bright in the head. Thus, to visualise co-localisation with 

Punc-119:: gfp might have proven difficult. The P,,,, c-47: gfp reporter, however, 

only highlights nineteen ventral neurons in adults, and so co-localisation would 

have been easier to visualise (McIntire et al., 1997). As it turned out, Punc-47: gfp 

and Punc-119:: gfp were both used; Punc-119:: gfp to highlight both ventral and 

dorsal neurons and Pu�c47: gfp to verify ventral nerve cord expression. All of the 

calpain promoters analysed, clp-1, -4, -7 and tra-3, showed neuronal expression 

(Figure 3.8 and Figure 3.9). The clp-1 promoter showed the most widespread 

expression, including the dorsal and ventral nerve cords (Figure 3.8 A and Figure 

3.9 A). The clp-4 promoter showed expression in the ventral and dorsal nerve 

cords (Figure 3.8 B). The c1p-7 promoter only showed expression in the ventral 

nerve cord (Figure 3.8 D and Figure 3.9 Q. In the case of the tra-3 promoter, 

mRFP driven expression was seen in the ventral nerve cord using the Punc- 

119:: gfp reporter (Figure 3.8 C), but co-localisation was not seen with the Pu�c- 

47: gfp reporter.. 
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GFP tissue 

specific reporter 

Expression 

location 

Appearance Reference 

IM 19 - urls13 All neuronal cells. Lim, 1999 

[Punc-119:: GFP 

(IM#175; rol- 

6(su1006)] 

EG 1285 - lin- GABA ergic McIntire, 1997 

15(n765); oxls12 neurons of the 

[P,,,,,. _47: 
GFP + lin- ventral nerve 

15(+)] X cord. 

JR667 - unc-119 Seam cells. Terns, 1997 

(e2498:: Tc 1) III; 

wIs5l [P.,,.,,,:: GFP 

(seam cell) + unc- 

119(+)] 

HC46 - cc1s4215 

[Pmyo-3:: GFP- 

Muscle cells 

(except 

Fire, 1998 

NLS] I pharyngeal 

muscles). 

UG756 - bg1s312 

[excretory cell 

The excretory 

cell. 

Devgen 

GFP] 

Table 3-4: The tissue specific GFP reporters used in co-localisation studies. 

A table summarising the name, location, appearance and origin of each tissue specific 
GFP reporter strain used in co-localisation studies with animals expressing calpain 
reporters. 
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A 

B 

D 

Figure 3.8: Neuronal expression of calpain promoters. 

Co-localisation of Punc-119:: gfp with calpain promoter reporters. Punc-119:: gfp is shown 
in green, calpain reporter is shown in red. Co-localisation is shown in right panels in 
yellow. Scale bar is 10 l. M. 
A) P,,,,.,: NLS:: mrfp (PK2206) in red. i) Shows ventral nerve cord co-localisation and ii) 
shows dorsal nerve cord co-localisation. Dorsal neuron is highlighted with white arrow. 
B) P,. 1/,. 4: NLS:: mrfp (PK2214) in red. Shows ventral and dorsal neuron co-localisation. 
Dorsal neuron is highlighted with white arrow. 
C) P,,,, 

_i: 
NLS:: mrfp (PK221 I) in red. Co-localisation only in the ventral nerve cord. 

D) P,. 1,, _7: 
NLS:: mrfp (PK220I) in red. Co-localisation only in the ventral nerve cord. 
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A 

B 

C 

Figure 3.9: Calpain promoter activity in the ventral nerve cord. 

Co-localisation of P�n,. 
_47: gfp with calpain promoter reporters. P,,,,,. 

_47: gfp is shown in green, 
calpain reporter is shown in red. Co-localisation is shown in right panels in yellow. Scale 
bar is 10µM. 
A) P,. 1,, _r: 

NLS:: mrfp (PK2206) in red. 
B) Pi. 1,,. 4: NLS:: mrfp (PK2214) in red. 
C) P,.,,, 

_7: 
NLS:: mrfp (PK2201) in red. 

119 



Results and Discussion 

3.4.3.2 Calpain promoter activity in body wall muscle. 

The Pmyo-3:: gfp-NLS (HC46) reporter was used to identify body wall muscle. 

myo-3 encodes the myosin heavy chain A (MHC A) and is expressed in all 

muscle cells outside of the pharynx (Miller et al., 1986). The promoters of clp-1 

and clp-4 were the only calpain promoters to drive mRFP expression that co- 

localised with the Pmyo-3:: gfp-NLS reporter (Figure 3.10 A and B). It was noted 

that the Pmyo-3:: gfp-NLS reporter was detected in the nucleoplasm whereas the 

Pcalpain:: mRFP reporters were mostly found in the nucleolus. This difference in 

expression pattern could occur because the single NLS present on the Pmyo- 

3:: gfp-NLS reporter allowed some GFP to leak out of the nucleolus. 

3.4.3.3 Calpain promoter activity in the seam cells. 

To identify the seam cell the Pscm: g fp (JR667) reporter was used. The identity of 

the promoter that allows for marking of the seam cells is unknown (Terns et al., 

1997). Seam cells are one of three types of epidermal cell in C. elegans that are 

involved in producing alae, which are the linear ridges that run along the length 

of L1, dauer and adult stage animals. The promoter of clp-7 was the only calpain 

promoter whose mRFP expression activity co-localised with the Pscm: gfp reporter 

(Figure 3.10 Q. 

3.4.3.4 Calpain promoter activity in the excretory cell. 

To identify the excretory cell, the excretory cell GFP (UG756) reporter was used. 
We received this reporter from Devgen (proprietary not disclosed). Co- 

localisation was seen with the promoters of clp-4, tra-3 and clp-7 but not clp-1 
(Figure 3.11). 

3.4.3.5 Calpain promoter activity in the intestine, hypoderm, and 

vulva. 

In addition to using co-localisation markers, I also closely examined the calpain 

reporters for expression in other tissues. The promoters of clp-1, -2, -7 and tra-3, 

but not clp-4, each showed activity in the intestine (Figure 3.12 A, B and C). 

Intestinal expression of CLP-1:: GFP from the clp-1 promoter is shown in Figure 

3.12 F. In addition, the tra-3 and clp-7 promoters each caused mRFP to be 
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A 

B 

C 

Figure 3.10: Calpain promoter activity in the body wall muscle and seam cells. 

Co-localisation of Pmyo-3:: gfp-NLS and P, c,,,: gfp with calpain promoter reporters. Pmyo- 
3:: gfp-NLS and Pxn,: gfp are shown in green, calpain reporter is shown in red. Co- 
localisation is shown in right panels in yellow. Scale bar is 10 PM. 
A) P,,,, 

_,: 
NLS:: mrfp in red (PK2206), Pmyo-3:: gfp-NLS in green. 

B) P, 11,. 4: NLS:: mrfp in red (PK2214), Pmyo-3:: gfp-NLS in green. 
C) P,.,,, 

_7: 
NLS:: mrfp in red (PK2201), Pc, �: gfp in green. 
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A 

B 

C 

Figure 3.11: Calpain promoter activity in the excretory cell. 

Co-localisation of excretory cell GFP with calpain promoter reporters. Excretory cell GFP 
is shown in green, calpain promoter reporter is shown in red. Co-localisation is shown in 
right panels in yellow. Scale bar is 10 µM. 
A) P,. 11, _4: 

NLS:: mrfp (PK2214) in red. 
B) P,,,, 

_ i: 
NLS:: mrfp (PK221 I) in red. 

C) P(11)_7: NLS:: mrfp (PK2201) in red. 

122 



Results and Discussion 

Figure 3.12: Calpain promoter activity in the intestine, vulva and hypoderm. 

A-C) Calpain promoter activity in the intestine. Nomarski DIC photos are overlaid with 
mRFP fluorescence for the following calpain promoters: A) P,. j,, _2: 

NLS:: mrfp (PK2231) - 
exclusively expressed in the intestine, B) P,,,, 

_3: 
NLS:: mrfp (PK221 I) - strong expression in 

two nuclei below the pharynx, as shown here, C) P,,,, 
_7: 

NLS:: mrfp (PK2201). Scale bar is 
10 µm. 
D-E) Nomarski DIC photos are overlaid with mRFP fluorescence. P,,,,..?: NLS:: mrfp 
(PK221 1) is expressed in: D) the vulva, and E) the hypoderm. 
F-G) Nomarski DIC photos are overlaid with mRFP fluorescence. P,.,,,. 7: NLS:: mrfp 
(PK2201) is expressed in: F) the vulva, and G) the hypoderm. 
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expressed in the vulva and in hypodermal cells (Figure 3.12 D, E, F and G). 

Promoter activity for clp-1 and clp-4 was also detected in the hypodermis (data 

not shown). 

3.5 Translational expression of CLP-1. 

The expression pattern for the promoter of clp-1, which is described here, is very 

similar to that reported previously (Syntichaki et al., 2002). To examine the 

expression pattern of CLP-1, a translational expression construct for CLP-1 was 

created; Pclp-1:: gfp (pPJ-83). Pclp-1:: gfp was injected into N2 wildtype animals 

and six stable lines created. When analysing the expression pattern of a gene it is 

ideal to use a genomic fragment containing the gene promoter and the full length 

gene, containing all introns, fused to gfp, because all the information for the 

particular gene should then be present. Here, clp-1 cDNA was used and thus any 

expression information encoded in introns will be missing. Therefore, expression 

of Pclp-1:: gfp might not occur in all tissues in which endogenous clp-1 is 

normally expressed. In addition, as with all high copy number extrachromosomal 

arrays, the protein expression levels are likely to be much higher than those seen 

physiologically. 

Analysis of the six independent transgenic lines expressing Pclp-1:: gfp showed 

that CLP-1:: GFP was expressed in the same cells as the clp-1 transcriptional 

promoter reporter (Figure 3.13 A). CLP-1 was expressed strongly in the 

pharyngeal muscles and nerve ring of the head (Figure 3.13 B), and was strongly 

expressed in body wall muscle, dorsal and ventral neurons and neuronal 

processes, vulva and intestine (Figure 3.13 C, D, E and F). CLP-1 appeared to be 

mostly cytoplasmic and was excluded from the nucleus. In addition, CLP-1 

localised to the processes connecting the ventral nerve cord to the body wall 

muscle, possibly suggesting a role for CLP-1 at the neuromuscular junction 

(NMJ) (Figure 3.13 D). 

After my experimental work was completed, it was found that the clp-1 cDNA 

used here, and in later experiments, carried two base substitutions, which resulted 
in the following amino acid changes: M(520)L and V(770)L. The first mutation 
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is within the catalytic domain IIb and precedes the catalytic His residue. When 

comparing the amino acid identity at position 520 to that of other calpains in C. 

elegans, leucine is the more conserved residue. The second mutation occurred at 

the end of the domain III in an area of low homology compared to other C. 

elegans or human calpains. Therefore, both of these mutations are unlikely to 

alter the proteolytic nature of CLP-1. However, the mutations might affect 

specific localisation of the CLP-1 protein, which would affect the interpretation 

of translational expression data here. 
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Figure 3.13: Translational expression of CLP-1. 

A) Pclp-1:: gfp (PK2675) is expressed throughout the animal. Scale bar is 50 µM. 
B-F) Pclp-I:: gfp (PK2675) is expressed in many somatic tissues of the animal as follows: 
B) the head - pharyngeal muscles and the nerve ring, C) body wall muscle, D) the ventral 
nerve cord and NMJs (white arrows), E) vulva, F) intestine. Scale bar is 10 µM. 
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Transcriptional 
promoter 

Muscle Neurons Intestine Hypoderm Excretory 
Cell 

Seam 
Cells 

Body Dorsal 

clp-I a wall and Yes Yes No No 
muscle 

s 
neurons 

clp-2 No No Yes b No No No 

clp-3 N/A N/A N/A N/A N/A N/A 

Body Dorsal 

clp-4 wall and No Yes Yes No 
muscle 

s 
neurons 

Ventral 
tra-3 No neurons Yes d Yes Yes No 

C 

clp-6 N/A N/A N/A N/A N/A N/A 

clp-7 No 
Ventral 

Yes Yes Yes Yes 
neurons 

Table 3-5: A summary of calpain expression patterns. 

° Expression shown with transcriptional and translational fusions. 
b Transcriptional expression is only seen in the intestine. 
°No promoter activity seen in GABAergic neurons, highlighted with EG1285. 
d Strong promoter activity seen in two intestinal cells directly below the pharynx. 
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3.6 Discussion 

3.6.1 The functional redundancy of the C. elegans calpain 
family. 

The work performed in this chapter might suggest that the calpains of C. elegans 

are functionally redundant. This is supported by: 1) RNAi on 12 calpains did not 

produce any obvious defects in morphology, motility or fertility, even when 

using a strain that is hypersensitive to the effects of RNAi (see 3.2.1); 2) dual 

RNAi of clp-1 and clp-4, or clp-4 and clp-7 did not cause any obvious defects 

(see 3.2.3); 3) three calpain mutants did not display any obvious phenotypes; 4) 

examination of the expression patterns of the clp-1, -2, -4, -7 and tra-3 promoters 

revealed that many of these calpains are likely to be expressed in the same 

tissues. For example, the promoters of clp-1, -2, -7 and tra-3 each display 

activity in the intestine (see Figure 3.12). This would suggest that, within the 

same tissue, one calpain could compensate for an inactivated calpain. The 

functional redundancy of calpains is also supported by research into mammalian 

CAPN1. This research found that mice carrying mutations in capnl do not 

display any obvious defects in development. Although CAPN1 has previously 

been implicated in platelet function, despite there being defects in platelet 

aggregation in capnl -/- mice, the bleeding times remained normal (Anagli et al., 

1993; Azam et al., 2001). Azam et al. (2001), therefore, suggested that CAPN2 

might compensate for a lack of CAPN1 activity. 

3.6.1.1 Was calpain RNAi effective? 

Functional redundancy is not the only explanation for why inactivation of 

calpains did not cause obvious defects. An alternative explanation is that the 

RNAi was ineffective at knocking down protein levels. This possibility is 

supported by the inability of tra-3(RNAi) to cause either a pseudomale phenotype 

or an increase in brood size (see 3.2.1 and 3.2.2). In contrast; a) tra-3 null 

mutants exhibit an obvious sterile pseudomale phenotype, whereby 
hermaphrodites undergo masculinisation (Hodgkin and Brenner, 1977); and b) a 
hypomorphic allele of tra-3, tra-3(e2333), which contains a premature stop 
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codon within the encoded T domain, causes animals to display an increase in 

brood size (Sokol and Kuwabara, unpublished data; Hodgkin and Barnes, 1991). 

The increase in brood size is attributed to a masculinisation of the germ line. 

Thus, I would have expected tra-3(RNAi) to cause a defect associated to 

hermaphrodite masculinisation. 

Contrary to the results in this chapter in relation to tra-3(RNAi), Syntichaki et al. 

(2002) reported tra-3(RNAi) caused a tra-3 loss-of-function phenotype 

(Syntichaki et al., 2002). This would suggest that tra-3(RNAi) animals became 

pseudomales. However, the different methods of RNAi administration might 

account for this discrepancy. Syntichaki et al. (2002) did not perform feeding 

RNAi and instead microinjected tra-3 dsRNA directly into animals. Therefore, it 

is possible that in this chapter the tra-3 associated defects were not observed 

because feeding RNAi might be less effective at eliciting an RNAi response. 

This hypothesis is supported by a genome wide RNAi screen where only 10% of 

all genes displayed loss-of-function phenotypes. Many genes that are known to 

produce loss-of-function phenotypes were not identified in this screen. This 

suggests that feeding dsRNA is not always effective at eliminating protein 

function (Maeda et al., 2001). 

Further observation in support of tra-3(RNAi) not eliciting a tra-3 loss-of- 

function phenotype could relate to the observation that only small amounts of 

TRA-3 protein are required in hermaphrodites for wildtype development 

(Hodgkin, 1985; Hodgkin and Brenner, 1977; Kimble et al., 1982; Kondo et al., 

1988). For instance, tra-3 null mutants display maternal rescue. This indicates 

that the small amount of TRA-3 protein passed on from a heterozygote mother to 

homozygote offspring is sufficient to ensure wildtype TRA-3 function (Hodgkin 

and Brenner, 1977). Thus, if feeding tra-3(RNAi) did not completely eliminate all 

tra-3 transcripts, the presence of only a small amount of TRA-3 protein could 

allow for the wildtype development of hermaphrodites. In conclusion, it is 

possible that calpain RNAi was ineffective at inactivating gene function. In order 

to determine if this was the case the level of calpain protein should be quantified 

before and after feeding RNAi to ensure that protein levels diminished. 
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The observation that clp-1, -4, -7 and tra-3 are likely to be expressed in neurons 

could also explain why calpain RNAi might not have caused obvious defects. 

The nervous system is refractory to RNAi by feeding (Timmons et al., 2001). It 

is therefore possible that calpains might not have been inactivated in this tissue 

and so a loss-of-function would not have been observed. To analyse this 

possibility further one could construct calpain hairpin RNAi constructs. These 

are capable of inactivating neuronally expressed genes when transgenically 

expressed in C. elegans (Tavernarakis et al., 2000). 

Finally, it is also possible that calpains might not play a major role in C. elegans 

and thus calpain inactivation would not lead to obvious phenotypes. Conversely, 

calpains might have a role that would require a more subtle evaluation of those 

animals in which calpains have been inactivated. To examine this possibility one 

could analyse behavioural phenotypes by observing how animals are attracted or 

repelled from different chemicals, such as the attractive odorant isoamyl alcohol. 

The ways in which calpain function and functional redundancy could be 

addressed are explored further in Chapter 7. 

3.6.2 Hypotheses on calpain function based on calpain 

conservation. 

A number of the calpains of C. elegans contain domains that are conserved in 

other eukaryotic atypical calpains. The functions of conserved atypical calpains 

might assist in understanding the function of C. elegans calpains. For instance, it 

is described in 3.1 that CLP-2 contains an MIT and PBH domain. These were 

originally identified in the calpain Pa1B of A. nidulans. Pa1B is vital in the 

response to alkaline pH because it performs the signalling proteolysis step on a 

zinc finger transcriptional regulator, PacC (Denison et al., 1995; Penas et al., 

2007). Cleavage of PacC activates expression of alkaline responsive genes and 

represses expression of acid responsive genes (Caddick et al., 1986; Tilburn et 

al., 1995). In this chapter I have shown that CLP-2 is likely to be exclusively 

expressed in the intestine (3.4.1). On this basis, it is possible that CLP-2 might 

have a similar function as Pa1B in regulating pH within the C. elegans intestine. 
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However, it should be noted that the function of Pa1B homologues has not been 

conserved during evolution. This is because human CAPN7 cannot rescue the 

alkaline sensitivity in yeast following the inactivation of the PalB homologue, 

CPL1 (Futai et al., 2001). Therefore, whilst it is tempting to postulate on the role 

of CLP-2 in pH regulation, it is likely that the functions of Pa1B homologues in 

multicellular organisms have diverged from their unicellular eukaryotic 

counterparts. 

A further example of where conservation of an atypical calpain might provide an 

understanding of C. elegans calpain function is in the case of T11A5.6 and 

W05G11.4. In 3.1 I showed that T11A5.6 and W05G11.4 both contain So1H 

domains, and T11A5.6 has a zinc finger motif. The first calpain shown to contain 

a So1H domain and zinc finger motifs was CALPD of D. melanogaster. CALPD 

is required for optic neuronal function (see 1.3.3) (Delaney et al., 1991; 

Fischbach and Heisenberg, 1981). Since this initial finding, CALPD homologues 

have been identified in mammals. However, in contrast to CALPD, which is 

likely to be found in optic neurons, mammalian CALPD homologues (CAPN15) 

are expressed in the olfactory bulb (Kamei et al., 2000; Kamei et al., 1998). This 

suggests that mammalian CALPD homologues might have a role in smell and not 

sight. A CALPD homologue has also been identified in the puffer fish, F. 

rubripes (Kamei et al., 1998). The observation of CALPD homologues in C. 

elegans could provide a system in which to investigate the role of conserved 

CALPD homologues in the future. For example, it would be possible to identify 

the expression patterns for T11A5.6 and W05G11.4, and also generate and 

analyse T 11 A5.6 and W05G 11.4 mutants for neuronal (olfactory) dysfunction. 

The presence of glycine or glycine and glutamate rich regions in CLP-1 and 

CLP-7 was also observed in 3.1. What might be the purpose of these extended N- 

terminal regions? In 3.1, I speculated that these regions might represent the 

evolutionary origins of domain V found in CSS 1 and CSS2. Domain V has been 

predicted to act as an intrinsically unstructured domain. This is because the high 

glycine content is hypothesised to render it largely unstructured (see Figure 1.1) 

(Goll et al., 2003). Intrinsically unstructured domains and proteins are those that 

have little three dimensional structure when free in solution. However, in some 
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scenarios these intrinsically unstructured proteins (IUPs) can develop secondary 

structure. These transformations take place following interaction with specific 

substrates (Dyson and Wright, 2005). Intrinsically unstructured regions often 

have the following elements within their sequence: 1) low sequence complexity; 

2) amino acid composition bias (e. g. Gln or Pro-rich); 3) low proportions of 

hydrophobic residues; and 4) high proportions of polar residues (and sometimes 

small residues, e. g. Gly and Ala) (Vucetic et al., 2003). Using the sequence 

parameters listed above, various computer programs have been developed that 

can predict for unstructured regions within a protein. For example, FoldIndex 

(bip. weizmann. ac. il/fldbin/findex). An extensively studied example of an IUP is 

the kinase-inducible transcriptional activation domain (KID) of cAMP response 

element-binding protein (CREB). In solution, the KID domain is intrinsically 

disordered, but following interaction with CREB binding protein (CBP), the KID 

domain forms a pair of helices (Reviewed in Dyson and Wright, 2005). 

Similarly, domain V of CSS 1 has been predicted to be intrinsically unstructured 

and following protein interaction it is hypothesised to act as an interaction 

domain for calpains (Goll et al., 2003; Wright and Dyson, 1999). A similar 

example is shown when CSS 1 interacts with lipid membranes through a 

GTAMRILGGVI motif. This motif forms an a-helix upon contact with lipid 

membranes and allows for membrane insertion (Dennison et al., 2005). 

The extended glycine, and glycine and glutamate N-terminal regions of CLP-1 

and CLP-7 might have a function in membrane insertion or protein interaction. 

An analysis of the N-terminal domains of CLP-1 and CLP-7 (using Foldlndex) 

shows that significant regions are likely to be unstructured. In addition, CLP-1 

contains part of the consensus motif identified in CSS 1 that inserts into lipid 

membranes. Five of the hydrophobic residues, ILGGV, hypothesised to be 

important in penetrating the membrane, are present in the glycine rich N-terminal 

region of CLP- 1. No such sequence exists in the CLP-7 N-terminal region. 

Therefore, the unstructured domains of CLP-1 and CLP-7 could be involved in 

protein or lipid interaction similar to domain V of CSS 1. 
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3.6.3 Predicted biochemical properties of C. elegans calpains. 

My analysis of the C. elegans calpain family revealed that nine of the fourteen 

calpains are likely to display proteolytic activity. This is because they contain an 

intact catalytic triad. I also examined the conservation of residues important in 

coordinating Ca2+ binding within the catalytic domain and conferring Ca2+ 

dependent proteolytic activity. The seven Ca2+ coordinating residues were 

completely conserved in CLP-1, CLP-4, CLP-6 and CLP-7, but only partly 

conserved in CLP-2, CLP-3, TRA-3, Ti 1A5.6, W05G11.4, H25P06.4 and 

Y53H1B. 6. This suggests that some, but not all, C. elegans calpains might have a 

conserved Caz+ proteolytic activity. TRA-3 has previously been shown to 

undergo Ca2+ dependent autolysis (Sokol and Kuwabara, 2000). However, my 

analysis in this chapter shows that TRA-3 is missing two of the seven conserved 

Ca2+ coordinating residues (see Figure 3.2). With regard to the two missing 

conserved residues, in one instance an aspartate is found in TRA-3, whereas a 

glutamate is found in CAPN2. This change is unlikely to dramatically alter the 

biochemical properties at this position (Moldoveanu et al., 2002). However, in 

the second instance an arginine is present in TRA-3, whereas a proline is found 

in CAPN2. This is likely to result in a more significant alteration in biochemical 

properties. Despite these differences TRA-3 displays Ca2+ dependent proteolytic 

activity (Sokol and Kuwabara, 2000). This might suggest that the Ca2+ dependent 

regulation of the proteolytic activity of calpains is not conferred by a universal 

mechanism. TRA-3, which lacks one, and possibly two, of the Ca2+ coordinating 

residues remains able to perform Ca2+ dependent proteolytic activity. This 

suggests that some of the Ca2+ coordinating residues are not necessary for 

conferring Ca2+ dependent proteolytic activity. 

3.6.4 Summary 

In summary, this chapter has analysed the conservation of the atypical calpains 

of C. elegans. Inactivation of calpain gene function either by RNAi or mutation 

did not reveal any obvious roles for calpains in C. elegans, which I propose 

might be due to functional redundancy within the family. I also examined the 

specific tissues in which calpains are likely to be expressed by examining calpain 

promoter reporters and using tissue co-localisation reporters. This work indicated 
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that the calpains might display overlapping expression patterns, which again 
highlights the possibility of functional redundancy. 
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4 Ectopic expression of calpains. 
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4.1 Ectopic expression of calpains. 

I next decided to overexpress calpains in C. elegans ectopically, because clues to 

the roles of calpains during development had not been revealed after performing 

RNAi or by examining the phenotypes of a subset of calpain mutants. The 

motivation for overexpressing calpains is based on the observation that many 

disease associated calpain pathologies appear to be associated with either 

increased levels of calpain or aberrant calpain activation. For example, increased 

levels of calpain activity have been detected in patients with Duchenne's 

muscular dystrophy (DMD) and Alzheimer's; thus, increased proteolytic 

degradation by calpains is postulated to exacerbate these conditions (Gailly et al., 

2007; Nixon, 2003). The ability of calpain to cause and/or exacerbate disease, 

however, remains speculative and so possible phenotypes produced by 

ectopically expressing calpains in C. elegans might help decipher the role of 

calpains in disease. 

4.1.1 Heat shock expression of calpain does not cause any 

obvious defects. 

To assess if overexpression of calpain could cause a phenotype in C. elegans, 

cDNAs from clp-1, -2, -4, -7 and tra-3 were placed under the control of the heat 

shock inducible hsp-16-41 promoter; the resulting clones were pPJ-43 (clp-1), 

pPJ-11 (clp-2), pPJ-12 (clp-4) and pPJ-13 (clp-7) (see 2.2.17.7) (Figure 4.1 A). 

cDNA could not be RT-PCR amplified from N2 wildtype mRNA for clp-3 or 

clp-6, suggesting that their transcripts are in low abundance or they are 

pseudogenes (see 3.4.1). The hsp-16-41 promoter was used because it drives 

expression throughout the animal in all tissues except the germ line, at elevated 

temperatures (30°C - 33°C). Especially high levels of expression are detected in 

the pharynx and intestine (Stringham et al., 1992). Therefore, by overexpressing 

calpain throughout the animal and throughout development I hoped to identify 

tissues that might be sensitive to ectopic calpain activity. It should be noted that 

the clp-1 cDNA used in these studies was later found to contain mutations in two 

positions, which resulted in the following amino acid changes; M(520)L, 

V(770)L. Unfortunately, the errors were only discovered after experimental work 
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had been completed. The possible implications of this will be discussed later in 

this chapter. 

Transgenic animals containing each of the constructs (PK2475, PK2312, 

PK2315, PK142, PK2323 - see 2.1.2) were subjected to a total of 5 heat shocks 

for 1 hour at 33°C, beginning at the L1 stage and ending when the animals were 

adults. At least two independent transgenic lines were analysed for each calpain, 

except for tra-3 where one transgenic line was used, which had previously been 

shown to be capable of rescuing a tra-3 mutant (Sokol and Kuwabara, 2000). 

Each of the transgenic strains was analysed during and after the course of the five 

heat shocks for any obvious defects that might occur during development, 

particularly those associated with cellular degeneration. If increased calpain 

proteolytic activity caused the death of either neuronal or muscle cells then one 

might expect animal movement or behaviour to be affected. Alternatively, if 

calpains have a role in C. elegans development, then increased calpain 

proteolytic activity could lead to larval arrest or embryonic lethality. However, 

none of the five hsp-16-41 driven expression constructs caused any obvious 

movement, developmental or morphological defects. 

4.1.2 Ectopic expression of c/p-1 cDNA in neurons. 

None of the calpains expressed from the hsp-16-41 promoter showed any 

obvious defects after multiple heat shocks. Therefore, I next examined whether 

more targeted tissue specific overexpression of calpain might cause an obvious 

pathology. I initially examined ectopic expression of calpain in neurons for 

several reasons. Firstly, increased calpain activity and expression has been 

observed in neurodegenerative disorders, such as Alzheimer's, suggesting that 

inappropriate calpain activity is associated with neuronal pathology (Reviewed in 

Nixon, 2003). Secondly, in C. elegans, clp-1(RNAi) and tra-3(RNAi) reduces the 

level of neurodegeneration (Syntichaki et al., 2002). Thirdly, the promoters of 

clp-1, clp-2, clp-4, tra-3 and clp-7 all show activity in neurons (see 3.4.3.1) and 

so their increased expression might cause a pathological defect. 
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Therefore, I asked whether it was possible to generate a neurodegenerative 

phenotype by driving ectopic calpain expression in neurons. Initially I 

overexpressed clp-1 cDNA from the neuronal unc-119 promoter (Punc-119: clp-1- 

pPJ-74) (Figure 4.1 B), which drives constitutive expression in all neurons 

(Maduro and Pilgrim, 1995). Three independent Punc-119: clp-1 transgenic stable 

lines were analysed for any obvious defects in morphology or motility. One 

might expect that increased CLP-1 activity could cause neurodegeneration which 

would cause defects in either movement or touch sensitivity. However, none of 

the strains showed any obvious defects. I also overexpressed a catalytically 

inactive version of clp-1 from the unc-119 promoter by replacing the catalytic 

cysteine with alanine (C371A) (Figure 4.1 Q. This cysteine residue is part of the 

catalytic triad that is required for proteolytic activity in calpains. An inactive 

CLP-1 could act as a dominant negative for CLP-1 and thus show a defect related 

to suppression of CLP-1 activity in neurons. If CLP-1(C371A) acted as a 

dominant negative it would associate with CLP-1 specific proteolytic substrates 

but would be unable to proteolytically process the substrates. Therefore, CLP- 

1(C371A) would sequester CLP-1 substrates and prevent endogenous CLP-1 

proteolytic activity. In addition, ectopic expression of CLP-1(C371A) in neurons 

would act as a control to show that any phenotypes generated by ectopic active 

CLP-1 were dependent on the proteolytic activity of CLP-1. Two independent 

transgenic lines carrying Pinc-119: clp-1(C371A) (pPJ-75) were obtained and 

analysed. However, no obvious movement or morphological phenotypes were 

observed. 

I also expressed clp-1 from the unc-47 promoter (Pu�c47: clp-1 (pPJ-92)) (Figure 

4.1 D), which drives expression in only a subset of GABA ergic neurons 

(McIntire et al., 1997). Pu�c. 47: clp-1 (pPJ-92) was microinjected into N2 wildtype 

animals and three independent transgenic strains were analysed. Ectopic 

expression of clp-1 from the unc-47 promoter, however, did not cause an obvious 

defect. 

N2 wildtype animals, which ectopically expressed CLP-1 from either the unc- 

119 or unc-47 neuronal promoters did not display any obvious phenotypes. 

Hence, I considered the role played by Ca2+ in promoting calpain activity. 
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Figure 4.1: Ectopic calpain expression constructs. 

Overexpression constructs created for calpains (see 2.2.17). 'Calpain cDNA' refers to 
constructs created for clp-1, clp-2, clp-4, tra-3 and clp-7 (A and E). 'clp-I cDNA' 
constructs were only made for clp-I (B, C, D and F). Constructs are as follows: A) Ph,,,. Jo_ 
41: calpain cDNA - pPJ-43 (clp-l), pPJ-I I (clp-2), pPJ-12 (clp-4), pPJ-13 (clp-7); B) P 
ll9: clp-I - pPJ-74; C) P��,. 

_119: clp-1(C371A) - pPJ-75; D) P,,,,,. 
_47: clp-1 - pPJ-92; E) P,,,,,. 

_ 
s4: calpain cDNA - pPJ-46 (clp-1), pPJ-47 (clp-2), pPJ-48 (clp-4), pPJ-97 (tra-3) and pPJ- 
92 (clp-7); F) P,,,,,. 

_s.,: clp-/ (C371A) - pPJ-69. 
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Calpains are activated by Ca2', and in many pathological conditions associated 

with calpains, including Alzheimer's and DMD, calpain activation has been 

shown to be preceded by an increase in intracellular Ca2+ (Zatz and Starling, 

2005). Therefore, I hypothesised that an increase in intracellular neuronal Ca2+ 

might increase the activity of ectopically expressed CLP-1 and cause a 

phenotype associated with neuronal dysfunction. In C. elegans, intracellular Cal' 

levels can be altered by using genetic mutations. One such mutation is egl- 

19(ad695g f ). egl-19 encodes the alpha subunit of an L-type voltage gated Ca 2+ 

channel, and EGL-19 is expressed in many tissue types, including neurons and 

muscle (Lee et al., 1997). The egl-19(ad695gfl allele is a gain-of-function 

mutation, which delays the inactivation of the EGL- 19 L-type voltage gated Ca2+ 

channel (Lee et al., 1997). Thus, the egl-19(ad695gf) allele is likely to raise 

intracellular Ca2+ levels in neurons. Therefore, to see if increased neuronal Ca2+ 

concentrations could result in a CLP-1 dependent phenotype, I generated an egl- 

19(ad695gfl strain, which carries the Pu�c. 47: clp-1 (pPJ-92) transgene, PK2678 

(egl-19(ad695gf); crEx241 [P,,,, c. 47: clp-1 (pPJ- 92); Pmyo. 2:: GFP (pPD118.33)]. No 

obvious defects were seen in egl-19(ad695gf); crEx241 animals. 

4.1.3 Ectopic expression of CLP-1 in muscle causes paralysis. 

4.1.3.1 Only ectopic expression of CLP-1 in muscle causes 
paralysis. 

I next ectopically expressed calpains in muscle, because overexpression of 

calpain from the hsp-16-41 promoter throughout the animal or overexpression of 

CLP-1 from two different neuronal promoters did not cause any obvious 

phenotypes. As stated previously, increased calpain activity has been observed in 

muscle degenerative disorders such as DMD, suggesting that calpains are 

involved in causing the muscle degeneration of this disorder (Gailly et al., 2007). 

In addition, both the putative promoters of clp-1 and clp-4 show activity in 

muscle (see 3.4.3.2) and so by increasing calpain expression in muscle one might 

see a pathological defect. The unc-54 promoter was used to ectopically express 

clp-1, clp-2, clp-4, tra-3 and clp-7 in the muscle of C. elegans (Figure 4.1 E). 

unc-54 encodes the myosin class II heavy chain type B, (MHCB) which is 

specifically expressed in all muscle except pharyngeal muscles (Miller et al., 
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1986). Constructs expressing calpain cDNA, driven from the unc-54 promoter, 

were microinjected into C. elegans and at least three independent transgenic lines 

were examined for each calpain construct. 

Ectopic expression of clp-1 cDNA in muscle caused up to 1.3% of animals to 

become paralysed, depending on the independent transgenic line analysed 

(Figure 4.4). I verified that Pinc_54: clp-1 (pPJ-46) had been successfully 

transformed into N2 wildtype animals following microinjection by performing 

single worm PCR (see 2.3.9) amplification of a 653 bp fragment, using primers 

PK767 and PK750 (see 8.1). None of the strains expressing the other calpain 

constructs, clp-2, -4, -7 or tra-3, displayed any motility or paralysis defects. 

Therefore, only CLP-1 appears to have the ability to cause a muscle related 

defect when ectopically expressed. 

4.1.3.2 Ectopic expression of a catalytically inactive CLP-1 in 

muscle does not cause paralysis. 

To verify that ectopic expression of clp-1 in muscle is caused by the proteolytic 

activity of CLP-1 protein, clp-1 cDNA encoding a catalytically inactive CLP-1 

was microinjected into N2 wildtype animals (Figure 4.1 F). The codon encoding 

the catalytic cysteine residue in CLP-1 was mutated to encode an alanine residue, 

by site directed mutagenesis (see 2.2.18) to create P,,,, 54: clp-1 (C371A) (pPJ-69). 

Punc-s4: clp-1 (C371A) was co-injected with Ps,,,. s: GFP (TG96) and 11 stable 

transgenic lines were analysed. Hundreds of animals were examined for each of 

the 11 stable lines, but none exhibited any paralysis. 

4.1.3.3 CLP-1 induced paralysis. 

I next sought to analyse the basis of the paralysis defects, caused by ectopic 

expression of CLP-1. I examined animals expressing the P,,, 54: clp-1 transgene 

during their development, paying particular attention to when they began to 

exhibit coordination defects and how these coordination defects progressed over 

time. Animals that became paralysed, due to the expression of the 

extrachromosomal Punc. 54: clp-1 transgene, began to show movement defects at 

the L4 stage. Movement was hindered making animals appear slightly 
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uncoordinated. Uncoordinated animals could still move away upon touch. 

Movement defects progressed rapidly over the course of one to two days, often 

causing animals to lose movement in sections of their torso. Animals appeared to 

`drag' parts of their body, as opposed to moving in the classic sinusoidal fashion 

(Figure 4.2 A). Eventually the body of an afflicted animal became paralysed and 

was no longer able to move in response to touch (Figure 4.2 A). At this stage the 

only areas capable of movement were the head and sometimes the tail. Paralysis 

led to premature death, usually between one to three days after the original 

coordination defects appeared; this corresponds to a lifespan of approximately 

four to seven days. This is markedly different from N2 wildtype animals, which 

can live for up to twenty days (Klass, 1977). Few obvious anatomical features, 

such as the vulva or germ line, were apparent (Figure 4.2 B). This is likely to be 

due to an increase in CLP-1 proteolytic activity, which might cause proteolysis 

of muscle proteins. It was also observed that some paralysed animals became egg 

laying defective (Egl), and filled with embryos, suggesting that they lost the 

function of vulval muscles important in egg laying (Figure 4.3). 

4.1.4 CLP-1 induced paralysis is affected by muscle structure 

and Ca2' homeostasis 

I have described the paralysis seen when N2 wildtype animals ectopically 

express CLP-1 in muscle. The percentage of animals displaying paralysis was 

scored for adult animals expressing P,,,,,. s4: clp-1 two days after they had reached 

adulthood (see 2.3.6). Only between 0 and 1.3 % of animals, expressing Punt. 

54: clp-1, displayed paralysis (Figure 4.4). I next speculated on what factors might 

influence the percentage of animals that become paralysed. To increase the 

percentage of animals displaying paralysis, I reasoned that increases in the 

intracellular concentration of Ca2+ in muscle or a decrease in the structural 

stability and integrity of muscle could make muscle more susceptible to the 

proteolytic activity of ectopic CLP-1. 
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Figure 4.2: CLP-I induced paralysis. 

Ectopic expression of the P,,,,,, 4: clp-I transgenc causes paralysis of adult animals. A) Still 

pictures of an N2 wildtypc, and an uncoordinated (Unc) and paralysed animal (Para), 

expressing P,,,,, 54: c1p-1, which are all in the early stages of adulthood. Each series shows 
the ability of each animal to move away from a mechanical stimulus. Mechanical stimulus 
is marked with an arrow head for N2 wildtype or can he seen as a dark line in pictures of 
uncoordinated and paralysed animals. t is the time after initial mechanical stimulation. 
Uncoordinated animals can only move slowly away from the stimulus whilst paralysed 
animals cannot move away and only move their head or tail. Scale bars are 5(X) µm. B) An 

adult expressing P,,,,,.; 4: e/p-/ two days after reaching adulthood. The body of the animal is 

paralysed: only the head and tail were capable of moving upon touch. Pharyngeal 

pumping could still he seen. Scale bar is 250 µm. 
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Results and Discussion 

I identified three candidate genetic mutations where intracellular Cat' is likely to 

be increased and/or muscle structural integrity is likely to be compromised. I 

then analysed the effect of these genetic mutations on the percentage of animals 

displaying CLP- I induced paralysis. The first genetic mutation was egi- 

19(ad695gl), which is likely to increase intracellular Cat in muscle. As 

described earlier in this chapter (see 4.1.2), the egl-19(adO95gt) allele is a gain- 

of-function mutation which delays the inactivation of the EGL-19 L-type voltage 

gated Ca 2+ channel. EGL-19 is expressed strongly in muscle, suggesting that 

intracellular Ca2+ in this tissue is likely to be increased (Lee et al., 1997). The 

second mutation was &, s- 8), which is likely to affect the structural integrity 

of muscle. d)'s-I encodes the only dystrophin-like protein in C. elegans (Bessou 

et al., 1998). In mammals, dystrophin is a large structural muscle protein, which 

is hypothesised to link the extracellular matrix to the cytoskeleton and function in 

intracellular signalling in muscle (Reviewed in Lapidos et al., 2004). The 

absence of dystrophin causes the degenerative disorder Duchenne's muscular 

dystrophy in humans. The dvs-1((-xl8) allele is a null. Unlike manmmals, C. 

elegans that carry a mutation in dvs-1 do not exhibit any muscle degeneration. 

However, dvs-I animals are hyperactive, show muscle hypercontraction and 

exaggerated head bending when moving in the forward direction; these animals 

are also hypersensitive to acetylcholinesterase inhibitors, such as aldicarb 

(Bessou et al., 1998). Combining the egl-19(ad695gf and dvs-1(cx18) mutations 

increases intracellular Ca 2+ and also compromises the structural integrity of 

muscle. dvs-1(cx18); eg1-19(ad695gf) animals exhibit low levels of muscle 

degeneration and some animals become uncoordinated. However, muscle 

degeneration in dvs-1(cx18); egl-19(ad695gf) animals does not lead to paralysis 

(Mariol and Segalat, 2001). 

Three independent transgenic stable lines expressing P,,,,, 
_54: clp-1, corresponding 

to the extrachromosomal arrays crE. z183, crEx184 and crEx1 H7, which express 

P,,,,,. 
_54: cl1p-1 (pPJ-46) and were placed in genetic backgrounds that 

were both single or double mutant for eg1-19 and/or The percentage of 

animals displaying paralysis was determined for each strain (Figure 4.4). The 

percentage of animals displaying CLP-1 induced paralysis was highest when 
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both the d. v, s-1(cxl n); eg/-19((ad695gf) mutations were present; the percentage of 

animals displaying paralysis ranged from 21.117e to 56.9%, depending on the 

transgenic line. The crExl83 and crEx184 strains, which express P,,,,,. 
_s4: clp-1 

(pPJ-46), showed similar levels of paralysis in all genetic backgrounds. 

However, the crEx]87 P,,,,, 
_54: c1p-1 (pPJ-46) strain showed comparatively higher 

levels of paralysis in the egl-19(ad695gf) and d_ývs-I(ccx18); egl-19(ud695, cf) 

genetic backgrounds. 

Animals carrying the drrs-I (cx18); egl-19(ad695gI) mutations showed very high 

sensitivity to the ectopic effects of CLP-1. Therefore, the combination of these 

genetic mutations is likely to make animals highly sensitive to the proteolytic 

activity of CLP-1 in muscle. I next asked if expression ol'(-Ip-2, -4, -7, or ti-a-3 

from the wu -54 promoter might cause paralysis when expressed in dvs- 

I (cx18); egl-I9(ud695gf) animals. I showed earlier in this chapter that N2 

wildtype animals carrying constructs that ectopically express the calpains clp-2, - 

4,7 or tra-3 from the unc-54 promoter did not display any paralysis or 

movement defects (see 4.1.3.1). Six independent transgenic lines were examined 

for each calpain, except for the P,,,, 
(_54: clp-4 transgene, where only three 

independent transgenic lines were created. None of these strains showed any 

paralysis or obvious defects, other than those exhibited by dvs-1(cx18); egl- 

19(adh95gf) alone. Paralysis caused by ectopic cc1p-1 cDNA in muscle is, 

therefore, specific to CLP-I and is not a phenotype that can be generated by 

ectopic expression of clp-2, -4, -7 or tra-3 eDNA in muscle. 

4.1.5 Chromosomal integration of extrachromosomal array 

crEx 187. 

The extrachromosomal array, crEx187, was integrated into a C. elegans 

chromosome. The main reason for doing this was to avoid problems related to 

mosaic expression from extrachromosomal arrays. As described in Chapter 3 

(see 3.4.1), reporter and marker DNA form large complex arrays that are 

extrachromosomal, and so the array can he lost during cell division (Kelly et al., 

1997). Therefore, a transformed animal might show mosaic expression of the 
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Figure 4.4: CLP-1 induced paralysis in animals carrying sensitising mutations. 

Detects in muscle structural integrity and elevation of intracellular C'a'' increase the 
percentage of animals displaying CLP-1 induced paralysis compared to N2 wildtypc 
animals that express Pc4: c'lp-1. Three extrachrumosomal arrays encoding the P, 4: ('I/- 
I transgene. crEx183, crEx184 and crEx187, were expressed in N2 wildtype (while bars), 
dvs-1(cx18) (light grey bars), egl-19(adO9Sgf) (dark grey bars) and clt. r 1(cxltý); ctýl 
19(aiO95gf) (black bars) animals. The percentage of animals displaying CIP-I induced 

paralysis was calculated for each genetic mutation carrying each independent 

extrachronlosomal array (see 2.3.6). The percentage of animals displaying paralysis was 
calculated per brood and at least 3 broods were scored for each strain (n ' 3). Greater than 
50 animals were analysed for each strain. Ch's-I(cx18), eil-19(aclO'5g/) and ihvs- 
I(cxI8); cg1-19(adh95gf) animals, which did not express P,,,,, 54: ('111-/, did not display any 
paralysis at day 2 of adulthood. Error bars represent the standard deviation. 
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reporter and so the defects caused by ectopic CLP- 1, expressed from the P,,,,,. 

54: clp-1 transgene, might not be seen in every muscle cell. 

I chose to integrate the crEx187 extrachromosomal array, which expresses the 

Punc-54. cdp-1 transgene, because strains carrying crEx187 exhibited comparatively 

higher percentages of paralysed animals (Figure 1.4). crEx187 also showed a 

transmission frequency of approximately 30%. During the process of 

chromosomal integration (see 2.3.4), if an integration event has occurred it can 

be detected in the F2 progeny because 75% of these animals (1/4 homozygous; 

1/2 heterozygous) will inherit at least one copy of the chromosome carrying the 

integrated array from their heterozygous parent. In F2 animals where the array 

has not been integrated, the transmission frequency will remain at -30%. 
Therefore, it is easier to identify animals that have undergone integration if the 

original transmission frequency of the extrachromosomal array is much lower 

than 75%. 

Three independent integrated lines were isolated, which were named crlsl, crls2, 

and crls3. Each of the integrated strains was out-crossed with N2 wildtype males 
five times, because integration is likely to introduce secondary mutations. 

I next sought to genetically map the chromosomal positions corresponding to the 

site where the Pun, 
-54: clp-1 transgene integrated in crlsl, crls2 and crls3 animals. 

To map the chromosomal location of the Piiiic-54: clp-1 transgene for each of the 

integrated strains, each integrated strain was mated with MT464 (unc-5(e53)IV; 

dpy-11(e224)V; Ion-2(e678)X) and MT465 (dpy-5(ebl )I; bli-2(e768)II; unc- 

32(e189)III). MT464 and MT465 strains are homozygous for six mutant alleles, 

which mark each chromosome by producing a distinctive phenotype (e. g. dumpy, 

uncoordinated etc. ) and are located on separate chromosomes. I found that crlsl 

maps to chromosome V, crls2 to chromosome I and crls3 to the X chromosome. 

The creation of three integrated strains expressing the Pu�, _sa: clp-1 transgene 

greatly facilitated the study of the effects of ectopic expression of CLP-1 in 

muscle. The integrated strains were used to investigate what factors might 
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directly affect the percentage of animals displaying CLP-1 induced paralysis. 

This is explored further in Chapter 5. 

4.1.6 Increased level of CLP-1 correlates with an increase in 

the percentage of animals displaying CLP-1 induced 

paralysis. 

Expression of clp-1 cDNA from the heat shock inducible hsp-16-41 promoter did 

not cause paralysis, unlike constitutive expression of clp-1 cDNA from the unc- 

54 promoter (see 4.1). I, therefore, next tried to establish if the percentage of 

animals displaying CLP-1 induced paralysis correlates with the level of CLP-1 

protein. One might expect that CLP-1 expression from the hsp-16-41 promoter 

does not cause paralysis because CLP-1 is not expressed at a sufficiently high 

level in muscle. To investigate how CLP-1 protein levels might affect its ability 

to cause paralysis, two constructs were created, which expressed a myc-tagged 

clp-1 from the hsp-16-41 promoter, (Phsp-1641: clp-l:: myc - pPJ-89), and from the 

unc-54 muscle promoter (Punc-54: clp-1:: myc - pPJ-88) (see 2.2.17.7). 

Punc-54: clp-1:: myc (pPJ-88) and Phsp-1641: clp-l:: myc (pPJ-89) were each 

microinjected into N2 wildtype animals and three independent transgenic lines 

were analysed for each construct. Animals expressing Phsp-1641: clp-l:: myc (pPJ- 

89), were subjected to 1 hour of 33°C heat shock, beginning at the L1 stage and 

ending when the animals were two days into adulthood (a total of 5 heat shocks). 

These animals did not display any paralysis (Figure 4.5 Q. In addition, the Pnsp- 

16-41: clp-1:: myc construct was microinjected into dys-1(cx18); egl-19(ad695g ) 

animals, which, as discussed earlier, are sensitive to the effects of ectopic CLP-1 

(see 4.1.4). However, expression of the Phsp-16-41: clp-1:: myc transgene in dys- 

1(cx18); egl-19(ad695gf) animals did not lead to any paralysis after heat shock 

(Figure 4.5 Q. By contrast, three independent transgenic lines where the clp- 

1:: myc cDNA was under the control of the unc-54 promoter, Punc-54: clp-1:: myc 

(pPJ-88), all produced animals that displayed paralysis (Figure 4.5 B). 25.7% t 

8.1% of crEx219 (Punc-54: clp-1:: myc) animals displayed paralysis, whilst 1.1% t 

1.3% of crEx220 (Pinc-S4: clp-1:: myc) animals and 1.8% ± 1.4% of crEx223 (Punt. 

54: clp-1:: myc) animals displayed paralysis. 
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Now that I had successfully established that a proportion of animals expressing 

the P,, nc-54: clp-l:: myc transgene displayed paralysis, and that the Phsp-16a1: clp- 

1:: myc transgene does not cause paralysis, I next sought to show whether the 

levels of CLP-1:: MYC protein differed depending on which promoter, hsp-16-41 

or unc-54, was used. CLP-1 protein levels were compared between the three 

independent transgenic lines expressing Punc-54: clp-1:: myc (Figure 4.5 B) and also 

between crEx219 (Punc-54: clp-1:: myc), crEx229 (Phsp-J6-41: clp-1:: myc) and dys- 

1(cx18); egl-19(ad695gfl; crEx252 (Phsp-164l: clp-1:: myc) (Figure 4.5 A). Amongst 

the three independent transgenic lines expressing Punc-54: clp-1:: myc (pPJ-88), the 

level of CLP-1:: MYC protein correlated positively with the percentage of 

animals displaying paralysis (Figure 4.5 B and Q. crEx219 (Pinc-54: clp-1:: myc) 

animals showed the highest percentage of animals displaying paralysis and also 

showed the greatest level of CLP-1:: MYC protein. Comparison between CLP- 

1:: MYC protein expressed either from the hsp-16-41 or the unc-54 promoter 

showed that crEx229 (Phsp-16al: clp-1:: myc) and dys-1(cx18); egl- 

19(ad695gf); crEx252 (Phsp-164l: clp-l:: myc) animals expressed considerably less 

CLP-1:: MYC protein compared with crEx219 (Punc-54: clp-1:: myc) (Figure 4.5 A). 

In addition, crEx229 (Phsp-16-41: clp-1:: myc) and dys-1(cx18); egl- 

19(ad695g1); crEx252 (Phsp-J64l: clp-l:: myc) animals did not display any paralysis, 

whilst crEx219 (P�nc-54: clp-l:: myc) animals showed a large percentage of animals 

displaying paralysis. Therefore, this might suggest that the ability of ectopic 

CLP-1 to cause paralysis is determined by how much CLP-1 is expressed, in 

agreement with my earlier hypothesis. However, the percentage of animals 

displaying paralysis in crEx219 (Punc-54: clp-1:: myc) animals is much higher than 

that previously seen in animals expressing an extrachromosomal Punc-54: clp-1 

transgene (see Figure 4.4). Whilst increased CLP-1:: MYC protein levels could 

account for this increase, other factors, such as the possible mutagenic nature of 

microinjection, could also be the cause. This will be explored further in the 

discussion. Unfortunately, Western blot analysis comparing CLP-1:: MYC 

protein levels between crEx220 (Pinc-54: clp-1:: myc) or crEx223 (Punt-54: clp- 

1:: myc) and crEx229 (Phsp-I641: clp-1:: myc) or dys-1(cx18); egl- 

19(ad695gf); crEx252 (Phsp. I6-a1: clp-1:: myc) was not performed. 
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Results and Discussion 

Therefore, one cannot say with certainty that the lower percentages of animals 

displaying paralysis observed for crEx220 (Punc_54: clp-1:: myc) and crEx223 (P,,, c- 

54: clp-1:: myc) animals correlates with an increase in CLP-I:: MYC protein 

compared with either crEx229 (Phsp-J64I: clp-1:: myc) or dys-1(cx18); egl- 

19(ad695gfl; crEx252 (Phsp-16-41: clp-1:: myc) animals, where no paralysis is seen. 

4.1.7 Ectopic expression of corrected, wildtype clp-1 cDNA 

causes paralysis. 

Following the detailed analysis of the effects of ectopic expression of CLP- 1 in 

muscle, performed here and later in Chapter 5, it was discovered that the c1p-1 

cDNA used contained two exogenously introduced mutations: M520L, V770L. 

Both of these mutations are found in regions of low conservation in domain II 

and domain III of CLP-1 and so are unlikely to affect the proteolytic activity of 

CLP-1 (see 3.5). However, without repeating some of the work shown here, it 

was not possible to say with certainty that these two mutations did not affect 

CLP-1 activity. Therefore, I corrected the two mutations using site directed 

mutagenesis (see 2.2.18) to create Panc_54: clp-1:: myc (pPJ-107) and microinjected 

the new construct into dys-1(cx18); egl-19(ad69Sgf) animals to generate three 

independent transgenic lines. The three extrachromosomal arrays expressing 

wildtype Punc-54: clp-1 are named crEx325, crEx327 and crEx328. Each transgenic 

line was out-crossed with N2 wildtype males to remove either the dys-1(cx18) 

mutation or the dys-1(cx18) and egl-19(ad695gf) mutations. Figure 4.6 shows 

that between 1.2% and 1.8% of animals expressing wildtype CLP-1 from P, 
. 

54: clp-1 (pPJ-107), exhibit paralysis. Figure 4.6 also shows that between 5.2% 

and 6.9% of egl-19(ad695gf) animals, which express P,,, ic_54: clp-1(pPJ-107), 

display paralysis and between 26.5 % and 48.6% of dys-1(cx18); egl-19(ad695gf ) 

animals, which express Punc_S4: clp-1 (pPJ-107), display paralysis. Therefore, 

ectopic wildtype CLP-1 can cause paralysis and the egl-19(ad695gf) and dys- 

1(cx18); egl-19(ad695gf) mutations sensitise animals to the effects of ectopic 

wildtype CLP-1. This is consistent with what I found before (see Figure 4.4), 

suggesting that the two mutations do not affect CLP-l's ability to induce 

paralysis. 
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In section 4.1.3.2 I showed that the catalytically inactive Piiiic_54: clp-1(C371A) 

(pPJ-69) did not cause paralysis. To ask whether the two mutations in CLP-1 

affected the properties of inactive CLP-1, I corrected them and created P,,,, c- 

54: c1p-1(C371A) (pPJ-108) (see 2.1.3.2). Twelve independent Punc-54: clp- 

1(C371A):: myc transgenic lines were created, but none produced any paralysed 

animals, suggesting that the two exogenously introduced mutations did not affect 

inactive CLP-1 activity. Therefore, the two mutations did not alter the potential 

dominant negative activity of inactive CLP-1. 
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Figure 4.6: CLP-1 induced paralysis is unaffected by two 

exogenously introduced mutations. 

Ectopic expression of Wildtype (corrected) c11)-1 cDNA in muscle causes a percentage of 
animals to become paralysed. The percentage of animals carrying egl-I9(adh95gf) and 
cps I(c. c/ýý); egl 19(ad(95 mutations and expressing wildtype P,,,,, s4: c/p-/:: nNC (pPJ- 
107) is greater than in N2 wildtype animals expressing wildtype P,,,,, ; ý: clp /:: myc (pPJ- 
107), similar to what was seen in Figure 4.4. Three extrachromusomal arrays carrying the 
P,,,,, 

_sý: clp (pPJ-107) transgene, crE, 065, crE. 067 and crEx3 8, were expressed in 
N2 wildtype (white bars), egl-J9(adh95, gj) (dark grey bars) and dis 1(ý. r1H); cýl 
19(adOY5,, t) (black bars) animals. The percentage of animals displaying CLP-I induced 

paralysis was calculated for each genetic mutation carrying each independent 

extrachromosotnal array. The percentage of animals displaying paralysis was calculated 
per brood and at least 8 broods were scored (n > 8). Greater than 300 animals were scored 
for each strain. Error bars are the standard deviation. 
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Results and Discussion 

4.2 Discussion. 

4.2.1 CLP-1 induced paralysis is unaffected by two 

exogenously introduced mutations. 

I found that the clp-1 cDNA used in a majority of the studies described here and 

in the next chapter (Chapter 5) encoded two exogenously introduced mutations: 

M520L, V770L. However, further investigation into the effect of the two 

mutations revealed that they were unlikely to alter the findings of this chapter 

and subsequent work in Chapter 5. The first of these mutations is predicted to 

occur in a flexible loop region in the catalytic domain that is not highly 

conserved across the C. elegans calpain family. The second mutation is towards 

the end of domain III, also a region with low conservation (see 3.1). As 

explained in 4.1.7, I corrected these mutations to show that a proportion of 

animals that expressed wildtype clp-1 cDNA from Punc-54: clp-1:: myc (pPJ-107) 

did become paralysed. In addition, the egl-19(ad695gf) and dys-1(cx18); egl- 

19(ad695gf) mutations sensitised animals to the effects of ectopic wildtype CLP- 

1. This was also found for animals that expressed the clp-1 cDNA carrying the 

two mutations (see Figure 4.4). Further, the corrected P,,,, c-54: c1p-1(C371A):: myc 

(pPJ-108) transgene did not elicit any paralysis. From these results I was able to 

conclude that subsequent work performed in Chapter 5, which used the mutated 

form of clp-1, is likely to be representative of what would occur had the wildtype 

clp-1 cDNA been used. 

4.2.2 The ability of calpain overexpression to cause a defect is 
dependent on the specific calpain, the calpain quantity 
and the location of ectopic calpain. 

The work in this chapter suggests that calpain overexpression only causes a 

defect under specific circumstances because: 1) pathological defects were only 

observed when CLP-1 was ectopically expressed from the unc-54 promoter (see 

4.1.3.1); 2) ectopic expression of clp-1, -2, -4, -7 or tra-3 from the hsp-16-41 

promoter did not cause an obvious defect (see 4.1.1); 3) ectopic expression of 

clp-1 from two neuronal promoters also did not cause an obvious defect (see 

4.1.2); 4) ectopic expression of clp-2, -4, -7 or tra-3 from the unc-54 promoter 
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(even in the sensitised dys-1(cx18); egl-19(ad695gf) genetic background) did not 

cause an obvious defect (see 4.1.4). The most likely explanations for why a 

pathological defect was only observed for the Pu�c_54: clp-1 transgene could relate 

to: a) the level of calpain protein expressed; and b) the sensitivity of tissues to 

ectopic calpain. I will discuss these in more detail below. 

4.2.2.1 a) Level of calpain protein. 

In 4.1.6 I explored the possibility that the level of CLP-1 protein could determine 

whether animals became paralysed. I showed that animals carrying a P,,,, c-54: clp- 

1:: myc transgene displayed paralysis. They also contained comparatively higher 

levels of CLP-1:: MYC protein than animals carrying the Php-J64l: clp-1:: myc 

transgene, which did not display paralysis. This observation might indicate that 

when CLP-1 is expressed from the hsp-16-41 promoter levels of CLP-l protein 

are insufficient to cause paralysis. This might be because the amount of CLP-1 

expressed from the hsp-16-41 promoter remains within a level that can be 

regulated by the muscle of C. elegans. The fact that the hsp-16-41 promoter is 

active in all tissues further supports this observation as the level of CLP-1:: MYC 

protein (seen in Figure 4.5) represents CLP-1:: MYC protein throughout the 

animals. The level of CLP-1:: MYC protein expressed from the unc-54 promoter 

(seen in Figure 4.5) represents CLP-1:: MYC protein that is only present in the 

animal's muscle. Therefore, the increased level and targeted location of CLP- 

1:: MYC protein expressed from the Pun, 
-54: clp-l:: myc transgene is likely to be the 

cause of paralysis in animals carrying this transgene. 

In further agreement with work referred to above (shown in Figure 4.5) Chitty 

Chen, a Masters student working in our labarotory, has shown that animals 

carrying the Php_16-4i: clp-1:: myc transgene only display detectable CLP-1:: MYC 

protein in the first twelve hours after heat shock (Chen, unpublished data). The 

inability to detect CLP-1:: MYC protein after twelve hours suggests that the level 

of this protein is likely to oscillate over time in animals carrying the PhP_16-4J: clp- 

1:: myc transgene. The potential oscillatory nature of CLP-1 expression from the 

hsp-16-41 promoter and the decreased level of CLP-1:: MYC protein could 

explain why animals carrying the Phsp_164,: clp-l:: myc do not display paralysis. 
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However, the observations regarding Figure 4.5 should be interpreted with 

caution. This is because 25.7% ± 8.1% of crEx219 (Piiric-54: clp-l:: myc) animals 

displayed paralysis, which was much higher than that previously seen in Figure 

4.4. These results showed that only 0% to 1.8% of Punc-54: clp-1 animals displayed 

paralysis. Whilst the increase in paralysis observed for crEx219 (Pinc. S4: clp- 

1:: myc) animals could be for the reasons stated above, i. e. an increase in the level 

of protein causes paralysis, it could also be due to the potential mutagenic effects 

of microinjection. The crEx219 (Punt-54: clp-l:: myc) extrachromosomal array 

could have disrupted the function of a gene, which then might sensitise animals 

to the effects of ectopic CLP-1 (Mello et al., 1991). In order to clarify this point 

further it would be necessary to perform a comparison between the level of CLP- 

1:: MYC protein, expressed from either the hsp-16-41 or unc-54 promoters 

specifically using the crEx220 (Punt-54: clp-1:: myc) and crEx223 (Punt-54: clp- 

1:: myc) strains. 

4.2.2.2 b) Sensitivity of tissues to ectopic calpain. 

The results of section 4.1.3.1 show that only ectopic expression of CLP-1 from 

the unc-54 promoter caused a defect. Ectopic expression of calpains in other 

tissues, or expression of calpains clp-2, -4, -7 or tra-3 in muscle did not cause a 

defect. This suggests that these tissues are not sensitive to increased expression 

of these specific calpains. The results from the neuronal overexpression of CLP-1 

are supported by previous research undertaken by Syntichaki et al. (2002). 

Syntichaki et al. (2002) showed that clp-1(RNAi) and tra-3(RNAi) reduced the 

neurodegeneration of the six touch receptor cells of C. elegans (Syntichaki et al., 

2002). Further, they also showed that overexpression of CLP-1 and TRA-3 from 

the mec-4 promoter (specific to six touch receptor neurons) and the unc-8 

promoter (motor neurons) did not cause neurodegeneration (Syntichaki et al., 

2002). This, read in conjunction with my results, would suggest that neurons are 

insensitive to increased levels of calpain. An explanation for why ectopic 

expression of CLP-1 in neurons does not cause an obvious phenotype might 

relate to the many calpains that are expressed in neurons. I showed in Chapter 3 

(see 3.4.1) that the putative promoters of clp-1, clp-4, tra-3 and clp-7 are all 

active in neurons. The abundance of calpain family members in neurons might, 
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therefore, lead to a more stringent mechanism of calpain control in this tissue 

type. Calpain overexpression might be sufficiently regulated by a tissue specific 

mechanism, which would prevent a pathological consequence. The possibility 

that cells might exhibit tissue specific mechanisms of calpain regulation might be 

supported by the contrasting roles of mammalian calpains in migration. 

Mammalian calpains are hypothesised to be required for cell spreading because 

inhibition of calpain using inhibitors reduces the spreading in T-cells and 

vascular smooth muscle cells (Paulhe et al., 2001; Rock et al., 2000). However, 

inhibition of calpains in neutrophils causes the opposite response, and increases 

cell spreading (Lokuta et al., 2003). Therefore, tissue type is likely to determine 

the calpain specific response, and could explain why neurons are insensitive to 

increased calpain expression. In contrast, only clp-1 and clp-4 putative promoters 

showed activity in muscle (see 3.4.3.2). This differential expression might 

explain why ectopic CLP-1 causes obvious defects in muscles and not neurons: 

the CLP-1 specific controls of neurons might not exist in muscle. There is also a 

possibility the ectopic clp-1 in neurons, or ectopic clp-2, -4, -7 or tra-3 in muscle 

caused a more subtle defect that would require a closer evaluation. 

The tissue specificity of endogenous calpains could also explain why only CLP-1 

caused a defect when expressed from the unc-54 promoter. CLP-1 and CLP-4 are 

the only calpains tested that are likely to be expressed in muscle (see 3.4.3.2). 

This could imply that they have tissue specific substrates that clp-2, -7 or tra-3 

might not recognise. This explanation is supported by the observation that occurs 

for mammalian calpains. For instance, mammalian CAPN 1 and CAPN2 can both 

efficiently proteolyse casein, whilst mammalian CAPN8 and CAPN9 exhibit a 

very low specific activity to casein (Hata et al., 2007; Lee et al., 1998). This 

difference in calpain substrate specificity could be due to the adaptation of 

different calpains to their tissue specific environment. CAPN8 and CAPN9 are 

expressed in the stomach and digestive tract respectively, and so might recognise 

alternative substrates compared to either CAPN 1 or CAPN2, which are both 

expressed ubiquitously (Lee et al., 1998; Sorimachi et al., 1993). Similarly, CLP- 

1 is likely to recognise proteins specific to muscle that CLP-2, TRA-3 and CLP-7 

might not. In summary, tissues might confer specific calpain regulatory 
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measures, or calpains might recognise different substrates depending on their 

tissue expression. 

4.2.3 C. elegans muscle becomes sensitised to muscle 
degradation at the L4 stage. 

The L4 larval stage of C. elegans appears to be significant as it represents a stage 

where the animal becomes sensitive to muscle degradation. This hypothesis is 

supported by the finding that animals that were ectopically expressing CLP-1 

began to display movement defects at the L4 stage. The reasons for the paralysis 

caused by ectopic CLP-1 are considered in detail in Chapter 5. Briefly ectopic 

CLP-1 is likely to cause paralysis by increasing the selective proteolysis of 

muscle proteins, which could then lead to extensive degradation of muscle fibres. 

The L4 stage becomes similarly affected in the dys-1(cx18); hlh-1(cc561 ts) 

muscle degenerative model in C elegans. This model is caused by mutations in 

both hlh-1 and dys-1. The hlh-1(cc561 ts) mutation has been shown to sensitise 

dys-1(cx18) animals to muscle degeneration, but animals do not display paralysis 

(Gieseler et al., 2000). In the dys-1(cx18); hlh-1(cc561 ts) model, coordination 

defects caused by muscle degeneration begin at L4/early adulthood. Muscle 

degeneration then progresses rapidly as the animals age, so that 100% of animals, 

two days into adulthood, are uncoordinated (Gieseler et al., 2000). These two 

examples imply that L4 animals are sensitive to muscle degradation. 

4.2.3.1 Why do L4 animals appear to be sensitive to muscle 

degeneration? 

I have considered two possible reasons for why L4 animals appear to be sensitive 

to muscle degradation: a) one possibility could be that it takes time for the 

pathological defects caused by either the proteolytic activity of ectopic CLP-1 or 

the dys-1(cx18); hlh-1(cc561 ts) mutations to accumulate and cause movement 

defects; b) a second possibility might relate to the physiology and development 

of C. elegans muscle. Muscle development in C. elegans begins in early 

embryogenesis, whereby sarcomeres develop at mid-embryogenesis. At larval 

hatching there are 85 body wall muscle cells; this number increases to 95 at 

adulthood (Krause, 1995). In addition to increasing in number, individual body 
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wall muscle cells also increase in size. At hatching muscle cells are two 

sarcomeres wide and filaments are 5µm long. At adulthood cells are 10 

sarcomeres wide and filaments are 10 µm long (Moerman and Williams, 2006). 

As a consequence of this growth, throughout the larval stages of C. elegans, 

muscle is likely to be actively undergoing protein synthesis. At adulthood muscle 

growth stops and unlike in vertebrates, regeneration cannot occur (Moerman and 

Williams, 2006; Waterston, 1998). Therefore, ectopically expressed CLP-1 might 

proteolytically cleave muscle proteins at all stages of development. However, in 

early development high levels of muscle protein synthesis could compensate and 

essentially overcome the proteolytic effects of CLP-1. Once the L4 stage has 

been reached and body wall muscle is almost fully formed, the equilibrium 

between protein synthesis and degradation might tip in favour of CLP-1. This 

would result in proteolysis and loss of vital structural muscle proteins. Therefore, 

ectopic CLP-1 proteolysis could cause a collapse of muscle sarcomeres and 

necrosis of body wall muscle cells. The degenerated muscle cells would then be 

permanently lost as regeneration cannot occur. Ultimately widespread CLP-1 

proteolysis will cause animal paralysis and death. 

In summary, the coordination defects observed for dys-1(cx18); hlh-1(cc561 ts) 

animals and for animals that are ectopically expressing CLP-1, begin at the 

IA/early adulthood stage. This is possibly because of the reduced muscle protein 

synthesis occurring at this point in C. elegans development. Alternatively, it 

could also be due to an accumulation of structural defects in muscle that 

eventually lead to degeneration. In Chapter 5I characterise the defects caused by 

ectopic CLP-1 in more detail and discuss how ectopic CLP-1 causes paralysis. 

4.2.4 Highly active muscles are more sensitive to muscle 
damage. 

Muscle that continually contracts is likely to be more sensitive to the ectopic 

effects of CLP-1. This might be because the high contractile activity of muscle 

causes structural perturbations in structure, which in a background of elevated 

proteolytic activity could lead to muscle dysfunction. Support for this hypothesis 

comes from the observation that a proportion of animals that are ectopically 
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expressing CLP-1, retained embryos (Figure 4.3). The retention of embryos by 

these animals suggests that the vulval muscles were no longer functional. It has 

also been shown that dys-1(cx18); hlh-1(cc561 ts) animals display an Egl 

phenotype. The number of embryos retained by adult dys-1(cx18); h1h-1(cc561 ts) 

animals, two days into adulthood, was almost double the amount observed for 

either hlh-1(cc561 ts) or dys-1(cx18) mutants (Gieseler et al., 2000). The vulval 

muscles are extremely active during the first three to four days of adulthood in a 

hermaphrodite as this is the period when all of the embryos are laid. The high 

rate of vulval contraction would not normally result in dysfunction of these 

muscles in wildtype animals. However, in backgrounds where muscle is 

compromised any damage that does occur in these muscles would become 

exaggerated. 

Further support for the hypothesis that increased muscle activity sensitises 

muscle to damage comes from work in vertebrates where muscle damage caused 

by contraction (induced by exercise) introduces small tears in muscle fibres 

(Clarkson and Hubal, 2002). Muscular dystrophy animal models, such as mdx 

mice, display muscle damage following exercise that stretches muscle fibres 

(eccentric exercise). This muscle damage can accelerate the progression of the 

degenerative disorder (Carter et al., 2002). Therefore, in conclusion, the active 

vulval muscles of C. elegans, which contract eccentrically, are likely to be 

sensitive to muscle damage. 

4.2.5 Summary. 

In this chapter I have shown that animals that ectopically express CLP-1 in 

muscle, display paralysis. In contrast, ectopic expression of calpains from the 

hsp-16-41 or neuronal promoters did not cause any obvious defects. Taken 

together, this work suggests that muscle is specifically sensitive to the effects of 

CLP-1, and other tissues might encode more stringent regulatory mechanisms for 

calpain activity. I have also shown that movement defects caused by ectopic 

CLP-1 begin at the L4 stage and progress rapidly. Mutations that might increase 
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intracellular Ca2' or compromise muscle structure were also shown to sensitise 

animals to the ectopic effects of CLP-1. I have not discussed these results here 

because I have performed a more extensive analysis of factors that might 

sensitise animals to the ectopic effects of CLP-1 in Chapter 5. Chapter 5 also 

explores how ectopic CLP-1 might cause paralysis and the physiological role of 

CLP-1. 
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5 Characterisation of CLP-1 induced 

paralysis. 
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5.1 CLP-1 induced paralysis is affected by Ca 2+ 

homeostasis. 

In Chapter 4I showed that ectopic expression of CLP-1 from a non-integrated 

P,,,, c-54: clp-1 transgene caused paralysis (see 4.1.3). I also created three 

independent lines carrying an integrated copy of the Punc_S4: clp-1 transgene, 

which I named crlsl, crls2 and crls3 (see 4.1.5). I next asked whether the 

percentage of animals displaying paralysis was greater in animals carrying an 

integrated Puic. 54: clp-1 transgene, than in animals carrying a non-integrated Pu�c. 

54: clp-1 copy. An integrated Puic_54: clp-1 transgene will be encoded in every 

somatic cell and thus is more likely to be expressed in every muscle cell. Figure 

5.1 shows the percentage of paralysed animals from each of the three 

independent lines carrying an integrated copy of the Piiiic_54: clp-1 transgene, 

crlsl, crls2 or crls3. The percentage of animals displaying paralysis ranges from 

3.2 %±1.4 % to 5.6 %±2.6 %. In animals carrying a non-integrated P,,,, 54: c1p- 

1 transgene, the percentage of animals displaying paralysis ranged from 0% t 

0% to 1.3% ± 0.9% (see Figure 4.4). Therefore, the percentage of animals 

displaying paralysis is higher in animals carrying an integrated copy of the P,,,, c. 

54: clp-1 transgene. 

In the following sections, unless otherwise indicated, all studies were performed 

using the integrated Pun, -54: clp-1 transgene, crlsl. 

I next examined whether mutations that are predicted to increase intracellular 

Ca2+ in muscle synergise with the integrated Puic_S4: clp-1 transgene to increase 

the percentage of animals that become paralysed. In Chapter 4I showed that egl- 

19(ad695gfl mutants, which expressed a non-integrated P,,, 54: clp-1 transgene, 

showed an increase in the percentage of animals displaying paralysis compared 

to N2 wildtype animals expressing non-integrated Piiiic_54: clp-1(see 4.1.4). The 

egl-19(ad695gf) mutation is predicted to increase intracellular Ca2+ in muscle 

because egl-19(ad695gf) animals exhibit prolonged action potentials in 

pharyngeal muscle (Lee et al., 1997). I found that 15% ± 4.6% of egl- 

19(ad695gf ); crlsl animals displayed paralysis, compared to 5.6% ± 2.6% of 

crlsl animals (Figure 5.1). 
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I next asked if combining other mutations, which might increase intracellular 

Cat+, also increased the percentage of crlsl animals displaying paralysis. Two 

possible candidates that might increase intracellular Cal' are gain-of-function 

mutations in the C. elegans inositol trisphosphate receptor - itr-1(sy290gfl and 

itr-1(sy327gfl (Clandinin et al., 1998). ITR-1 is a Ca2+ channel on the ER and is 

most similar to the inositol trisphosphate receptor type 1 in humans. In humans, 

inositol trisphosphate receptors (IP3R) function as an inositol (1,4,5) 

trisphosphate (IP3) receptor and Ca2+ channel on the ER. Upon binding IP3, the 

IP3R channel opens, and Ca2+ leaves the ER and enters the cytoplasm. Thus, 

during periods of 1P3 signalling, intracellular Cat+concentration is increased 

(Berridge, 1993). This Ca2+ signalling is important in many signalling processes 

both in mammals and C. elegans. In C. elegans, animals carrying either of the 

two itr-1 gain-of-function mutations are viable. In addition, both mutations 

suppress a loss of function in signalling pathways upstream of the ITR-1 channel 

(Clandinin et al., 1998). The itr-1(sy327gfl allele carries a mutation in the Ca2+ 

binding domain of 1TR-1 (Yan et al., 2006). itr-1(sy327gfl animals display 

increased contractile activity of the myoepithelial sheath cell, which is important 

in hermaphrodite ovulation. The increased contractile activity is likely to be due 

to an increase in Ca2+ release from the ITR-1 channel (Yin et al., 2004). The itr- 

1(sy290g f) mutation increases the binding affinity of 1P3 for ITR-1 (Clandinin et 

al., 1998). 

I, therefore, investigated if either itr-1 gain-of-function mutations increased the 

percentage of crlsl animals displaying CLP-1 induced paralysis. Both itr-1 gain- 

of-function mutations were marked in cis with the unc-24(e138) mutation. To 

determine whether the unc-24(e138) mutation affects crlsl activity, I also scored 

the percentage of animals displaying paralysis in this genetic background (Figure 

5.1). I found that 28.1% ± 5.0% of unc-24(e138); crlsl animals displayed 

paralysis: by comparison only 5.6% ± 2.6% of crlsl animals displayed paralysis. 

However, 42% ± 6.8% of unc-24(e138) itr-1(sy290g ); crlsl and 44.4% ± 10.8% 

of unc-24(e138) itr-1(sy327gf ); crlsl animals displayed paralysis, indicating that 

not only unc-24(e138) but also itr-1 gain-of-function mutations are capable of 

synergising with crlsl, possibly by raising intracellular Ca2+ levels. An 
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explanation for the role of unc-24(e138) in sensitising crlsl animals to the 

ectopic effects of CLP-1 will be explored in the discussion. 

In Chapter 4, I showed that between 21.1% and 56.9% of dys-1(cx18); egl- 

19(ad695gfl animals expressing a non-integrated Pu�c_54: clp-1 transgene 

displayed paralysis (see 4.1.4). I next analysed the effect of expressing crlsl in a 

dys-1(cx18); egl-19(ad695g f) genetic background and found that the number of 

paralysed animals was indeed elevated. 38.1 %: t 12.0 % of dys-1(cx18); egl- 

19(ad695gfl; crlsl animals displayed paralysis, which is significantly greater than 

the 5.6% t 2.6% of crlsl animals that displayed paralysis (Figure 5.1). 

5.2 CLP-1 induced paralysis is affected by some dys-1- 

like mutations. 

In Chapter 4, I showed that a greater percentage of dystrophin dys-1(cx18) 

mutants, carrying a non-integrated Piiric_54: clp-1 transgene, developed paralysis 

compared to that observed in animals only carrying the transgene (see 4.1.4). 

Surprisingly, dys-1(cx18); crlsl animals only displayed a non-significant 0.8% 

increase in the percentage of animals displaying paralysis compared to crlsl 

animals (Figure 5.2). I next examined whether the following mutations: dyc- 

1(cx32), dyb-1(cx36), okls53 snf-6(ok720), stn-1(ok292) and slo-1(js379), which 

are believed to have a similar function to dys-1 because they share similar 

phenotypes, synergise with crlsl (Carre-Pierrat et al., 2006a; Gieseler et al., 

1999; Gieseler et al., 2000; Grisoni et al., 2003; Kim et al., 2004; Wang et al., 

2001). Such mutations cause hyperactivity, muscle hypercontraction and 

exaggerated head bending when moving in the forward direction. The genes, 

which when mutated cause phenotypes similar to those seen in the dys-1(cxl8) 

mutant, are predicted to encode proteins that are part of the dystrophin associated 

protein complex (DAPC) and are thus expected to have a role in the structural 

integrity of muscle. Animals which lack these proteins might be sensitive to 

proteolysis by ectopic CLP- 1. Double mutants were made carrying crlsl and 
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Figure 5.1: The effect of increasing intracellular Ca 2+ on C: LP-1 induced 

paralysis. 

Genetic mutation", where intracellular Ca" is likely tu he increased, increase the 
percentage of animals displaying CLP-1 induced paralysis. The percentage of paralysed 
animals was calculated per brood, and at least 6 broods were scored for each strain (n - 6). 
Greater than 600 animals were analysed for each strain. egl-J9(uc/hy5gf), clvs-1(cx/8); egl- 
19(aclh9f . and unc-24(e1 8) animals, which did not carry crlsl, did not display 

paralysis at day 2 of adulthood. unc -24(e/3R) animals were easily distinguishable from 

paralysed animals based on both movement and appearance. Error bars represent the 
standard deviation. * Significantly different from ("r-J. si (P < 0.001). '4* Significantly 
different from imc-24(e138): crlsl (P < 0.001). 
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each of the mutations listed above; however, because slo-1 is found on the same 

linkage group as crlsl the strain slo-1(js379); crls2 was constructed (see 4.1.5). I 

scored the percentage of paralysed animals, caused by the integrated Pu�c_54:: clp-1 

transgene, in each of the genetic backgrounds, as shown in Figure 5.2. The dyb- 

1(cx36) and okIs53 snf-6(ok720) mutations did not sensitise animals to the 

ectopic effects of CLP-1. However, the stn-1(ok292), slo-1(js379) and dyc- 

1(cx32) mutations increased the percentage of crlsl animals that displayed 

paralysis (Figure 5.2). Therefore, some dys-1-like mutations sensitise crlsl 

animals to the ectopic effects of CLP-1. The reasons for this will be explored 

further in the discussion. 

I next examined the effect of a mutation in the gene encoding the Ce. MyoD 

transcription factor orthologue hlh-1(cc561 ts) on crlsl activity. The MyoD 

transcription factor orthologue in C. elegans is vital in post-embryonic muscle 

function (Chen et al., 1994). Null alleles of h1h-1 are lethal because they disrupt 

post-embryonic muscle function (Chen et al., 1994). Animals carrying the 

temperature sensitive hlh-1(cc561 ts) mutation can be maintained at the 

permissive temperature of 15°C (Harfe et al., 1998). The h1h-1(cc561 ts) mutation 

has been shown to sensitise dys-1(cx18) animals to muscle degeneration, but 

does not cause paralysis (Gieseler et al., 2000). I found that 58.5 %± 15.5 % of 

hlh-1(cc561 ts); crlsl animals displayed paralysis, which is much greater than the 

0.8% ± 0.9% of crlsl animals that displayed paralysis (Figure 5.2). In addition, 

70.5 %± 14.6 % of dys-1(cxl8); hlh-1(cc561 ts); crls1 animals displayed paralysis 

(Figure 5.2). Both hlh-1(cc561 ts); crls1 and dys-1(cx18); hlh-1(cc561 ts); crls1 

animals also exhibited embryonic lethality, decreased brood sizes, were 

developmentally retarded and showed some morphological defects, suggesting 

that ectopic CLP-1 in these animals causes many pathological defects. The 

percentage of crlsl animals displaying paralysis, when grown at 15°C, was 4.8 

% lower than that seen for crlsl animals grown at 20°C. 
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Figure 5.2: The effect of mutations in genes encoding structural muscle proteins 

on CLP-1 induced paralysis. 

Mutations that are likely to affect muscle structure and integrity have differing effects on 
the percentage of animals displaying CLP-l induced paralysis. For each mutation, the 
percentage of animals displaying paralysis, within a brood, was calculated. At least K 
broods were scored for each strain (n > 8) and the mean percentage cif animals displaying 
paralysis was calculated for each strain. Greater than 400 animals were scored for each 
strain. dvs-I(cxl8), ((Nc-1(cx32), clvb-1(cx36), uk1. Y53 snf-((ok720), stn-1(ok292). . clu- 
I(js379), hlh-1(c(_561ts) and dvs 1(c. rlK); hlh 1(rc_Sblt. c) animals. which did not carry 
cr/sl, (lid not display paralysis at day 2 of adulthood. Error bars represent the standard 
deviation. * Significantly different from rrlsl (P < 0.001). '`* Significantly different from 

crlsl 15C (P < 0.001). 
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5.3 The percentage of animals displaying CLP-1 induced 

paralysis is reproducible across different independent 

integrated lines. 

I next examined the reproducibility of transgene expression in the integrated Pu�c. 

S4: clp-1 transgenic lines crlsl, crls2, and crls3. I constructed dys-1(cx18); crls3, 

egl-19(ad695gfl; crls3 and slo-1(js379); crls3 strains and scored the percentage of 

animals displaying paralysis (Figure 5.3). Figure 5.3 shows that crlsl, crls2 and 

crls3 elicit comparatively similar phenotypes in different genetic backgrounds. 

For instance, 6.4% t 3% of dys-1(cx18); crlsl animals and 7.2% t 2% of dys- 

1(cx18); crlsl animals displayed paralysis. 

5.4 The percentage of animals displaying CLP-1 induced 

paralysis is greater in males. 

When building strains containing crlsl I noticed that males expressing the 

integrated P,,,, s4: clp-1 transgene were more susceptible to paralysis than 

hermaphrodites. I confirmed this observation by making a crlsl strain that carries 

a him (high incidence of males) mutation, which increases the frequency of male 

progeny to 37%: him-8(e1489); crlsl. him-8(e1489); crlsl males exhibited a 10- 

fold increase in the percentage of animals displaying CLP-1 induced paralysis 

when compared to hermaphrodites (Figure 5.4). Reasons for why males might be 

more sensitive to the effects of ectopic CLP-1 will be examined in the discussion. 
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Figure 5.3: The percentage of animals displaying CLP-1 induced paralysis is 

reproducible across different independent integrated strains. 

The three independent lines expressing an integrated copy (if the I..,.. : clp-l t ansgenc 
were combined with genetic mutations that might increase intracellular Ca 2+ or 
compromise muscle structural integrity, to show that the percentage of animals displaying 
paralysis is reproducible across different independent integrated strains: rrlsl, crR2 and 
cr/s3. For each genetic mutation, the percentage of animals displaying paralysis, within a 
brood, was calculated. At least 7 broods were scored Im each strain (n _' 7). Greater than 
1200 animals were scored for each strain. Error bars represent the standard deviation. 
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Figure 5.4: Males are sensitive to the effects of ectopic CI. P- 

1. 

The percentage of animals displaying paralysis for both hint-stile el4h9); rrl. sl males and 
him-8(e14S9); (-r1s1 hermaphrodites was examined, showing that hüst-8(c14N9); cr1s1 
males exhibit a greater percentage of animals displaying paralysis compared to him- 
8(e1489); crlsl hermaphrodites. The percentage of paralysed animals was calculated 1 'or 

each sex. The percentage cif animals displaying paralysis, within a brood, was , cored and 
15 broods were scored for each sex (n = 15). The mean percentage of animals displaying 

paralysis was subsequently calculated per brood. In total. 1270 Itim-8(e1489); crlsl males 
and 2,523 him-8(e1489); crlsl hermaphrodites were scored. Neither him-8(e/489)) males 
nor him-8(c1489) hermaphrodites, which did not carry cr/sl, displayed paralysis at day 2 

of adulthood. Icim-8(e1489); crls1 males significantly different from hirn-8(e1489): crl. iI 
hermaphrodites (P < 0.001). Error bars represent the standard deviation. 

172 



Results and Discussion 

5.5 Ectopic expression of CLP-1 produces abnormal 
muscle cells. 

I next analysed whether ectopic expression of CLP-1 might cause degradation of 

muscle fibres by staining with a fluorophore conjugated phalloidin to examine 

the integrity of muscle cells (see 2.3.5.1). Phalloidin staining makes it possible to 

visualise the F-actin of thin filaments of sarcomeres, which are essential for 

muscle contraction. I used phalloidin staining to quantify the loss of muscle cell 

integrity in C. elegans by counting forty body wall muscle cells in each animal 

and determining the number of body wall muscle cells where the actin thin 

filaments had become disorganised or absent (Gieseler et al., 2000; Mariol and 

Segalat, 2001). I also established whether the thin filaments were correctly 

positioned or if they were absent due to degradation. C. elegans has four body 

wall muscle quadrants, which corresponds to 95 cells (Krause, 1995). The central 

twenty cells in each muscle quadrant are the easiest to visualise after phalloidin 

staining; it is often only possible to see two of the four muscle quadrants due to 

the orientation in which the animal is mounted. A cell was considered abnormal 

in the following instances: 1) if the actin filaments were disrupted, i. e. they did 

not appear in the classic striated pattern; 2) if actin had formed actin bundles 

visible as punctae; or 3) if the muscle cell was missing due to cell death. 

The number of damaged muscle cells for strains, which were previously analysed 

for paralysis, is shown in Table 5-1. For each strain, animals were washed off 

plates and the number of damaged muscle cells was scored for both paralysed 

and non-paralysed animals without bias (see 2.3.5.1). I found that a proportion of 

animals from each of the strains expressing the integrated Pun, 
-54: clp-1 transgene, 

exhibited some damaged muscle cells. The number of damaged muscle cells also 

appeared to be directly proportional to the percentage of animals displaying 

paralysis. Therefore, it is likely that ectopic CLP-1 causes the degradation of 

body wall muscle fibres and results in animal paralysis. It was also found that 

animals carrying the integrated Piiiic. 54: c1p-1 transgene, which did not display any 

movement defects, did not exhibit any abnormal muscle cells (data not shown). It 

should be noted that the standard deviation for the number of abnormal muscle 

cells for each strain is high. This is likely to be due to the nature of CLP-1 
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Number of abnormal body 
Genotype wall muscles (day2 % Paralysed Animals b 

adulthood) a 

N2 0±0 0±0 

crlsl 0.7 ± 2.7 5.6 ± 2.6 

dys-1(cxl8) 0±0 0±0 

dys-1(cxl8); crlsl 1.4 ± 4.6 6.4 ± 3.0 

dyb-1(cx36) 0 ±O 0±0 

dyb-1(cx36); crlsl 1.1 ± 3.8 1.7 ± 1.2 

dyc-1(cx32) 0±0 0±0 

dyc-1(cx32); crlsl 3.8 ± 7.2 24.5 t 7.0 

stn-1(ok292) 0± 0 0t0 

stn-1(ok292); crIsl 5.9 ± 11.4 12.4 ±4.4 

okls53 snf-6(ok720) 0 ±O 0±0 

okIs53 snf-6(ok720); crlsl 1.2 ± 6.0 7.7 ± 3.5 

slo-1(is379) 0 ±O 0±0 

slo-1(js379); crlsl 6.7 ± 12.4 21.5 t 6.8 

egl-19(ad695gf) 0± 0 0t0 

egl-19(ad695gf); crlsl 6.1 t 12.4 15 ± 4.6 

dys-1(cxl8); egl- 1.1 t 2.0 0±0 
19(ad695gf) 
dys-1(cxl8); egl- 22.5 ± 15.2 38.1 ± 12 
19(ad695gf); crIs1 
Table 5-1: The number of abnormal muscle cells for different strains, which express CLP-1 

ectopically in muscle. 

Day 2 adults grown at 20°C were washed off plates and used for phalloidin staining. The 
number of abnormal cells from the two most visible body wall muscle quadrants (forty 
cells per animal) was scored. At least 60 animals (n >_ 60) were scored per strain. 
b The percentage of paralysed animals, taken from Figure 5.1 and Figure 5.2. 
Error is ± standard deviation. 
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induced paralysis; i. e. animals that appear wildtype have very little, if any, 

abnormal muscle cells, whilst paralysed animals have many abnormal muscle 

cells. Such an `all or none' phenomenon has also been described by Mariol and 

Segalat (2001) when scoring the muscle degeneration in dys-1(cx18); egl- 

19(ad695g f) and dys-1(cx18); hlh-1(cc561 ts) mutants. 

5.6 The progressive nature of CLP-1 induced paralysis. 

The movement defects exhibited by animals carrying an integrated Pun, 
-54: clp-1 

transgene become progressively worse as animals age (see 4.1.3.3). The onset of 

CLP-1 induced coordination defects usually starts at the L4 stage; once 

uncoordinated movement is detected, the progression to paralysis and subsequent 

death occurs between one to three days. I next examined the number of abnormal 

muscle cells in both uncoordinated and paralysed animals, which express P,,,. 

54: clp-1 to see if the deterioration in movement correlates with an increase in 

abnormal muscle cells. crlsl animals that were uncoordinated, but not paralysed, 

had fewer abnormal muscle cells than those that became paralysed (Table 5-2). 

For the purpose of this study, uncoordinated animals can be distinguished from 

paralysed animals because they retain the ability to move upon touch, although 

their movements are uncoordinated because they no longer move in the typical 

sinusoidal fashion and often `drag' parts of their torso (see Figure 4.2 A). 

The number of abnormal muscle cells was scored for uncoordinated and 

paralysed animals for the following strains: dys-1(cx18); crlsl, egl- 

19(ad695gf); crlsl, slo-1(js379); crls2 and dys-1(cx18); egl-19(ad695gf); crIsI 

(Table 5-2). For each of the strains the number of abnormal muscle cells was 

significantly lower for uncoordinated animals than for paralysed animals. 

To gain an understanding of the steps involved in muscle degradation, qualitative 

analysis of muscle structure in uncoordinated and paralysed crlsl mutants was 

also performed using phalloidin staining (Figure 5.5). In wildtype body wall 

muscle one can see that the thin actin filaments form a striated pattern within 

each diamond shaped muscle cell (Figure 5.5 A and B). In uncoordinated 

animals, striated muscle fibres remained present, but some body wall muscle 
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cells had disappeared, whilst others had formed clumps (Figure 5.5 C and D). In 

paralysed animals, there were either large black spaces where muscle cells once 

were, or groupings of clumped muscle cells, where a likely loss of body wall 

muscle integrity has caused the remaining muscle cells to recoil and clump 

(Figure 5.5 E and F). Therefore, it appears that ectopic CLP-1 activates 

proteolytic cleavage, which is likely to lead to rapid degradation of body wall 

muscle fibres and eventually eliminate muscle altogether. 

5.7 Inactivation of CLP-1 suppresses muscle 
degeneration. 

I have shown that ectopic expression of CLP-1 can cause paralysis and that this 

paralysis is likely to be due to proteolytic degradation of muscle instigated by 

CLP-1. I next chose to ask whether CLP-1 is involved in a physiological form of 

muscle degeneration in C. elegans. In C. elegans two genetic backgrounds have 

been used to model muscular dystrophies: dys-1(cx18); hlh-1(cc561 ts) and dys- 

1(cx18); egl-19(ad695gf) (Gieseler et al., 2000; Mariol and Segalat, 2001). To see 

if CLP-1 is required for muscle degeneration in animals carrying either dys- 

1(cx18); hlh-1(cc561 ts) or dys-1(cx18); egl-19(ad695gfl mutations, I generated 

triple mutant strains, which also carry the clp-1(tm690) putative null mutation, 

which truncates the predicted CLP-1 protein and also removes two catalytic 

residues (see 3.3.1). dys-1(cx18); hlh-1(cc561 ts); clp-1(tm690) animals showed a 

decrease in the number of abnormal muscle cells by almost fifty percent 

compared to dys-1(cx18); hlh-1(cc561 ts) animals. Therefore, CLP-1 is involved 

in the muscle degeneration of dys-1(cx18); hlh-1(cc561 ts) animals (Table 5-3). 

dys-1(cx18); egl-19(ad695gf); clp-1(tm690) did not show any significant decrease 

in the number of abnormal muscle cells; however, because dys-1(cx18); egl- 

19(ad695gf) animals only displayed 1.5 ± 0.4 abnormal muscle cells, it might not 

have been possible to detect a decrease (Table 5-3). It should be noted that others 

have reported that dys-1(cx18); egl-19(ad695g f) animals exhibit 4.3 ± 4.4 

abnormal muscle cells; however, I was unable to reproduce this result (Mariol 

and Segalat, 2001). Nonetheless I have shown that CLP-1 is involved 
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Genotype 
Animal mobility 

Number of abnormal 
description a body wall muscle cells 

(day2 adulthood) b 

dys-1(cx18); crlsl uncoordinated 8.8 t 7.2 

dys-1(cxl8); crlsl paralysed 27.2 ± 6.7 

egl-19(ad695g f); crIs1 uncoordinated 12.7 ± 7.6 

egl-19(ad695gf); crlsl paralysed 33.8 ± 5.2 

slo-1(js379); crlsl uncoordinated 10.9 ± 8.5 

slo-1(js379); crlsl paralysed 30.6 t 10.1 

dys-1(cxl8); egl- uncoordinated 20.8 t 8.2 
19(ad695gf); crlsl 

dys-1(cxl8); egl- paralysed 35.6 t 2.6 
19(ad695g f); crlsl 

Table 5-2: CLP-1 induced muscle degradation in uncoordinated and paralysed animals. 

Uncoordinated animals can move away upon touch but not in a wildtype sinusoidal 
fashion. Paralysed animals cannot move away upon touch. 
b Däy 2 adults with the appropriate phenotype (uncoordinated or paralysed), grown at 
20°C were transferred into 10 µl of M9 solution and used for phalloidin staining. The 

number of abnormal cells from the two most visible body wall muscle quadrants (forty 

cells per animal) was scored. At least 60 animals (n >_ 60) were scored for each phenotype. 
Error is ± the standard deviation. 
Statistical analysis between the number of abnormal muscle cells for uncoordinated and 
paralysed animals for each strain showed a significant difference between both phenotypic 
states for all the strains analysed (P < 0.001). 

177 



Results and Discussion 

Figure 5.5: The progressive muscle degradation caused by ectopic CLP-I. 

Fluorescence microscopy of body wall muscle after staining with phalloidin. A) and B) 
are examples of wildtype staining, C) and D) are examples of uncoordinated animals, E) 
and F) are examples of paralysed animals. In some cells actin striations have disappeared 
(white arrow heads), whilst in others the actin staining has become clumped (white 
arrows). Missing muscle cells and clumped cells are further highlighted with white dashes. 
Left and right photos correspond to different animals with the same phenotype. A), C) 
and E) are at 20X magnification, scale bar is 50 pm, B), D) and F) are at 63X 
magnification, scale bar is 10 µm. 
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Genotype 
Number of abnormal body wall muscle 
cells a 

dys-1(cxl8); hlh-1(cc561 ts) ° 10.9 ±0.4 

dys-1(cxl8); hlh-1(cc561 ts); clp- d 
1(tm690) b 5.9 ± 0.6 

dys-1(cxl8); egl-19(ad695gf) ̀ 1.5 t 0.4 

dys-1(cxl8); egl-19(ad695gf); clP- e 
1(tm690) ° 1.3 t 0.1 

Table 5-3: CLP-1 is involved in a specific form of muscle degeneration. 

° The number of abnormal cells for the two most visible body wall muscle quadrants (40 
cells per animal) were scored. Number of abnormal muscle cells per animal represents the 
average from 3 experiments (at least 30 animals per experiment) ± standard deviation. 
b Day 2 adults were scored, grown at 15°C. 

Day 5 adults were scored, grown at 15°C. 
d Statistically different from dys-1(cx18); hlh-1(cc561 ts) (P < 0.001) 

Not statistically different from dys-1(cx18); egl-19(ad695g) (P = 0.33). 
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in the muscle degeneration observed in dys-1(cx18); hlh-1(cc561 ts) animals. 

5.8 Aspartyl proteases are required for CLP-1 induced 

paralysis. 

I have shown that CLP-1 is partly involved in the muscle degeneration of dys- 

1(cx18); hlh-1(cc561 ts) animals: CLP-1 is also involved in neurodegeneration in 

C. elegans (Syntichaki et al., 2002). Syntichaki et al. (2002) showed that calpains 

clp-1 and tra-3, and aspartyl proteases asp-3, asp-4, and asp-1 are involved in 

degeneration of the six touch receptor neurons. Calpains and aspartyl proteases 

are likely to function in the same pathway, with aspartyl proteases acting 

downstream of calpain (Syntichaki et al., 2002). I, therefore, asked whether there 

might be further similarities beyond the involvement of CLP-1 between the 

degenerative pathways in muscle and neurons. Hence, I performed an RNAi 

screen of the aspartyl family of proteases (asp-1 to asp-6) using egl- 

19(ad695g f); crls1 animals and counted the number of paralysed animals. I 

performed this study using egl-19(ad695gf) because a high percentage of these 

animals become paralysed so it would be easier to detect a reduction caused by 

RNAi. 

RNAi constructs for asp-1 to asp-6 were obtained from an RNAi library (Kamath 

et al., 2003). Figure 5.6 shows the results from this screen. As a positive control, 

I showed that the paralysis of egl-19(ad695gfl; crlsl mutants could be suppressed 

by performing clp-1(RNAi). egl-19(ad695g1); crIsl animals fed on asp-3(RNAi) 

and asp-4(RNAi) displayed greater than a 60% reduction in the percentage of 

animals displaying paralysis whereas asp-1, -2 or -6(RNAi), failed to elicit a 

significant reduction in paralysis. asp-5(RNAi) also reduced the percentage of 

animals displaying paralysis, but not to the same extent as asp-3(RNAi) or asp- 

4(RNAi). Therefore, the aspartyl proteases ASP-3 and ASP-4 are involved in 

CLP-1 induced paralysis, which suggests that defects caused by ectopic 

expression of CLP-1 in muscle and C. elegans neurodegeneration might follow 

similar pathways. 12% ± 0.7% of egl-19; crlsl animals used in this RNAi screen 

displayed paralysis, whilst in earlier work in Figure 5.1,15% ± 4.6% of egl- 

19; crlsl animals displayed paralysis. This reduction in the percentage of animals 
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displaying paralysis was also noticed for other crlsl containing strains, 

suggesting that animals might adapt to the effects of ectopic CLP-1 over time. 
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Figure 5.6: Aspartyl proteases are involved in CLP-I induced paralysis. 

The effect of clp-1 and aspartyl protease RNAi on the percentage cif c, 'I-19(ad695gf); ccrlsI 
animals displaying paralysis. egl-19(adO95gf); crAI LI larvae were spotted onto the 
appropriate RNAi plates and the percentage of animals displaying paralysis was scored for 
adults two days into adulthood. The average of three independent RNAi experiments (n = 
3) was calculated for each RNAi strain and each RNAi experiment included at least 100 
animals. Control animals are egl-19; crlsl animals fed on HTI 15 bacteria. Error bars are 
standard error of the mean. * Significantly different from control egl-19(adO95gJ): cr1s1 
animals (P < 0.01). 
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5.9 Discussion. 

5.9.1 CLP-1 destabilises muscle and causes muscle 
degeneration. 

The results of Chapter 4 and Chapter 5 suggest that CLP-1 has the ability to 

cause muscle degeneration in C. elegans. This hypothesis is supported by the 

following: 1) catalytically active CLP-1 can cause paralysis (see 4.1.3.2); 2) 

paralysis is likely to be caused by abnormalities in muscle cell physiology (see 

5.5); 3) defects in muscle physiology are likely to represent a form of muscle 

degeneration, which results in rapid deterioration of animal movement (see 5.6); 

4) clp-1 is involved in muscle degeneration in dys-1(cx18); hlh-1(cc561 ts) 

animals. The observation that CLP-1 can cause muscle degeneration is also 

supported by the association of mammalian calpains in muscular dystrophy. For 

instance, the expression and activity of mammalian CAPN1 and CAPN2 are 

increased in many forms of MD, including DMD. Recent in situ studies using a 

fluorogenic calpain substrate performed on muscle fibres isolated from C57 mice 

(wildtype) and the mouse model for DMD, mdx mice, showed that calpain 

activity was 1.5 fold higher in mdx mice compared to C57 mice (Gailly et al., 

2007). In further agreement, intramuscular injection of leupeptin, a cysteine 

protease inhibitor, decreased the muscle degeneration of mdx mice (Badalamente 

and Stracher, 2000). In addition, mdx mice that overexpressed calpastatin, the 

endogenous inhibitor of CAPN1 and CAPN2 in mammals, showed a reduction in 

muscle necrosis (Spencer and Mellgren, 2002). Therefore, the results from 

Chapter 4 and Chapter 5, along with research into mammalian MD suggest that 

calpains are key instigators of muscle degeneration. However, until now it has 

not been demonstrated that overexpression of calpain alone has the ability to 

induce muscle degeneration (see 4.1.3). Therefore, this result proves that 

inappropriate calpain expression on its own is sufficient to cause a pathological 

defect. 
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5.9.1.1 How can a protease that is likely to display high substrate 

specificity cause muscle cell dysfunction? 

Calpains are unlikely to cause the widespread degradation of muscle proteins 

because they only proteolyse specific substrates at specific sites (Tompa et al., 

2004). In order for CLP-1 to cause muscle degradation CLP-1 is likely 

proteolyse specific muscle structural proteins that are important in maintaining 

the myofibrillar formation of muscle. By cleaving structural proteins at specific 

points, calpains could allow for the release of these proteins from myofibrils. 

This would compromise the integrity of myofibrils and result in myofibril 

disorganisation. Myofibril disorganisation would cause a loss of contractile 

ability. This model is supported by work on mammalian CAPN 1 and CAPN2. 

CAPN 1 and CAPN2 cleave many muscle specific proteins in vitro that are 

important in the attachment of contractile machinery to Z disks (Di Lisa et al., 

1995; Goll et al., 2003; Raynaud et al., 2005). For example, titin, which is 

important in attaching thick filaments (myosin) to the Z-disk, is cleaved by 

CAPN 1. Incubation of two titin fragments of 150 kDa and 800 kDa with CAPN 1 

and an appropriate concentration of Ca2+ for 30 minutes, results in efficient 

proteolysis of titin into smaller fragments (Raynaud et al., 2005). CAPN1 also 

associates with and localises to proteins present at the Z disk, such as titin and a- 

actinin (Goll et al., 2003; Kumamoto et al., 1992; Raynaud et al., 2003). 

Therefore, the localisation of mammalian CAPN1 to the Z-disk, and the ability of 

mammalian CAPN 1 to cleave vital structural proteins, such as titin, might 

suggest that mammalian calpains are involved in the disassembly of sarcomeric 

units. The observations made for mammalian CAPN1 and CAPN2 might also 

apply to CLP-1. This is because in Chapter 3I showed that CLP-1 is the most 

closely related of the C. elegans calpains to human CAPN1 and CAPN2 (see 

Figure 3.3). In further support of this comparison, C. elegans contain dense 

bodies, which are equivalent to the mammalian Z-disk. Giant proteins such as 

titin also exist in C. elegans and Ce-titin spans half an I band. Ce-titin might be 

responsible for attaching thick filaments to dense bodies similar to mammalian 

titin (Ferrara et al., 2005; Flaherty et al., 2002). Therefore, CLP-1, similar to 

mammalian CAPN1, might associate with dense bodies in C. elegans and cleave 
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structural proteins, such as Ce-titin. This cleavage could cause a destabilisation 

of the sarcomere, which would then lead to collapse of muscle fibres. 

5.9.1.2 The proteasome could degrade dissociated myofibrillar 
proteins. 

The removal of vital structural proteins and subsequent destabilisation of 

myofibrils could lead to an increase in the degradation of myofibrillar proteins. 

As stated earlier, whilst CLP-1 is likely to selectively cleave structural proteins it 

is unlikely to completely degrade these proteins. In Figure 5.5, however, thin 

filaments are absent from some muscle cells, which is likely to be due to 

degradation. This degradation is likely to be performed by the proteasome. This 

hypothesis is supported by research into the role of the proteasome in muscle 

degeneration in both C. elegans and mammals. In C. elegans, inactivation of chn- 

1 causes a 50% reduction in the percentage of abnormal body wall muscle cells 

in dys-1(cx18); hlh-1(cc561 ts) animals (Nyamsuren et al., 2007). chn-1 encodes 

the homologue of the human E3/E4 ubiquitylation enzyme CHIP that acts 

upstream of the proteasome (Nyamsuren et al., 2007). In further support of the 

above hypothesis, application of a proteasome inhibitor, MG132, to dys- 

1(cx18); hlh-1(cc561 ts) animals phenocopied the effects of chn-1 inactivation. 

This suggests that proteasome activity is required for muscle degeneration in C. 

elegans (Nyamsuren et al., 2007). Research into mammals also supports the 

hypothesis that the proteasome degrades muscle. In rats, Ca2+ induced proteolysis 

of diaphragm muscle, which is dependent on calpain activity, is also dependent 

on the proteasome. The application of proteasome inhibitors to isolated muscle 

fibres that have been incubated with Ca2+ prevented the degradation of muscle, 

despite high calpain activity (Smith and Dodd, 2007). This research suggests that 

degradation of muscle requires both the coordinated actions of calpains and the 

proteasome. Similarly, CLP-1 and the proteasome might be acting in a concerted 

fashion to cause muscle degeneration in C. elegans. Ectopic CLP-1 could remove 

structural proteins and cause destabilisation of myofibrils, which would then 

provide protein substrates for the proteasome. The proteasome would then 

completely degrade myofibrillar proteins and cause muscle dysfunction. This 

hypothesis could be tested by inactivating chn-1 or using a proteasome inhibitor 
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on animals that ectopically expressing CLP-1 to see if the number of paralysed 

animals decreases. 

5.9.1.3 Loss of a few muscle cells could cause dysfunction of the 

remaining muscle cells. 

In this chapter I showed that muscle cells became abnormal as a result of ectopic 

CLP-1 (Figure 5.5). I also showed that ectopic CLP-1 caused rapid deterioration 

in muscle physiology and movement (Figure 5.5). It is possible that ectopic CLP- 

1 and the hypothesised action of the proteasome could cause rapid degradation of 

all muscle cells. However, Figure 5.5 might also indicate that the loss of one or 

two muscle cells leads to a loss of important focal contacts between neighbouring 

muscle cells. This could then cause remaining muscle cells to recoil and clump 

due to the force generated by body wall muscle cells during contraction. When 

muscle cells are no longer correctly anchored, they lose structural integrity and 

form clumps. This model is supported by research that isolated mua (muscle 

attachment) mutants in C. elegans. mua mutants display detachment of body wall 

muscle from the body wall. Mutations in 11 genes have been identified for 

causing progressive locomotion defects. However, similar to the effects of 

ectopic CLP-1, the mutations did not affect muscle development or the ability of 

muscle to contract initially. The mua mutants displayed either defects in the 

attachment of body wall muscle cells to one another, or the attachment of body 

wall muscle to the hypoderm. These attachment defects caused animals to have 

severe movement defects that resulted in paralysis and sometimes death. Similar 

to what I have found in this chapter with the effects of ectopic CLP-1, in mua-2 

mutants once one or two of the muscle cells had detached from the hypoderm, 

the force generated by subsequent muscle contraction caused muscle cells to 

clump at the animal mid-body (Plenefisch et al., 2000). This suggests that the 

loss of important focal contacts causes an alteration in the localisation and 

morphology of neighbouring muscle cells. Plenefisch et al. (2000) state that 

wildtype animals can normally withstand the force exerted by body wall muscle 

contraction. However, when important focal contacts, either between muscle 

cells or between muscle cells and the hypoderm are compromised then the force 

generated through muscle contraction leads to rapid destabilisation and 
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detachment of the remaining muscle cells. Subsequently, loss of body wall 

muscle cells and clumping of remaining muscle cells results in paralysis. 

5.9.2 CLP-1 and myofibrillar protein turnover. 

The evidence presented here and shown previously for mammalian calpains 

might suggest that the physiological role of CLP-1 in muscle is in myofibrillar 

protein turnover. Myofibrillar protein turnover is the process by which 

myofibrillar proteins are exchanged with newly synthesised proteins. This 

process is predicted to be required for efficient muscle contraction (Goll et at., 

2007). Calpains are predicted to be important in this process because they can 

selectively cleave structural proteins, such as titin. Cleavage of structural proteins 

is predicted to allow for their removal and exchange with newly synthesised 

proteins (Goll et al., 2007; Raynaud et al., 2005). Following the controlled 

removal of structural proteins, the proteasome is predicted to completely degrade 

these proteins (Smith and Dodd, 2007). Based on the results of Chapter 4 and 

Chapter 5I have hypothesised that CLP-1 is likely to instigate the degeneration 

of muscle by cleaving and destabilising myofibrils. This hypothesis is consistent 

with CLP-1 having a physiological role in the recycling of sarcomeric proteins. 

The role of calpains in myofibrillar protein turnover is also supported by research 

into calpain activity after exercise (Bartoli et al., 2006). Bartoli et al. (2006) 

showed that calpain activity was increased after exercise in mice (Bartoli et al., 

2006). Exercise can cause slight damage to muscle, which means that after 

exercise muscle is predicted to go through a period of remodelling (Carter et al., 

2002). This remodelling will require the removal of damaged proteins from 

myofibrils with newly synthesised proteins. Therefore, the observed increase in 

calpain activity could be as a result of the need for muscle to recycle damaged 

myofibrillar proteins. In conclusion, CLP-1 could represent the C. elegans 

calpain responsible for myofibrillar protein turnover. 

5.9.3 Muscle is sensitised to the effects of ectopic CLP-1 by 3 

factors: Cat+, muscle structure, and muscle activity. 

The work in this chapter supports the hypothesis that specific factors can 

sensitise animals to calpain. There are three main factors that are likely to 
187 



Results and Discussion 

sensitise animals to ectopic CLP-1. These are: 1) intracellular Cat' levels; 2) 

muscle structural integrity; and 3) muscle contractile activity. 

5.9.3.1 Increased intracellular Ca 2+ levels. 

The hypothesis that increasing intracellular Ca2+ would increase the proteolytic 

activity of CLP-1 and thus increase the percentage of animals displaying 

paralysis is likely to be supported by the use of the following genetic mutations: 

1) egl-19(ad695gf); 2) itr-1(sy290gfl; 3) itr-1(sy327gfl; 4) slo-1(js379); 5) stn- 

1(ok292); 6) unc-24(e138) (see Figure 5.1 and Figure 5.2). Mutations such as 

egl-19(ad695gf), itr-1(sy290gfl or itr-1(sy327g) caused crlsl animals to display 

an increase in the percentage of paralysed animals (Figure 5.1). These mutations 

cause a gain-of-function in either a voltage gated L-type Ca2+ channel or inositol 

trisphosphate receptor, and so are predicted to increase intracellular Ca2+ (Avery, 

1993; Clandinin et al., 1998; Lee et al., 1997; Yan et al., 2006). However, despite 

the fact that the itr-1 gain-of-function mutations are likely to increase 

intracellular Ca2, previous research suggested that 1TR-1 is not expressed in 

muscle. This research analysed the expression of ITR-1 using 1TR-1 specific 

antibodies and an ITR-1:: GFP reporter and did not highlight ITR-1 expression in 

body wall muscle. The authors stated that this could be due to an inability of both 

of these techniques to detect 1TR-1 expression (Baylis et al., 1999). Therefore, 

1TR-1 might only be present at low levels in muscle. The effect of both itr-1 

gain-of-function mutations on the sensitivity of animals to ectopic CLP-1 might 

suggest that ITR-1 expression in muscle is sufficient to be able to increase 

intracellular Ca2+ and activate ectopic CLP-1. 

The hypothesis that an increase in intracellular Ca 2+ sensitises animals to the 

effects of ectopic CLP-1 might be further supported by the effects of mutations 
in genes that were isolated for their possible role at the DAPC. slo-1(js379) and 

stn-1(ok292) mutations were originally examined for their possible affect on the 

structural integrity of muscle (see 5.2). However, upon further evaluation it is 

likely that these mutations might sensitise animals to the effects of ectopic CLP-1 

by increasing intracellular Cat+. 
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An absence of functional SLO-1 might cause an increase in intracellular Ca2+ in 

muscle. slo-1 encodes a Ca2+ activated potassium BK channel and the slo- 
1(js379) mutation is predicted to be null (Davies et al., 2003). SLO-1 is 

expressed in muscle and neurons (Carre-Pierrat et al., 2006a). It is predicted that 

the activity of SLO- 1 has a relaxing effect on muscle because following Ca2' 

activation, the SLO- 1 channel releases KK into the extracellular space (Carre- 

Pierrat et al., 2006a). In mammals, in arterial vascular smooth muscle cells Ca2+ 

activated BK channels, which are similar to SLO-1, are closely linked to L-type 

Ca2+ channels. Following Ca2+ entry, the BK channel becomes activated, which 

causes hyperpolarisation of the plasma membrane and inactivates the L-type 

channel (Zhao et al., 2007). This mechanism might also exist in C. elegans. 

Therefore, in the absence of SLO-1, the L-type Ca2+ channels (e. g. EGL-19) 

would not be inactivated and intracellular Ca2+ would increase. The observation 

that slo-1(js379); crls2 animals displayed more paralysed animals than egl- 

19(ad695gf); crlsl animals might also suggest that SLO-1 regulates the activity 

of Ca2+ channels in addition to EGL-19 in muscle. 

An absence of functional STN-1 might also increase intracellular Ca2+ in muscle. 

stn-1 encodes an a/ß type syntrophin and the stn-1(ok292) mutation is predicted 

to be null (Grisoni et al., 2003). Research has indicated that the stn-1(ok292) 

mutation might increase intracellular Cat+. This research showed that animals 

carrying both the stn-1(ok292) mutation and a reduction-in-function mutation, 

egl-19(n582), displayed intermediate phenotypes between the single mutants of 

egl-19(n582) and stn-1(ok292) (Grisoni et al., 2003). The reduction-in-function 

mutation, egl-19(n582), decreases muscle contraction capability. This causes 

animals to expel eggs ineffectively and move poorly (Lee et al., 1997). These 

defects are likely to stem from a decrease in Ca2+ signalling in muscle. Therefore, 

by ameliorating some of the defects of egl-19(n582) animals, the stn-1(ok292) 

mutation is likely to up-regulate the activity of Ca2+ channels and thus increase 

intracellular Ca2+ in muscle (Grisoni et al., 2003). Further support for the role of 

syntrophins in controlling Ca2+ signalling is provided by research into 

mammalian a-syntrophin. Mammalian a-syntrophin has been shown to recruit 

the Cat+/Calmodulin ATPase (PMCA), a sarcolemma Ca2+ pump, to the 
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sarcolemma. PMCA removes Ca2+ from the cytosol. If a-syntrophin was not 

present, PMCA would be not recruited, Ca2+ pumping would not occur and 

cytosolic Ca2+ levels would increase (Williams et al., 2006). Therefore, 

syntrophins might regulate intracellular Cat+by recruiting ion channels to the 

plasma membrane. 

A final mutation that unexpectedly sensitised animals to the effects of ectopic 

CLP-1 was unc-24(e138). Examination of the literature might suggest that UNC- 

24 is also involved in ion channel regulation. As a result, the unc-24(e138) could 

cause an increase in intracellular Ca2'. unc-24 encodes a novel protein that 

contains both a stomatin-like domain and a lipid transfer domain (Barnes et al., 

1996). The hypothesis that UNC-24 might have a role in ion channel regulation 

is supported by research into C. elegans and mammalian stomatins. A 

mammalian stomatin co-immunoprecipitates and co-localises with the acid 

sensing ion channel 3 (ASIC-3), which is an H+ gated Na+ channel. Mammalian 

stomatin was also shown to potently inhibit the Na+ conductance of the ASIC-3 

channel (Price et al., 2004). In contrast, in C. elegans, a stomatin protein, MEC- 

2, is predicted to positively regulate a Na+ channel. MEC-2 is required for animal 

touch sensitivity; null mutations in mec-2 cause touch insensitivity (Huang et al., 

1995). MEC-2 localises with degenerin Na' channel proteins, such as MEC-4 

and MEC-10 (Zhang et al., 2004). MEC-2 is hypothesised to positively regulate 

the Na+ conductance activity of MEC-4 and MEC-10, and so increase 

intracellular Na+. MEC-2 also co-localises and co-immunoprecipitates with 

UNC-24. This might suggest that UNC-24 also have a role in regulating the 

activity of degenerin Na+ channels (Zhang et al., 2004). 

Further support for the role of UNC-24 in ion channel regulation is provided by 

the observation that UNC-24 has an indirect role in regulating the activity of 

another Na+ channel. The wildtype unc-24 gene is required for the correct 

localisation of another stomatin protein, called UNC-1 (Sedensky et al., 2001). 

UNC-1 is important in the sensitivity of C. elegans to anaesthetics and interacts 

with a Na+ channel, UNC-8 (Sedensky et al., 2004). UNC-1 is hypothesised to 

regulate UNC-8 activity. Therefore, UNC-24 is also likely to indirectly regulate 

UNC-8 activity (Sedensky et al., 2004). 
190 



Results and Discussion 

In summary, the UNC-24 is likely to regulate different Na' channels in C. 

elegans. If UNC-24 were to negatively regulate Na+ channels then in the absence 

of UNC-24, intracellular Na+ might increase. If this were to occur in muscle it 

would result in the depolarisation of the plasma membrane and activation of 

voltage gated Ca2+ channels, such as EGL-19. This would increase intracellular 

Ca2+ and thus activate CLP-1. An alternative possibility is that UNC-24 inhibits 

Ca2+ channels directly. Therefore, in the absence of UNC-24, Ca2+ channel 
inhibition would be released and intracellular Ca2+ would increase. These two 

possibilities might explain why the unc-24(e138) mutation sensitises animals to 

the effects of ectopic CLP-1. 

In order to examine the role of all these mutations further it will be important to 

establish to what degree each mutation increases intracellular Cat+. It will then 

become more apparent whether these mutations sensitise animals to the effects of 

ectopic CLP-1 by increasing intracellular Ca2+ or by an, as yet, undetermined 

mechanism. To establish the intracellular Ca2+ concentrations for each of these 

mutants one could transform mutants with reporters encoding the calcium 

indicator, chameleon (Miyawaki et al., 1997). Chameleon is a fluorescent 

calcium sensor that contains CFP and YFP. An increase in calcium concentration 

is indicated by an increase in YFP fluorescence. Thus, to calculate intracellular 

Ca2+ concentrations, muscle isolated from mutants carrying transgenically 

expressed chameleon would be examined for relative CFP and YFP emission. 

Subsequent ratios could then be compared between mutants and wildtype 

animals. 

5.9.3.2 Muscle structural integrity. 

The hypothesis that defects in muscle structure might sensitise animals to the 

effects of ectopic CLP-1 might be supported by the effects of the dyc-1(cx32) 

and hlh-1(cc561 ts) mutations. Both of these mutations sensitised animals to the 

ectopic effects of CLP-1 (see Figure 5.2). dyc-1 encodes a protein whose closest 

vertebrate relative is CAPON, which is an adaptor protein for nNOS (Gieseler et 

al., 2000; Jaffrey et al., 1998). The dyc-1(cx32) mutation is predicted to be null 

(Gieseler et al., 2000). In mammals, CAPON regulates Cat+influx through its 
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interaction with nNOS (Jaffrey et al., 1998). However, no homologue of nNOS 
has been found in C. elegans, suggesting that the functions of DYC- 1 and 

CAPON are likely to have diverged during evolution (Lecroisey et al., 2008). 

Conversely, DYC-1 might have a structural role in muscle. Therefore, in the 

absence of DYC-1 muscle becomes sensitised to the effects of ectopic CLP-1. In 

potential support of a structural role for DYC-1 in muscle, dyc-1 is the only dys- 

1-like gene that is able to partially rescue the degenerative phenotype in dys- 

1(cx18); hlh-1(cc561 ts) animals (Gieseler et al., 2000). This was shown when 

dys-1(cx18); hlh-1(cc561 ts) animals that ectopically expressed dyc-1 from its 

promoter exhibited almost a 50% reduction in the number of abnormal muscle 

cells compared to dys-1(cx18); hlh-1(cc561 ts) animals (Gieseler et al., 2000). 

This suggests that DYC-1 has the ability to compensate for an absence of DYS-1 

activity. 

In further support of a possible structural role for DYC-1, DYC-1 has been 

shown to localise to the dense bodies of body wall muscle; the structural 

foundation of myofibrils. DYC-1 also binds ZYX-1, which is a homologue of the 

vertebrate zyxin that localises to vertebrate focal adhesion sites (Crawford et al., 

1992; Lecroisey et al., 2008). Lecroisey et al. (2008) proposed that DYC-1 might 

act as an important adaptor protein at dense bodies through interactions with 

proteins such as ZYX-1. However, whilst this research begins to dissect the role 

of DYC-1 and points to a possible structural role at the dense body, the 

hypothesis that dyc-1(cx32) animals are greatly sensitised to the effects of 

ectopic CLP-1 because of defects in structure remains speculative. 

The hlh-1(cc561 ts) mutation has previously been used to show that the muscle of 

the dys-1(cx18) mutant, and other mutants that share the dys-1 phenotype, are 

structurally unstable (Carre-Pierrat et al., 2006a; Gieseler et al., 1999; Gieseler et 

al., 2000; Grisoni et al., 2003; Kim et al., 2004). Thus, the hlh-1(cc561 ts) genetic 

background is likely to be structurally unstable and sensitive to increased CLP-1 

proteolysis. 

The hypothesis that the absence of components of the DAPC sensitise animals to 

the effects of ectopic CLP-1 is not completely supported by the work of this 
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chapter. The dys-1(cx18), dyb-1(cx36) and okls53 snf-6(ok720) are predicted null 

mutations and none of these mutations sensitised animals to the ectopic effects of 

CLP-1 (Figure 5.2). dys-1 encodes the only homologue of dystrophin in C. 

elegans and an absence of its mammalian counterpart is responsible for DMD 

(Koenig et al., 1987). One would predict that an absence of DYS-1 would cause 

an instability in muscle structure that would sensitise animals to the effects of 

CLP-1. However, the dys-1(cx18) mutation did not sensitise animals to ectopic 

calpain. dyb-1 encodes the only C. elegans homologue of dystrobrevin; a 

component of the DAPC (Gieseler et al., 1999). snf-6 encodes an 

acetylcholine/choline transporter, which is hypothesised to clear acetylcholine 

from neuromuscular junctions and thus decrease synaptic activity (Kim et al., 

2004). SNF-6 is also hypothesised to localise to the DAPC. However, despite the 

likely association of these proteins to the DAPC, an absence of these proteins did 

not compromise muscle to the effects of ectopic CLP-1. In summary, the result 

of inactivating different components of DAPC on CLP-1 induced paralysis is 

inconsistent. An absence of some components sensitises animals to the effects of 

ectopic CLP-1, whilst an absence of other components does not cause a similar 

sensitisation. 

5.9.3.3 Muscle contractile activity. 

The hypothesis that increases in muscle activity sensitise animals to the effects of 

ectopic CLP-1 is supported by the comparison made between him-8; crlsl males 

and hermaphrodites (Figure 5.4). Males display more paralysis than 

hermaphrodites and also display more activity. Therefore, males might be more 

susceptible to contraction induced muscle damage. Further support for this 

hypothesis is provided by research into the muscle degeneration of dys- 

1(cx18); hlh-1(cc561 ts) animals. Muscle degeneration of dys-1(cx18); hlh- 

1(cc561 ts) animals is greatly reduced when genes that are important in muscle 

contraction are inactivated. For instance, inactivation of the C. elegans 

orthologues of tropomyosin (lev-11) and troponin C (pat-10) in dys-1(cx18); hlh- 

1(cc561 ts) animals by RNAi almost completely eliminated muscle degeneration 

(Mariol et al., 2007). Troponin C and tropomyosin are components of the 

sarcomeric thick filaments, which are vital for the generation of contractile force. 
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Therefore, in dys-1(cx18); hlh-1(cc561 ts) animals, muscle degeneration is 

decreased when muscle cannot contract as normal. This suggests that muscle 

contraction promotes muscle degeneration. 

Further support for the above hypothesis is provided by research in mammals. 

An increase in muscle activity, in the form of exercise, can increase muscle 

degeneration. This was shown when swimming assays were performed on the 

dystrophic hamster. Dystrophic hamsters were made to swim every day for eight 

days. This accelerated the degeneration of skeletal and cardiac muscle 

(Homburger et al., 1966). It is now widely accepted that eccentric exercise, 

whereby muscles are stretched, is deleterious to MD animal models. This is 

because eccentric exercise is predicted to weaken muscle and accelerate 

degeneration (Carter et al., 2002). Therefore, some forms of exercise have the 

ability to increase muscle damage and cause degeneration. In C. elegans an 

increase in contractile activity could increase the likelihood of muscle 

contraction associated damage and make animals sensitive to the effects of 

ectopic CLP-1 (Waterston, 1998). 

The work shown in Figure 5.2 might argue against the hypothesis that increased 

muscle activity sensitises animals to the effects of ectopic CLP-1. In Figure 5.2 

dys-1(cx18), snf-6(ok720) or dyb-1(cx36) mutations did not increase the 

percentage of crlsl animals displaying paralysis. Each of these mutations cause 

animals to display hyperactivity (Gieseler et al., 1999). Therefore, the increased 

activity caused by these mutations did not sensitise animals to the ectopic effects 

of CLP-1. In further argument against the hypothesis that increased activity 

sensitises muscle to degeneration is the research into the effects of a goa- 

1(n1134) mutation in C. elegans muscle degeneration. Carre-Pierrat et al. (2006) 

showed that the goa-1(n1134) mutation, which causes extreme hyperactivity, did 

not sensitise hlh-1(cc561 ts) animals to muscle degeneration. goa-1(n1134); h1h- 

1(cc561 ts) animals did not show an increase in muscle degeneration compared to 

hlh-1(cc561 ts) animals (Carre-Pierrat et al., 2006b). goa-1 encodes the a subunit 

of a heterotrimeric G protein, and the goa-1(n1134) mutant is reported to be very 

hyperactive (Segalat et al., 1995). If the muscle became sensitised by an increase 

in activity then one would expect goa-1(n1134); hlh-1(cc561 ts) to display muscle 
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degeneration. This research would suggest that increased muscle activity does 

not always sensitise muscle to degeneration. 

Therefore, in conclusion, whilst it is tempting to speculate that increased muscle 

activity increases the susceptibility of muscle to damage and subsequent 

degeneration, it is also possible that an other, as yet, undetermined factor might 

be the cause. To investigate this point further one could construct goa- 

1(n1134); crlsl hermaphrodites to see if there is an increase in the percentage of 

animals that display paralysis compared to crlsl hermaphrodites. Alternatively, a 

thrashing assay could be performed using crlsl hermaphrodites. In this scenario, 

hermaphrodites placed in isotonic liquid will move more frequently and so might 

be more susceptible to ectopic CLP-1 proteolysis. This might increase the 

percentage of animals displaying paralysis compared to crlsl hermaphrodites 

cultured as normal. 

5.9.4 Degeneration in C. elegans could utilise a conserved 

pathway. 

The cathepsin-like aspartyl proteases and calpains are involved in degeneration 

of neurons and muscle. This hypothesis is supported by the following 

observations: 1) CLP-1 is involved in muscle degeneration (Table 5-3); 2) clp- 

1(RNAi) and tra-3(RNAi) reduce neurodegeneration in C. elegans (Syntichaki et 

al., 2002); 3) asp-3(RNAi), asp-4(RNAi), and asp-1(RNAi) reduce 

neurodegeneration in C. elegans (Syntichaki et al., 2002); 4) asp-3(RNAi) and 

asp-4(RNAi) reduce the number of paralysed egl-19(ad695gf); crlsl animals and 

the egl-19(ad695g1); crls1 strain is likely to represent a form of CLP-1 induced 

muscle degeneration (Figure 5.6). Further support for the hypothesis that calpains 

and cathepsins are involved in a conserved degenerative pathway is provided by 

research into the role of cathepsins in muscular dystrophy. Deval et al. (2001) 

reported an increase in cathepsin expression and activity in MDs (Deval et al., 

2001). This suggests that cathepsins might have a role in muscle degeneration. 

Calpains and cathepsins have also been reported to act in a coordinated manner 

in neurodegeneration in what is referred to as the calpain-cathepsin cascade (see 

1.4.2.3). In this cascade, it is hypothesised that an increase in calpain activity, 
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caused by an increase in intracellular Cat+, results in calpain association with 

lysosomes. This is predicted to lead to lysosomal rupturing, which in turn allows 

cathepsins to leak out into the cell and cause widespread degradation. In 

summary, calpains and cathepsins (aspartyl proteases) might both act in the 

degeneration of muscle and neurons, which would indicate a conserved 

degenerative mechanism. 

In addition to showing the involvement of ASP-3 and ASP-4 in CLP-1 induced 

paralysis I also detected differences between neurodegeneration and CLP-1 

induced paralysis. TRA-3 and ASP-1 were shown to be involved in 

neurodegeneration, whereas ectopic expression of TRA-3 did not cause any 

movement defects or paralysis (see 4.1.3) (Syntichaki et al., 2002). egl- 

19(ad695gf ); crlsl animals treated with asp-1(RNAi) also did not show a decrease 

in the percentage of animals displaying paralysis compared to control egl- 

19(ad695gfl; crlsl animals (Figure 5.6). Therefore, there is likely to be a 

conserved degenerative mechanism between neurons and muscle that also 

includes some tissue specific properties. 

It should be noted, however, that the involvement of cathepsins in muscle 

degeneration (and myofibrillar protein turnover) is controversial. There are 

several observations in mammalian systems that might suggest that cathepsins 

would not be active in muscle degeneration and myofibrillar protein turnover. 

These observations are: 1) lysosomes are not in high abundance in muscle; 2) pH 

is not optimal for cathepsin activity in muscle unless inside lysosomes; 3) 

myofibrils are too large to fit inside lysosomes; 4) the potent cysteine protease 

inhibitor for cathepsins B and L, cystatin, is present in muscle (Goll et al., 2007; 

Wildenthal and Crie, 1980). Some of these observations made for mammalian 

systems might not apply to the cathepsin-like aspartyl proteases of C. elegans. 

For instance, ASP-3 and ASP-4 are predicted to be cathepsin E type proteases, 

which are non-lysosomal. ASP-3 and ASP-4 also show expression in both the 

cytoplasm and lysosomes and are present in muscle. This suggests that they 

might have activity in the cytoplasm, which would allow them to contribute to 

muscle protein turnover in C. elegans (Syntichaki et al., 2002). In conclusion, 

degeneration in C. elegans is likely to be conserved between muscle and neurons. 
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However, the involvement of aspartyl proteases in muscle degeneration might be 

a specific feature of C. elegans that is not observed in mammals. 

5.9.5 Summary 

I have shown that ectopic CLP-1 can cause paralysis, which is likely to be caused 
by the degradation of muscle fibres. The effects of ectopic CLP-1 are 

exaggerated by genetic backgrounds that are likely to increase intracellular Ca2', 

compromise muscle structural integrity or increase muscle contractile activity. I 

also showed that CLP-1 is involved in muscle degeneration in dys-1(cx18); hlh- 

1(cc561 ts) animals. It has previously been shown that the proteasome is also 

required for muscle degeneration in this system (Nyamsuren et al., 2007). Taken 

together, this data might suggest a role for CLP-1 in myofibrillar protein 

turnover. Finally, I showed that the aspartyl proteases are required for CLP-1 

induced paralysis in egl-19(ad695gfl; crlsl animals. Thus, a working model for 

the proteolytic systems involved in muscle degeneration in C. elegans could 
include calpains, the cathepsin-like aspartyl proteases and the proteasome. In the 

future it would be interesting to see if caspases, which comprise the fourth 

proteolytic system, are also involved in muscle degeneration or CLP-1 induced 

paralysis. 
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6 Proteolytic analysis of the calpains of C. 

elegans. 
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6.1 TRA-3 activity is not conserved amongst C. elegans 

calpains. 

To understand the basis of calpain substrate specificity, I asked if either clp-1 or 

a P,,.,, 
_3: tra-3:: clp-2 chimera could substitute for the activity of tra-3. First, I 

asked if clp-1 driven from the tra-3 promoter (Figure 6.1 A) could rescue the tra- 

3 phenotype; however, this construct was unable to rescue tra-3 mutants. Second, 

I used insertional PCR (see 2.2.5) to replace the catalytic domain of tra-3 with 

that of clp-2 (Figure 6.1 B). The tra-3 promoter used here when driving tra-3 

cDNA, was previously shown to be sufficient to drive tra-3 expression and to 

rescue the pseudomale phenotype of tra-3(el767) animals (Sokol and Kuwabara, 

2000). Ptra_3: tra-3:: clp-2 (pPJ-9) did not rescue the tra-3(el767) pseudomale 

phenotype in any of the three independent transgenic lines tested, suggesting that 

the catalytic domain of TRA-3 is functionally specific to that of TRA-3. 

Therefore, TRA-3 protein exhibits considerable specificity within its primary 

sequence to allow for a distinct activity from other calpains of C. elegans. There 

are many more chimeric proteins and possibilities that can be examined to 

establish what sequence elements determine the specific role of TRA-3 in sex 

determination but these were not pursued. 

6.2 Autolysis of CLP-1. 

Many members of the calpain family undergo autolysis. In C. elegans an 

autolytic product has been identified for TRA-3 (Sokol and Kuwabara, 2000). 

The purpose of autolysis is not entirely clear. Autolysis can reduce the [Ca2+] 

required for calpain proteolytic activity. It has also been hypothesised that 

autolysis acts as a regulatory mechanism because calpains become unstable and 

rapidly lose activity following autolysis (Cong et al., 1989; Jekely and Friedrich, 

1999; Li et al., 2004). 

Because CLP-1 can cause muscle degradation and paralysis when ectopically 

expressed in muscle, I tried to establish if CLP-1 undergoes autolysis by 

expressing either an active clp-1:: gfp (pPJ-83) or a catalytically inactive clp- 

1(C371A):: gfp (pPJ-86) in the clp-1(tm690) null mutant. In this experiment both 
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A 

C HN 
1 11 

tra-3 

clp-1 

B 

C HN 

tra-3 
4ll 

tra-3:: :: tra-3 

Figure 6.1: Constructs to rescue tra-3 activity. 

A) P,,,, 
_,: c1p-1 (pPJ-45 - PK2477) did not rescue tra-3(e1767) animals from pseudomale 

phenotype. 
B) P,,,. {: tra-3:: c1p-2:: tra-3 (pPJ-9 - PK2169) did not rescue tra-3(e1767) animals from 
pseudomale phenotype. 
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active CLP-1:: GFP and inactive CLP-1(C371A):: GFP can be identified on a 

Western transfer by probing with a sc-9996 anti-GFP antibody (see 2.2.22). I 

reasoned that if active CLP-1:: GFP underwent autolysis it should be possible to 

detect degradative products by Western blot analysis. By contrast, the inactive 

CLP-1(C371A):: GFP would not be expected to generate autolytic products, so a 

comparison of proteins produced from these strains would make it possible to 

detect autolysed products. Initial studies suggested that CLP-1:: GFP but not the 

inactive CLP-1(C371A):: GFP produced a series of potential autolytic products 

(Figure 6.3). 

I also analysed CLP-I:: GFP autolysis products in the other c1p-1 mutant, tm858, 

and in N2 wildtype animals with a wildtype clp-1 gene. If CLP-1 promotes 

intermolecular autolysis, then one might predict that the inactive CLP- 

'1(C371A):: GFP could be cleaved by endogenous CLP-1. The possible outcomes 

for the three genetic backgrounds used and their affect on the autolysis of either 

active CLP-1:: GFP or inactive CLP-1(C371A):: GFP is shown in Figure 6.2. 

Figure 6.4 A shows that the pattern of bands produced by active and inactive 

CLP-1:: GFP in all the genetic backgrounds tested, clp-1(tm690), clp-1(tm858) 

and N2 wildtype, are similar to that observed in Figure 6.3. When an equivalent 

number of worms were loaded per lane, I found that the level of active CLP- 

1:: GFP protein is greater than that found for the inactive CLP-1(C371A):: GFP 

(data not shown). To compensate for this difference I loaded twice as many 

animals for the inactive CLP-1(C371A):: GFP than the active CLP-1:: GFP; this 

difference can be seen in the anti-tubulin control (Figure 6.4 A). Despite this 

attempt to equalise the levels of active and inactive CLP-1:: GFP, the quantity of 

active CLP-1:: GFP detected remains higher than that for inactive CLP- 

1(C371A):: GFP. Therefore, to ensure that the degradative band pattern for active 

CLP-1:: GFP is due to autolysis of CLP-1 and is not also seen for inactive CLP- 

1(C371A):: GFP, a longer Western transfer exposure was performed. One can see 

that common lower molecular weight bands are present in lanes where animals 

are expressing active CLP-1:: GFP (Pclp-1:: gfp) and where animals are 

expressing inactive CLP-1(C371A):: GFP (Pclp-1(C371A):: gfp) (Figure 6.4 B). 

Therefore, the initial hypothesis that active CLP-1:: GFP would show an 
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Figure 6.2: Summary of the possibilities for autolysis of CLP-1. 

The possible outcomes of ectopically expressing active CLP-I:: GFP or inactive CLP- 
l(C371A):: GFP in the three different genetic backgrounds; clp-l(tm690), clp-l(rnr858) 
and N2 wildtype. GFP is highlighted with an additional green box. In the c1p-1(tm690) 
background, no active endogenous CLP-1 is present and thus only exogenous active CLP- 
I:: GFP should undergo autolysis. In clp-1(tm858) where there is likely to be active 
endogenous CLP-I, both active CLP-1:: GFP and inactive CLP-I(C371A):: GFP could 
undergo autolysis. However, inactive CLP-I(C371A):: GFP could only undergo autolysis 
intermolecularly through the activity of endogenous CLP-I. N2 wildtype is predicted to 

give an outcome similar to the c1p-1(tm858) strain, whereby inactive CLP-I(C371A):: GFP 

can undergo autolysis intermolecularly. The predicated endogenous CLP- I protein present 
in each of the genetic backgrounds is depicted below each strain. 
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clp-1 clp-1 N2 
+ 

TBA 

Figure 6.3: Autolysis of CLP-1. 

Active CLl'-I:: GFP (+) and inactive CLP-I(Cys(37I)-AIa):: GFP (-) expression from 
transgenic lines crEx202 and crE%: 210, respectively, in clp-I(tniO90). TBA provides a 
protein loading reference. 
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Figure 6.4: Autolysis of CLP-1 in different strains. 

A) and 13) Active CLP-I:: GFP (+) and inactive CLP-I(C37IA):: GFP (-) expression from 
transgenir lines c"rEx202 and rrEc210, respectively, in clp-I(tm690), c! p-1(tm858) and N2 

wildtype strains. For strains expressing active CLP-I:: GFP (rrEx202) 40 animals were 
used, whilst 80 animals were used for strains expressing inactive CLP-I(C37IA):: GFP 
(erEx210). TBA provides a protein loading reference. A) Western transfer exposure of 30 

min. 13) Western transfer exposure overnight. White arrow heads indicate degradation 
products. 
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autolytic/degradative banding pattern whilst inactive CLP-1(C371A):: GFP would 

not, proved not to be the case. From these experiments alone it is not possible to 

say with certainty that CLP-1 undergoes autolysis. 

6.3 Purification of calpains. 

6.3.1 Purification and verification of activity for rat CAPN2. 

Before attempting to purify any of the calpains of C. elegans, I established 

conditions for performing casein zymography based on the activity of a 

bicistronic construct encoding the large and small subunits of rat CAPN2 (a kind 

gift from Prof. Jia). Figure 6.5 A shows soluble CAPN2 purified from E. coli. 

Other proteins also co-eluted with CAPN2, which is likely to be due to the 

purification method used, which eluted protein in a single step using an elution 

solution containing 250 mM imidazole. Fractions 1 to 4 were used in casein 

zymography to test for calpain activity (Figure 6.5 B). Casein has been identified 

as a substrate for many calpains, because calpain cleaves casein at many sites 

(Racer et al., 1995). Therefore, loading native polyacrylamide gels with 0.2% 

casein, and then incubating the casein gel with Ca2+ overnight makes it possible 

to visualise calpain mediated cleavage of casein in situ. When the casein gel is 

stained with colloidal coomassie G250 Brilliant Blue (see 2.2.21), the band 

associated with calpain activity excludes dye and appears white because of local 

digestion of casein (see 2.2.24) (Raser et al., 1995). A casein zymogram shows 

that casein is digested by purified CAPN2, and the degree of digestion is 

proportional to the amount of CAPN2 loaded on the gel. To verify that casein 

digestion is due to calpain activity, duplicate samples were run on a zymogram 

and developed in the presence and absence of Ca2+ before staining; digestion was 

only detected when the zymogram was incubated with Ca2+ (Figure 6.5 Q. 

I also tested for calpain activity using the Calpain-Gloms Protease assay 

(Promega), which is a two step reaction using a calpain sensitive substrate (Suc- 

LLVY) that is attached to aminoluciferin. Cleavage of the substrate by calpain 

leads to light production, which can be measured using a luminometer. The 

Calpain-GloTm Protease assay has been optimised for use with human CAPNI. 
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and CAPN2. The Calpain-GloTM Protease assay was used for purified CAPN2 

from rat, as described in (see 2.2.33). Five dilutions of purified CAPN2 were 

used in the assay. Figure 6.6 A shows CAPN2 activity in relative light units 

(RLUs) over time. The Calpain-G1oTM Protease assay should be dependent on 

calpain concentration; however, Figure 6.6 A shows that 0.75 vol. and 0.5 vol. 

CAPN2 produced more luminescence at earlier time points than 1 vol. CAPN2. 

The assay was repeated and similar results were obtained (data not shown). 

Figure 6.6 B shows relative CAPN2 activity at 33 min (1980 s) for each CAPN2 

dilution. CAPN2 activity appears to be concentration dependent at this time point 

but, as indicated above, concentration dependent activity is not evident at earlier 

time points. This could be due to the impurity of the CAPN2 fraction used and a 

purer CAPN2 sample might provide more accurate kinetics. Nonetheless, this 

assay appears to be suitable in showing calpain activity in the conditions used 

here; further work would be needed to produce accurate calpain kinetic data. 

6.3.2 Small scale purification of CLP-1, CLP-2, CLP-4 and CLP- 
7. 

After establishing two ways in which to test for calpain activity, calpain cDNAs 

corresponding to clp-1, -2, -4 and -7 were cloned into the IPTG inducible protein 

expression vector pET-30, which contains N- and C- terminal His tags and an N- 

terminal S-tag epitope, to create pPJ-64, pPJ-67, pPJ-68 and pPJ-65 respectively 

(see 2.2.17.8). Therefore, each calpain could be purified using Ni2+ chelation 

through its His-tag, and calpain expression could be detected using an anti-S-tag 

antibody by Western blot analysis (see 2.2.22). 

Protein samples for both induced and uninduced BL21(DE3)pLysS E. coli 

strains, transfected with protein expression constructs encoding CLP-1, CLP-2, 

CLP-4 and CLP-7 were analysed using SDS PAGE (Figure 6.7 A). Induced 

samples did not display obvious protein bands that were likely to correspond to 

induction of any of the calpains tested. However, a band of approximately 120 

kD, could be seen consistently in induced samples, but not uninduced samples 
(indicated with arrow in Figure 6.7 A). However, since the 120 kD band is 

present in all calpain samples it is unlikely to represent a calpain. The predicted 
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Figure 6.5: Purification and casein zymography of rat CAPN2. 

A) SDS PAGE of CAPN2 purification using method described in 2.2.29. Molecular 

weight markers shown on the left in kD. Position at which the large CAPN2 subunit 
resolved and can be visualised in eluted fractions I to 4 is shown on the right. B) Casein 

zymogram of eluted fractions I to 4 from A). White casein digested areas indicate CAPN2 

activity. C) Cat dependency of CAPN2 shown in casein zymogram of purified CAPN2. 
White casein digested areas are seen with Ca 2+ incubation (+), indicated with white arrow, 
and not when incubated without Ca 2+ (-), indicated with black arrow. 
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Figure 6.6: The Calpain-GLO protease assay for rat CAPN2. 

A) Calpain-GLO ProteaseTM assay performed on purified CAPN2.50 gl of CAPN2 

solution, at indicated concentration, is incubated with 50 RI of Calpain-GLO Protease TM 

assay solution, loaded into a luminometer and luminescence (RLUs) is measured over 
time (s). CAPN2 concentrations use neat purified CAPN2 as l vol. and subsequent 
concentrations are a dilution of I vol. purified CAPN2. Dotted line indicates time point 
1,980 s at which RLU values are taken for each CAPN2 concentration in B). B) RLU 

values taken at 1,980 s from A) for each CAPN2 concentration (vol. ). RLU values are 
calculated by deducting the RLU value for no calpain addition in A) at 1980 s to remove 
background luminescence. 

208 

01 
0 0.2 0.4 0.6 0.8 1 

Relative CAPN2 concentration 
(volumes) 



Results and Discussion 

molecular weight for each of the calpains expressed in the pET-30 vector is as 
follows: CLP-1 - 91.5 kD, CLP-2 - 91.5 kD, CLP-4 - 87 kD, and CLP-7 - 93.6 

W. CLP-7 has a predicted molecular weight of 93.6 kD, however, as was later 

discovered, CLP-7 appeared to run at a higher molecular weight than predicted, 

at approximately 120kD. This is likely due to the glutamate rich region at the N- 

terminus of CLP-7. The protein band seen here at 120 kD is unlikely to 

correspond to CLP-7 for the reason stated above. Western analysis in Figure 6.7 

B shows that each calpain was successfully induced. On the whole, protein 

expression was only seen following IPTG induction; however, calpain could not 

be visualised by colloidal coomassie G250 Brilliant Blue staining, indicating that 

bacterial calpain expression was very low. In addition to a strong band 

corresponding to each full length calpain, there are also a series of lower bands 

detected by the anti S-tag antibody. These bands might represent autolytic 

products. 

To establish if bacterially expressed calpains were soluble, proteins were 

fractionated and subjected to Western blot analysis. I found that CLP-1, CLP-2 

and CLP-4 were all present in the insoluble fraction, whereas CLP-7 was present 

in both the soluble and insoluble fractions (Figure 6.7 Q. Because CLP-7 was 

the only calpain to show partial solubility and purification of soluble proteins is 

more likely to yield an active protein, large scale purification of CLP-7 was 

undertaken initially. 
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Figure 6.7: Induction of C. elegans calpains. 
A) SDS PAGE analysis for protein induction of CLP-I, CLP-2, CLP-4 and CLP-7. 
Induced (I) and uninduced (U) samples are shown for each calpain. Molecular weight 
markers are indicated on the left in kD. White arrow heads indicate a hand at --120 kD 

consistently seen in induced calpain samples. 11) Western blot analysis of equivalent SDS 
PAGE to A) using anti-S tag antibody. Successful induction (I) is seen for each calpain 
with little calpain expression in uninduced samples (U). Molecular weight marker to the 
left in kD. C) A test for calpain solubility using method described in (see 2.2.27) and 
Western blot analysis using anti-S tag antibody. Soluble (So) and insoluble samples (In) 
are shown for each calpain. 
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6.3.3 Purification and calpain activity assays of CLP-7. 

Larger amounts of bacteria expressing CLP-7 were grown and CLP-7 was 

purified using a Ni2+ column (see 2.2.29). A band migrating at - 120 kD, which 
is predicted to correspond to CLP-7, was present in fractions 1 to 4 (Figure 6.8 

A). Western blot analysis, using the anti-S tag antibody, confirmed the identity of 
CLP-7 in Figure 6.8 A (Figure 6.8 B). Figure 6.8 B showed bands that might 

correspond to further degradation of CLP-7, which were also detected in the 

small scale purification (Figure 6.7 B and Q. The degradation bands might 

represent partial autolysis of CLP-7, because a cocktail of protease inhibitors was 

used during purification, thus preventing proteolytic degradation by E. coli 

proteases (see 2.1.6.2). The protein band corresponding to CLP-7 has a higher 

molecular weight than predicted, which might be due to the glutamate rich region 

at the N-terminus of CLP-7 (see 3.1). Also a high proportion of CLP-7 exists in 

the insoluble fraction. Figure 6.8 A and B show that the greatest quantity of CLP- 

7 eluted in fractions 2 and 3. 

Casein zymography was used to test the activity of the soluble purified CLP-7. 

Eluted fractions 1 to 4 were analysed using casein zymography (see 2.2.24). A 

slight white smear was seen for eluted fractions 2 and 3 (most concentrated CLP- 

7 fractions). Casein zymograms are native gels where proteins are separated 

according to their isoelectric point (pI). The gel conditions were selected to allow 

CLP-7, with a pI of 4.2, to enter the gel. To verify that CLP-7 could migrate into 

a native 0.2% casein polyacrylamide gel, Western blot analysis was performed 

using the anti-S tag antibody. Figure 6.8 D shows that CLP-7 can be detected, 

but that it does not form a discrete band, although it migrates to the same region 

observed in Figure 6.8 C, showing potential activity when performing 

zymography. Therefore, it is possible that the indistinct bands seen in Figure 6.8 

C represent low CLP-7 activity because there is a correlation between the casein 

smear and the area to which CLP-7 migrates. However, further work is needed 
before I can say definitively that CLP-7 has proteolytic activity towards casein. 

In addition to casein zymography, the Calpain-GLO Protease TM assay was used 
for purified CLP-7. Despite several repeats, no luminescent signal was seen for 

CLP-7 and so calpain activity could not be demonstrated (data not shown). 
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Figure 6.8: Purification and casein zymography for CLP-7. 

A) SDS PAGE analysis of CLP-7 purification using the method described in 2.2.29. 
Molecular weight markers in kD are indicated on the left and CLP-7 position on the right. 
B) Western blot analysis of A) using anti-S tag antibody. CLP-7 is present in all fractions 
but significantly concentrated in eluted fractions 2 and 3. C) Casein zymography of CLP-7 

eluted fractions I to 4; a slight digested smear is seen in eluted fractions 2 and 3 indicated 

with solid line. D) Western blot analysis of C) using anti-S tag antibody clearly shows the 
presence of CLP-7 in the native gel. 
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Results and Discussion 

6.3.4 Large scale purification of CLP-1. 

Additional analysis of CLP- 1 purification found that small scale induction of 
CLP-1 expression and purification (see 2.2.25 and 2.2.26) revealed a protein 
band likely to correspond to CLP-1 (Figure 6.9 A). Figure 6.7 A previously 

showed that a 120 kD band was present in induced and not in uninduced protein 

samples. A 120 kD band is also seen in Figure 6.9 A, only in induced samples. 

However, this protein band was not concentrated upon Ni-NTA enrichment, 

suggesting it was not CLP-1. 

In an effort to test the proteolytic activity of CLP- 1, I attempted to purify it from 

bacteria; however, a majority of the isolated protein was present in the insoluble 

fraction (Figure 6.7). Hence, I attempted to perform a larger scale purification of 

CLP- 1 using an imidazole gradient in an attempt to obtain soluble CLP-1 (see 

2.2.30). Following purification, eluted fractions that contained protein, identified 

using A280 values, were separated using SDS PAGE, but it was not possible to 

detect a band corresponding to an enriched fraction of soluble CLP-1 (Figure 6.9 

B). However, Western blot analysis using the anti-S tag antibody revealed that 

some soluble CLP-1 eluted in fractions 11,12,13 and 14 (Figure 6.9 Q. To test 

for calpain activity, the Calpain-GLO Protease TM assay was used but no 

luminescence was seen (data not shown). Casein zymography also did not reveal 

any CLP-1 activity (data not shown). 
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Figure 6.9: Purification of CLP-1. 
A) Small scale induction of CLP-I performed using the method described in 2.2.26. Upon 
Ni-NTA enrichment, CLP-I was visible just below the -97 kD marker in induced samples 
(black arrow). White arrow heads indicate a band seen in induced and not uninduced 
samples, which is not enriched with Ni-NTA slurry purification. B) Large scale 
purification of CLP-I using method described in 2.2.30. Molecular weight markers in kD 
on left. Bands corresponding to CLP-I cannot be seen clearly. C) Western blot analysis of 
equivalent SDS PAGE to B) using anti-S tag antibody shows soluble CLP-l in fractions 
11,12,13 and 14. 
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6.3.5 Purification of CLP-1 from inclusion bodies. 

I next attempted to refold insoluble CLP-1 isolated from inclusion bodies. 

Inclusion bodies were purified, solubilised in an 8M urea inclusion body 

solubilisation buffer and loaded onto a5 ml HiTrap Ni2+ chelating column (see 
2.2.30 and 2.2.31). Following a linear refolding gradient between 6M and 1M 

urea (6 M and 1M Ni-NTA washing buffer) and subsequent imidazole elution, 

the collected fractions were analysed by SDS PAGE (Figure 6.10 A). A protein 

band corresponding to CLP-1 is present in fractions 13,14,15,16 and 17; the 

identity of this band was verified using Western blot analysis (Figure 6.10 B). 

However, the only way to verify successful CLP-1 refolding was to establish 

calpain activity. Both casein zymography and the Calpain-GLO ProteaseTm assay 

were used but neither showed any calpain activity (data not shown). There are 

several possibilities for why CLP-1 proteolytic activity could not be seen. Firstly, 

the assays used might not be applicable to C. elegans calpains. The Calpain-GLO 

Protease TM assay was designed for human CAPN1 and CAPN2 and its 

applicability to other calpains, in particular atypical calpains, has not been tested. 

The second possibility is that CLP-1 was not successfully refolded and so there 

was insufficient active CLP-1 to produce activity in either of the assays. The 

third possibility is that CLP-1 might not be proteolytically active. These 

possibilities will be discussed further in the discussion. 

6.3.6 Other methods used for CLP-1 purification. 

Since CLP-1 appeared to be mostly insoluble and expression levels of CLP-1 

were not very high, a number of parameters of the protein expression system 

were altered in an attempt to increase both expression level and solubility. These 

parameters included: growth temperature after induction, bacterial hosts, length 

of induction, and protein expression vectors used. Below are some examples of 

the protein expression conditions tested. 

Using the pPJ-64 construct and the method described in 2.2.28, the temperature 

at which CLP-1 expression was induced was varied between 22°C, 26°C, 30°C 

and 37°C. In addition, for temperatures 22°C and 26°C, induced samples were 

grown for either, 4 hr or overnight (-16 hr). Variation in temperature and length 
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Figure 6.10: Purification of CLP-1 from inclusion bodies. 

A) SDS PAGE analysis of CLP-I renaturation and purification from inclusion bodies 
using the method described in 2.2.30 and 2.2.31. Molecular weight markers in kD are 
indicated on the left and position of CLP-I on the right. B) Western blot analysis of A) 
using the anti-S tag antibody. CLP-1 is highlighted on the right, present in high amounts in 
fractions 13,14,15,16 and 17. CLP- I degradation is seen as in earlier figures. 
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Results and Discussion 

of induction did not affect either the level of expression or the solubility of CLP- 

1 (data not shown). 

The pET-30 vector contains many additional motifs, including the N and C 

terminal His tags and the S-tag. These motifs might have an effect on the folding 

of CLP-1. Therefore, clp-1 cDNA was cloned into the following protein 

expression vectors: pET-l1c (no His tag), pET-15b (N-terminal His tag), pET- 

21b (C-terminal His tag) and pET-22b (C-terminal His tag and periplasmic 

targeting sequence). Thus, the following constructs were created: pPJ-102, pPJ- 

103, pPJ-104 and pPJ-105 (see 2.2.17.8). Sample inductions for each of these 

new constructs were performed in BL21 (DE3) pLysS E. coli host cells, and Ni- 

NTA slurry enrichment was performed for each (see 2.2.27). Again, no 

significant difference in CLP-1 expression or solubility was seen (data not 

shown). 

pPJ-105 was transfected into three protein expression specific E. coli strains; 

Origami (DE3), Rosetta (DE3), and BL21 StarTM (DE3) pLysS. Each strain, 

transfected with pPJ-105, was induced for 1.5 hr, 3 hr or 5 hr and protein extracts 

were prepared (see 2.2.27). Analysis of each sample using SDS PAGE showed 

that protein bands corresponding to CLP-1 were not visible in any of the 

conditions and thus CLP- 1 expression or solubility did not seem to be 

significantly altered (Figure 6.11). Since pET-22 does not contain an S-tag, 

Western blot analysis using the anti-S tag antibody could not be performed to 

verify CLP-1 expression. Instead, an anti-His tag antibody could have been used, 

but unfortunately one was not available to me at the time of these experiments. 

However, since a 10 ml sample protein induction of CLP-1 followed by Ni-NTA 

slurry enrichment produced a protein band corresponding to CLP-1 when 

analysed using SDS PAGE (Figure 6.9 A), one would expect a 25 ml culture to 

yield enough CLP-1 protein to be visible on an SDS PAGE. In conclusion, 

despite many different attempts, I could not verify CLP-1 activity through 

protein purification. 
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Figure 6.11: Variations of bacterial strains and induction time in CLAP-I 

purification. 

SDS PAGE analysis of' E. culi strains Origami (DE3) (0), Rosetta (DE3) (R), and 131,21 
Star'" (DE3) pLysS ('"). transh. cted with pPJ-105, induced at 1.5 hr, 3 hr and 5 hr. 
Insoluble (I) and soluble (S) tractions are shown for each time point for each E. coli strain. 
Uninduced and induced insoluble and soluble fractions for each E. roll strain are given as 
a relerence to identify CLP-I expression. Samples were prepared using the method 
described in 2.2.27. Molecular weight markers are indicated on the right of each gel and 
are in kD. 
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6.4 Discussion. 

6.4.1 The functional conservation of TRA-3. 

P: ra-3: clp-1 could not rescue the pseudomale phenotype of tra-3(e1767) animals. 

This suggests that CLP-1 cannot substitute for TRA-3 activity in sex 

determination. In support of this observation a comparison of the TRA-3 and 

CLP-1 sequences performed in Chapter 3 showed that there are significant 

differences between the two calpains (see 3.1). Figure 3.1 showed that CLP-1 

contains a large, Gly rich N-terminal sequence and terminates after domain III, 

whilst TRA-3 contains aT domain, C-terminal to domain III that is predicted to 

be C2-like and is important for function (Barnes and Hodgkin, 1996; Sokol and 

Kuwabara unpublished). Therefore, it is not surprising that CLP-1 cannot replace 

the function of TRA-3, despite expression of CLP-1 in TRA-3 specific somatic 

tissues. However, despite CLP-1 not substituting for TRA-3 activity in sex 

determination, both TRA-3 and CLP-1 have an overlapping role in the 

neurodegeneration of C. elegans (Syntichaki et al., 2002). This suggests that 

there might be some functional overlap between CLP-1 and TRA-3 in neurons, 

but not in sex determination. 

The chimeric TRA-3:: CLP-2 protein was unable to rescue the pseudomale 

phenotype of tra-3(el 767) animals. This suggests that the catalytic domain of 

TRA-3 is specific to TRA-3 function in sex determination. The inability of the 

catalytic domain of CLP-2 to substitute for that of TRA-3 is surprising because 

the conservation amongst the catalytic domains of CLP-1, CLP-2, CLP-3, CLP- 

4, TRA-3, CLP-6 and CLP-7 is high (see 3.1). However, the result in this chapter 

is supported by the observation that TRA-3 protein has an extended sequence 

between the catalytic histidine and catalytic asparagine. This sequence is not 

present in any of the other calpains, including CLP-2 (see Figure 3.2). This 

difference between the catalytic domain of TRA-3 and the other calpains of C. 

elegans might confer the TRA-3 specific activity in sex determination. 

The specificity of calpain catalytic domains is also supported by research into 

mammalian calpains. This research showed that the Ca2+ concentration 
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requirement for proteolytic activity of the `minicalpains' (representing the 

catalytic `protease core') of rat CAPN1 and CAPN2, and human CAPNI and 
CAPN9 varied considerably. This variability is specifically encoded within the 

calpain catalytic domain (Davis et al., 2007; Moldoveanu et al., 2003). This 

research also showed that the catalytic domains of human CAPN1, CAPN9 and 

rat CAPN 1 each exhibit an alternative mechanism of autoinhibition. For 

example, the two sub-domains or `lobes' of the catalytic core of CAPN9 are far 

apart (12 A), even after Ca2' binding. This led Davis et al. (2007) to suggest that 

domains III or IV might play a role in orientating the catalytic domain for 

proficient substrate proteolysis in CAPN9 (Davis et al., 2007). In contrast, the 

substrate cleft of rat CAPN2 is sterically blocked by a conserved tryptophan 

residue (Moldoveanu et al., 2003). Therefore, there appear to be several 

mechanisms of autoinhibition in calpains, despite a high conservation between 

calpain catalytic domains (Moldoveanu et al., 2003). The catalytic core of 

calpains of C. elegans might also encode the mechanistic differences observed in 

mammalian calpains, which would explain why the catalytic domain of CLP-2 is 

not interchangeable with TRA-3. To further test catalytic domain variability, 

other domain swaps could be performed between the catalytic domains of CLP- 1, 

CLP-4 and CLP-7 and also CAPN 1 and CAPN2 of humans. 

6.4.2 Autolysis of CLP-1. 

In this chapter, I was unable to show conclusively that CLP-1 undergoes 

autolysis (Figure 6.4). The similar degradation patterns between inactive CLP- 

1:: GFP and active CLP-1:: GFP in Figure 6.4 might suggest that other members 

of the C. elegans calpain family could proteolyse CLP-1. This hypothesis is 

supported by research into human CAPN 1 and CAPN2. This research showed 

that human CAPN 1 can proteolyse CAPN2 in Ca2+ concentrations that are 

sufficient for CAPN1 activation but not CAPN2 activation (Tompa et al., 1996). 

Therefore, for animals expressing active CLP-1, CLP-l might undergo 

intramolecular or intermolecular autolysis, whilst inactive CLP-1 could be 

proteolysed by other calpains of C. elegans. 
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An alternative explanation for why active and inactive CLP-1:: GFP had similar 
banding patterns in Figure 6.4 could be that ectopically expressed GFP tagged 

proteins are degraded by endogenous proteolytic machinery. To explore this 

possibility a construct where only GFP is driven from the clp-1 promoter should 
be performed. 

I will discuss possible experimental alternatives that might elucidate whether 

CLP-1 undergoes autolysis in Chapter 7. 

6.4.3 Activity of C. elegans CLP-1 and CLP-7. 

The work performed in this chapter was unable to show definitively that any of 

the C. elegans calpains are proteolytically active. I was able to purify soluble 

protein for CLP-1 and CLP-7 but neither displayed obvious proteolytic activity 

(see 6.3). There are several possible explanations for why soluble CLP-1 or CLP- 

7 did not display proteolytic activity in the assays used. Firstly, the assays used 

might be inappropriate for C. elegans calpains. In support of this hypothesis is 

the casein zymography of CLP-7. The CLP-7 casein zymogram displayed a 

indiscrete white clearing for eluted fractions 2 and 3 (Figure 6.8), which is in 

contrast to the discrete cleared band observed for CAPN2 (Figure 6.5). The 

amount of CLP-7 purified and assayed using casein zymography is comparable 

to that of rat CAPN2. The indiscrete clearing in the CLP-7 zymogram could 

represent inefficient proteolysis of casein by CLP-7. Therefore, casein might not 

be a suitable substrate for CLP-7. Although casein is commonly used as a calpain 

substrate and is reported to be proteolysed into very small fragments by calpain, 

it is not always the most suitable substrate for some calpains. This is supported 

by research into human CAPN8, CAPN9 and p94 (CAPN3 muscle specific splice 

variant). These calpains have significantly decreased specific activity to casein 

compared to human CAPN1 and CAPN2 (Hata et al., 2007; Lee et al., 1998; Ma 

et at., 1998). For example, human CAPN9 has up to 1/30th decreased specific 

activity to casein compared to CAPN1 and CAPN2 (Lee et al., 1998). Similarly, 

casein might not be a good substrate for CLP-1 or CLP-7 and so casein 

zymography would not demonstrate CLP-1 or CLP-7 proteolytic activity. 
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The inappropriateness of the proteolytic assays used is not the only explanation 
for why CLP-1 or CLP-7 did not display proteolytic activity. Alternative 

explanations are: 1) CLP-1 or CLP-7 became unstable during and/or following 

purification and lost proteolytic activity; 2) purified CLP-1 or CLP-7 were 
incorrectly folded; 3) CLP-1 and CLP-7 are not proteolytically active enzymes; 
4) there was insufficient CLP-1 or CLP-7 to display proteolytic activity in the 

assays used; or 5) the assay conditions were inappropriate for CLP-1 or CLP-7 

proteolytic activity. Explanation 1) might be supported by the observation that 

Figure 6.7 B and Figure 6.8 B both showed several lower molecular weight anti- 

S tag immunoreactive bands below the predicted bands likely to represent full 

length CLP- 1 or CLP-7. These additional bands might correspond to degradative 

products of CLP-1 or CLP-7. Since protease inhibitors were used during 

purification, it is unlikely that these additional bands are the result of CLP-1 or 

CLP-7 degradation by bacterial proteases. Conversely, these bands might 

represent products of CLP-1 or CLP-7 autolysis. Autolysis of CLP-1 or CLP-7 

could result in the loss of proteolytic activity. Support for the instability of 

calpains following autolysis is provided by research into specific human 

calpains. For example, it has been remarkably difficult to purify active human 

p94 because it undergoes rapid autolysis following purification (Kinbara et al., 

1998). Similarly, autolysed human CAPN2 becomes unstable under 

physiological salt concentrations. These conditions result in association and 

aggregation of CAPN2 large subunits, which makes CAPN2 proteolytically 

inactive (Li et al., 2004). Therefore, if CLP-1 or CLP-7 underwent rapid 

autolysis following purification, proteolytic activity could be severely reduced. It 

then would not be possible to observe CLP-1 or CLP-7 proteolytic activity. 

In argument against the possibility that CLP-1 and CLP-7 are not proteolytically 

active are several of the observations made in this thesis, which are: 1) CLP-1 

and CLP-7 have a complete catalytic triad; 2) CLP-1 and CLP-7 have all seven 

Ca2+ coordinating residues predicted to be important in Ca2' dependent 

proteolytic activity; 3) CLP-1 and CLP-7 have a predicted C2-like domain at 

domain III; 4) the promoters of clp-1 and clp-7 display activity in many different 
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tissues (see 3); 5) catalytically active ectopic CLP-1 causes paralysis and muscle 
degradation (see 4.1.3). 

In conclusion, more work is required to establish conditions in which C. elegans 

calpains can be expressed in a soluble and active form in order to ascertain their 

proteolytic activity. Optimisation of calpain bacterial expression and solubility 

could lead to the identification of proteolytic activity for CLP- 1 and CLP-7. In 

order to increase protein solubility it might be necessary to create constructs that 

express truncated forms of calpain. Analysis of the CLP-1 and CLP-7 proteins 

reveals a large N-terminal extension, rich in glycines. This large and likely 

unstructured domain could have an effect on the folding of CLP-1 or CLP-7 in 

the conditions used in this chapter. In support of this possibility, D. melanogaster 

CALPA has a large N-terminal extension similar to CLP-1 and CLP-7. Previous 

purification work found that CALPA was highly insoluble in the conditions used. 

Further, successful purification of human calpains has been shown when using 

constructs that encode only the calpain catalytic core domain (Davis et al., 2007; 

Hart and Tarendeau, 2006; Moldoveanu et al., 2003). Therefore, in the future it 

might be beneficial to attempt purification of CLP-1 or CLP-7 proteins that do 

not have the extended N-terminal regions, or are simply composed of the 

catalytic domain. 
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7 Conclusions and future work. 
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In a general analysis of the C. elegans calpain family, I performed feeding RNAi 

on twelve of the fourteen calpains. RNAi of the calpain family did not reveal any 

obvious abnormalities in movement, morphology, viability or fertility. In 

addition to RNAi, animals with mutations in clp-1 and clp-2 were also analysed 

but no obvious defects were observed. Because of the size of the C. elegans 

calpain family there is a strong likelihood of functional redundancy, which was 

investigated using dual RNAi. Future work could analyse calpain mutants that 

have recently become available (for example clp-6, T11A5.6, F44171.3 and 

W05G11.4). Hairpin RNAi constructs could also be used to target calpains that 

are expressed in neurons. An analysis for more subtle defects should also be 

undertaken, by examining potential roles for calpains in cellular migration, 

muscle maintenance and apoptosis. To further assess functional redundancy, 

calpain inhibitors could also be used to knockdown activity of all the calpains. 

The promoter expression patterns for some of the calpains (clp-1 to clp-7) were 

analysed using an mRFP reporter construct (pPJ-1) and tissue specific co- 

localisation reporters. The clp-2 promoter only showed expression in the 

intestine, whilst the promoters of clp-1, clp-4, tra-3 and clp-7 showed activity in 

a variety of tissues, including neurons. The putative promoters of clp-3 and clp-6 

did not show any activity, and clp-3 and clp-6 did not display any transcriptional 

expression. This might suggest that they are pseudogenes. To further study the 

calpain family of C. elegans, one could analyse the promoters of the remaining 

seven calpain sequences. Of particular note might be TI1A5.6, W05G11.4 and 

F44F1.3, which all have intact catalytic domains. The translational subcellular 

distribution of each of the calpains could also be explored to investigate the role 

of calpain localisation on calpain function. It has been hypothesised that calpains 

might be regulated according to their intracellular location, with the suggestion 

that they translocate to the plasma membrane during activation (Goll et al., 2003; 

Shao et al., 2006). Therefore, an analysis of calpain location in the transparent C. 

elegans could aid in the verification of this hypothesis. 

Chapter 4 and 5 investigated the effects of ectopic expression of calpains. 

Ectopic expression of calpains might represent a form of calpainopathy, whereby 

increased calpain expression or activation causes disease. Several promoters 
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were used to ectopically express calpains in different tissues to see if calpains 

have the ability to elicit a pathological defect in C. elegans. Expression from the 

heat shock inducible hsp-16-41 promoter did not cause any obvious defects and 

neither did expression of c1p-1 from two different neuronal promoters. Calpains 

have been associated with neurological disorders, such as Alzheimer's, but 

ectopic expression of CLP-1 did not highlight any neuron associated defect in C. 

elegans. Future work could comprise of ectopic expression of the other C. 

elegans calpains in neurons. 

Calpains have also been associated with muscle specific disorders, such as 

muscular dystrophies. I showed that animals that ectopically expressed CLP-1 in 

muscle displayed paralysis and abnormal body wall muscle cells. Only CLP-1 

was able to elicit this defect. CLP-1 proteolytic activity is likely to be the cause 

of paralysis because animals that expressed a catalytically inactive version of 

CLP-1(C371A) in muscle did not display paralysis. 

In Chapter 5I investigated the paralysis phenotype caused by ectopic expression 

of CLP-1 in more detail. I determined which mutations sensitised animals to the 

effects of ectopic CLP-1. Mutations that are likely to increase intracellular Cat+, 

such as gain-of-function mutations in egl-19 and itr-1, were shown to increase 

the percentage of crlsl animals displaying paralysis. Some mutations that might 

affect the structural integrity of muscle also sensitised animals to the effects of 

ectopic CLP-1. Further work could investigate the relative intracellular muscle 

Ca2+ concentrations for the different mutants used in Chapter 5. One could then 

see if there is a correlation between intracellular Ca2+ concentration and the 

percentage of crlsl animals displaying paralysis for each mutant. 

In Chapter 5I also showed that males were significantly more sensitive to the 

effects of ectopic CLP-1 compared to hermaphrodites. This could be due to the 

increased activity of males. Increased activity would increase muscle contraction 

and contraction associated damage, which might sensitise muscle to CLP- 1 

proteolysis. This hypothesis is supported by research into C. elegans. This 

research showed that inhibition of muscle contraction decreased the muscle 

degeneration of dys-1(cx18); hlh-1(cc561 ts) animals (Mariol et al., 2007). 
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However, in argument against this hypothesis, the hyperactive mutant goa-1 did 

not cause hlh-1(cc561 ts) animals to display muscle degeneration. This suggests 

that increased muscle activity might not be the only explanation for why animals 
become sensitive to muscle degeneration (Carre-Pierrat et al., 2006b). Males 

might have alternative physiological features that would also increase their 

sensitivity to ectopic CLP-1. To elucidate the cause of male sensitivity to ectopic 

CLP-1 one could construct goa-1(n1134); crlsl animals. If these animals 

exhibited a greater number of paralysed animals compared to crlsl animals, then 

one would predict that the increased muscle activity of males is the cause of male 

sensitivity to ectopic CLP-l. This hypothesis could also be tested by performing 

a thrashing assay on crlsl hermaphrodites. When crlsl hermaphrodites are in 

isotonic solution the frequency of hermaphrodite muscle contraction is greatly 

increased. Therefore, this assay would establish if the percentage of animals 

displaying CLP-1 induced paralysis increased with increased muscle activity. 

In Chapter 5I also showed that CLP-1 is involved in muscle degeneration in dys- 

1(cx18); hlh-1(cc561 ts) animals. Since mammalian calpains can cleave important 

Z disk associated proteins, it is postulated that calpains are important in 

myofibrillar protein turnover (Goll et al., 2007). Therefore, in environments 

where calpain activity is increased, elevated proteolytic activity might increase 

protein turnover and degradation. Calpains are hypothesised to act upstream of 

the proteasome in myofibrillar protein turnover and in the future it would be 

interesting to see if this was also the case in the production of abnormal muscle 

cells in crlsl animals (Goll et al., 2007; Smith and Dodd, 2007). The use of 

proteasome inhibitors might reduce or even prevent CLP-1 induced paralysis. 

This is because, whilst CLP-1 is likely to release specific proteins from 

sarcomeres by selective cleavage, CLP-1 is unlikely to fully degrade proteins; 

this is likely to be performed by the proteasome. Therefore, the CLP-1 induced 

paralysis system could be used to elucidate the sequence of proteolytic events in 

myofibrillar protein turnover. 

Further work could also be performed to establish the subcellular localisation of 
CLP-1 in muscle by using either a transgenically expressed CLP-1:: GFP or an 

antibody specific to CLP- 1. If CLP- 1 is near the dense body, as would be 
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predicted, then it would put CLP-1 in the vicinity of potential important 

structural muscle proteins. Cleavage of these proteins by CLP-1 might then lead 

to the disassembly of muscle fibres. Further, by using muscle protein specific 

markers, one could analyse the early stages of CLP-1 induced paralysis to see 

which structure/s might be disassembled first. Therefore, one could begin to 

hypothesise on muscle specific calpain substrates. 

The final discovery in Chapter 5 was the possible conservation of a degenerative 

pathway between neurons and muscle in C. elegans. ASP-3 and ASP-4 are 

required for neurodegeneration of the six touch receptor neurons in C. elegans, 

and here I have shown that they are also involved in CLP-1 induced paralysis 

(Syntichaki et al., 2002). It would be interesting to see ASP-3 and ASP-4 are also 
involved in the muscle degeneration in the dys-1(cx18); hlh-1(cc561 ts) strain, 

either by using asp-3(RNAi)1asp-4(RNAi) or asp-3/asp-4 mutants. 

In Chapter 6I attempted to provide in vivo and in vitro evidence for C. elegans 

calpain activity. I examined the functional conservation between calpain catalytic 

domains using the tra-3(el767) system and discovered, from the initial study, 

that calpain catalytic domains are likely to confer calpain specific functions. A 

more detailed analysis would be required to analyse which residues confer the 

functional specificity of the TRA-3 catalytic domain. This could be explored by 

performing various catalytic domain swaps with other calpains of both C. 

elegans and mammals. 

In Chapter 6I was unable to show that CLP-1 undergoes autolysis. To analyse 

CLP-1 autolysis further a yeast two hybrid system could be employed. This has 

been used previously to demonstrate autolysis of human CAPN3 (Ono et al., 

2006). In this method, the N- and C-terminus of CLP-1 would be attached to the 

Gal4 binding domain (BD) and the Ga14 activation domain (AD) respectively, to 

create BD-CLP-l-AD. Therefore, when present in yeast, if BD-CLP-l-AD 

remained intact, then reporter genes would be activated because BD is brought in 

close proximity to AD. However, if autolysis occurred then BD would be 

separated from AD and the transcription of reporter genes would not be 

activated. This system could also be used to investigate the intra versus 
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intermolecular autolysis of CLP-1 by using a catalytically inactive version of 

CLP-1, co-transfected with active CLP-1. 

In the final part of Chapter 6I attempted to purify and show proteolytic activity 

for C. elegans calpains. Despite being able to purify and show calpain activity 

for rat CAPN2, I was unable to show activity for C. elegans calpains. Since 

expression of soluble and/or active calpain might have been an issue, further 

work could be directed at the creation of multiple calpain constructs whereby 

different protein regions are omitted to leave the core calpain catalytic domain. 
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