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Abstract 

The Role of Calpain 3 in Sheep Skeletal Muscle Growth 

 and Post-mortem Meat Quality. 

 

by 

Yukiyo Muto  
 

Calpain 3 is a tissue specific calpain, and its mRNA is the most expressed calpain isoform in 

skeletal muscles. Many mutations and polymorphisms within the human calpain 3 gene have 

been reported and related to limb-girdle muscular dystrophy. In livestock the proteolytic 

activity of calpain 3 is implicated in aspects of meat quality such as tenderness and meat 

yield. One of the most distinctive characteristics of calpain 3 is its very rapid autolysis. In 

skeletal muscle, calpain 3 is stabilised by binding titin but it is spontaneously autolysed 

during extraction. Due to its rapid autolysis, purification and characterisation of calpain 3 has 

been extremely difficult. However the pattern of autolysis can be used to identify the activity 

and physiological functions of calpain 3. Calpain 3 autolysis can be observed via banding 

patterns on Western blotting using calpain 3 specific antibodies and relative amounts of 

calpain 3 can be determined from band density. The Western blotting protocol to detect 

calpain 3 from skeletal muscle samples were optimised in this study.  

The objective of this PhD project was to investigate the role of calpain 3 in meat quality, 

focusing on tenderness and meat yield. The role of calpain 3 in tenderness was tested by 

muscle stretching expected to disrupt calpain 3/titin interactions and enhance calpain 3 

autolysis and proteolytic activity. Lamb carcasses were hung by two different methods, 

conventional and bar-hanging. The degree of muscle stretching was determined by sarcomere 

length measurements. Carcasses treated by the bar-hanging method showed longer sarcomere 

length than conventionally hung samples, and the muscle stretching showed an obvious 

impact on initial tenderness during rigor mortis development. Enhanced titin degradation has 

been observed in stretched muscle, regulated from the disruption of the calpain 3/titin 

interaction. However, strong evidence of enhanced calpain 3 activation was not obtained from 

this study.  
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Roles of calpain 3 in muscle yield were analysed on the basis of a calpain 3 gene marker 

study in livestock. A correlation between specific allele variants in exon 10 of ovine calpain 3 

and the yield of fat trimmed meat cuts has been reported. This research aimed to investigate 

the biochemical significance of polymorphic variation in calpain 3. Muscle samples were 

collected from lambs which were homozygous for each of the three alleles within calpain 3 

exon-10. Calpain 3 mRNA sequences were obtained from these homozygous muscle samples 

to identify any base substitutions. Four single base substitutions were found besides those in 

exon-10, but none of them, including variations within exon-10, caused an amino acid 

sequence difference. Therefore they were unlikely to influence calpain 3 protein structure and 

function. Expression of calpain 3 mRNA and the amounts of calpain 3 protein were also 

compared among genotypes, and there were no significant differences found. These results 

suggest that the reported phenotype variations related to specific allele variants within calpain 

3 exon-10 were not direct effects of calpain 3 polymorphisms. Calpain 3 has important roles 

in the maintenance and development of skeletal muscle but how much it contributes toward 

meat quality is still uncertain.  

 

Keywords: calpain 3, meat tenderness, calpain 1, calpain 2, polymorphism, bar-hanging, 

protein turnover, callipyge sheep, titin, limb-girdle muscular dystrophy type 2a, autolysis, 

proteolysis, band density, sarcomere length, rigor mortis, post-mortem.  
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1  

Introduction 

There are several aspects to meat quality, but tenderness is one of the most important 

attributes for consumers. Proteolysis of key myofibrillar proteins is considered the principal 

reason for meat tenderization during post-mortem storage (Taylor & Koohmaraie, 1998). 

Several reports, including enhanced tenderization with addition of calcium, indicated that 

calpain proteolysis during post-mortem storage was related to meat tenderness (Koohmaraie, 

1992c; Ouali, 1992). Calpain includes several isoforms, and ubiquitous calpains (calpain 1 

and calpain 2) and a skeletal muscle specific calpain (calpain 3) are involved in proteolysis in 

post-mortem skeletal muscle. There is clear evidence that calpain 1 has an important role on 

post-mortem meat tenderization (Geesink, Kuchay, Chishti, & Koohmaraie, 2006) while it 

has been reported that calpain 3 is not involved in meat tenderization (Geesink, Taylor, & 

Koohmaraie, 2005). However, there is still a possibility that calpain 3 proteolytic activity 

relates to meat tenderness (Ilian, Bekhit, & Bickerstaffe, 2004). 

The objective of this PhD project was to investigate the role of calpain 3 in meat quality. 

Calpain 3 is the skeletal muscle specific calpain, and its precise functions are still unclear. 

However, many calpain 3 pathogenic mutations related to the limb-girdle muscular dystrophy 

type 2A have been reported, and there is clear evidence that the proteolytic activity of calpain 

3 has important roles in skeletal muscle. 

Due to its rapid autolysis, analysing the activity of calpain 3 in post-mortem meat is very 

difficult. Calpain 3 is hardly detectable as the intact form during or after purification by the 

usual purification methods for calpains1 and 2. Therefore, the techniques for analysing 

calpains were modified and procedures for analysing calpain 3 were optimised. 

To increase understanding of the role of calpain 3 in post-mortem skeletal muscle, different 

hanging methods were applied to ovine carcasses, and the effect on meat tenderness and 

calpain activities determined. Carcasses were hung by the legs (conventional hanging), and 

hung at the pelvis (bar hanging). The experiments tested the hypothesis that the mechanical 

elongation of sarcomere by altered carcass hanging method would activate calpain 3 activity 

by disruption of the calpain 3/titin interaction and, lead to degradation of muscle proteins and 

enhanced meat tenderness. Therefore, sarcomere length and meat tenderness were measured 

to confirm the effect of different methods on the elongation of sarcomeres and meat quality. 
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Western blotting was performed on calpain 3 and titin to identify the influence of mechanical 

elongation of sarcomeres on the activity of calpain 3. To distinguish the proteolytic activities 

of calpains 1 and 2, Western blotting was also performed for calpains 1 and 2, and their 

activities were analysed by zymography. 

The yield of each retail-cut from a carcass is also an important aspect of meat quality from an 

economic point of view. Allelic variations in exon-10 of ovine calpain 3 had been identified 

(Zhou, Hickford, & Fang, 2007), and the correlation between the specific allele variants and 

the yield of fat trimmed meat cuts had been reported (Bickerstaffe, Gately, & Morton, 2008). 

However, information on how the genetic variations influence muscle size was still missing. 

If a mechanism of correlation between calpain 3 polymorphisms and meat quality was 

identified, an information could be exploited in the meat industry by breeding specific 

genotypes to produce greater yields. A better understanding of calpain 3 activity in post-

mortem meat may also provide a model for further medical research, such as into muscular 

dystrophy, which has been associated with many polymorphisms within human calpain 3 

(Richard et al., 1999). Therefore, these experiments were designed to identify the biochemical 

aspects of polymorphic variations of calpain 3 and to investigate any mechanism of the 

phenotypic variations on meat quality. The experiments tested the hypothesis that the 

correlation between genotypes of calpains and meat quality phenotypes could be explained by 

the biochemical changes in calpains activities.  

Three alleles have been identified in exon-10 of ovine calpain 3, and they were called the A, 

B, and C-alleles. The frequency of each allele was reported as 0.60, 0.22, and 0.18, 

respectively (Zhou et al., 2007). Ovine skeletal muscle samples from homozygote animals 

(AA, BB, and CC) were required for determining the biochemical characteristics. According 

to a simple calculation, the probability to find homozygote is 36%, 5% and 3%, respectively. 

Therefore, blood samples were collected from at least 100 live sheep to identify the genotype 

to obtain homozygote samples, especially rare CC-genotype animals. Unfortunately, no CC-

genotype animal was found among the randomly selected flocks. Therefore, offspring from a 

flock in which CC-genotype had been identified previously were tested for genotype, and CC-

genotype animals were identified. 

Muscle samples were collected from the animals from these, ovine calpain 3 mRNA was 

extracted from muscle samples of each homozygote animal, and amplified for sequence 

analysis. Calpain 3 mRNA sequencing analysis was performed for each genotype, to identify 

any differences in amino acid sequence and protein structure. Even though the A, B, and C-
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alleles variation within exon-10 is in silent mutation, the screening of the amplified calpain 3 

mRNA from each genotype may have revealed other linked polymorphisms which may be 

associated with meat quality. 

Real time PCR (RT-PCR) was also performed to investigate whether there were significant 

differences in the amount of calpain 3 mRNA expression among the three genotypic 

variations within exon-10. Although the allelic variations did not cause changes in the amino 

acid sequence, they may have shown differences in the amount of calpain 3 mRNA 

expression in the muscle due to different codon usage. Some different codons coding for the 

same amino acid, may have different stability, which may influence mRNA expression 

(Lobry & Gautier, 1994). In this RT-PCR analysis, the relative amount of calpain 3 mRNA 

was determined and compared among the three genotypes. The results would clarify if allele 

variations within exon-10 impacted on expression levels of calpain 3 mRNA. Western 

blotting was also   performed to investigate whether there were significant differences in the 

amount of calpain 3 protein in skeletal muscle samples of the three genotype variants within 

exon-10.  
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2  

Literature Review 

2.1 Introduction 

Calpains are calcium-dependent, cysteine proteases that have been implicated in a variety of 

physiological and pathological processes. This study focussed on calpain 3 which is a skeletal 

muscle-specific calpain. An important characteristic of calpain 3 is its rapid autolysis at 

physiological calcium concentrations. Due to its rapid autolysis, purification and 

characterisation of calpain 3 has been extremely difficult. Many mutations and 

polymorphisms within the human calpain 3 gene, which are related to limb-girdle muscular 

dystrophy, have been reported (Richard et al., 1999). Polymorphisms of calpain 3 in livestock 

animals have also been identified, and possible correlations to muscle growth have been 

suggested (Chung et al., 2007; Zhang et al., 2009; Zhou et al., 2007).  

Meat quality can be improved through agricultural practice approaches, such as feeding, 

breeding, and husbandry. Molecular level research is also becoming a useful tool for the meat 

industry. The tenderness of meat is one of the important factors of meat quality and many 

reports suggest that post-mortem proteolysis within skeletal muscle fibres determine post-

mortem changes in meat tenderness (Hopkins & Thompson, 2002; Morton, Bickerstaffe, 

Kent, Dransfield, & Keeley, 1999; Parr, Sensky, Scothern, & Bardsley, 1999).  

The overall goal of this research was to investigate the role of calpain 3 in meat quality, 

focusing on tenderness and meat yield. Calpain 3 was analysed within stretched muscle and 

the roles of calpain 3 within meat tenderness were determined. Calpain 3 polymorphism had 

been identified and a correlation between the polymorphic variations and the yield of fat 

trimmed meat cuts had been reported (Bickerstaffe et al., 2008). Determining the biochemical 

changes resulting from these polymorphisms will lead to a better understanding of the 

mechanism relating genotypic to phenotypic variations. 
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2.2 Calpain 

Calpains are intracellular, calcium-activated, cysteine proteases, and they form a superfamily 

with numerous structurally related isoforms in organisms ranging from mammals to 

microorganisms. There are two categories of calpains which occur in mammals: ubiquitous 

and tissue-specific isoforms. Ubiquitous calpains are expressed in all cell types. The major 

ubiquitous calpains are calpain 1 (μ-calpain) and calpain 2 (m-calpain) which differ in their 

calcium sensitivity in vitro (Goll, Thompson, Li, Wei, & Cong, 2003; Raser, Posner, & Wang, 

1995). Calpain 1 requires 3~50µM and calpain 2 requires 400~800µM of calcium to be 

activated (Goll et al., 2003). Several tissue-specific isoforms have also been reported which 

include calpain-9 (nCL-4) in the digestive tract, calpain-8 (nCL-2) and its splicing variants 

(nCL-2’) in the stomach (Sorimachi, Ishiura, & Suzuki, 1993), calpain-6 in placenta (Dear, 

Matena, Vingron, & Boehm, 1997), and calpain 3 (p94 or nCL-1) in skeletal muscle 

(Sorimachi et al., 1989) with its splicing variants, Lp82 and Lp85 in the lens of young rodent 

eyes (Ma et al., 1998). Human calpain isoforms are summarised in Table 2.1 (Suzuki, Hata, 

Kawabata, & Sorimachi, 2004). These isoforms are structurally related. The calpains whose 

domains have been deleted or replaced are called atypical calpains. The typical calpains have 

a significant sequence homology with calpain 1 and calpain 2, but calpain 3 differs due to the 

presence of three insert sequences, NS, IS1 and IS2. 
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Table 2.1 Human calpain isoforms. 
Calpains 1,2,3,8,9,11,12,13 are typical calpains. Calpains 5,6,7,8(nCL-2),10,15 are 
atypical. ND=not detected. Adapted from Suzuki et al. (2004). 
  

Protein Gene Other name Tissue distribution Amino acid 

residues 

Protease 

activity 

Association 

with 30K 

calpain 1 CAPN1 μ-calpain ubiquitous 714 + + 

calpain 2 CAPN2 m-calpain ubiquitous 700 + + 

calpain 3 CAPN3 p94, nCL-1 skeletal muscle 821 + - 

calpain 5 CAPN5 hTRA-3 

nCL-3 

ubiquitous 640 + - 

calpain 6 CAPN6 CANPX placenta, 

embryonic muscle 

641 - - 

calpain 7 CAPN7 PalBH ubiquitous 813 + - 

calpain 8 CAPN8 nCL-2 stomach 703 + - 

calpain 9 CAPN9 nCL-4 digestive tract 690 + + 

calpain 10 CAPN10 - ubiquitous 672 ND ND 

calpain 11 CAPN11 - testis 702 ND ND 

calpain 12 CAPN12 - hair follicle 720 ND ND 

calpain 13 CAPN13 - ubiquitous 423 ND ND 

calpain 14 CAPN14 - ND ND ND ND 

calpain 15 SOLH SOLH ubiquitous 1086 ND ND 

 

Typical calpains (calpains 1 and 2) are heterodimers composed of a large catalytic subunit 

(80kDa) and a smaller regulatory subunit (30kDa), both of which contain several Ca2+-

binding sites (Figure 2.1). The large subunit and the small subunit contain four (I,II,III,IV) 

and two (V,VI) domains, respectively. Domain-I (DI) in the large subunit associates with 

domain-VI (DVI) in the small subunit and is involved in the dissociation of the large and 

small subunits during activation. Domain-II (DII) is the cysteine protease domain containing a 

papain-like catalytic site. It contains two subdomains, DII-a and DII-b, with the substrate 

binding cleft in between. The active site residue, Cys-105 in calpain 2 is on DII-a and other 

catalytic triad residues, His-262 and Asn-286, are on DII-b. They are approximately 10Å from 

each other in the inactive form (Moldoveanu et al., 2002). This indicates that DII-a and DII-b 

are slightly too separated and open to constitute a functional catalytic triad. DII-a contains 

helical structures including the anchoring helix from the semi-circular cavity of DVI that 

clamps both the large and small domains together. DII-b is a barrel-like subdomain which 

contains a typical six-stranded β-pleated sheet rolled into an open barrel carrying helices 
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(open loop and helices) (Strobl et al., 2000). The many positively charged residues on these 

peptides form a basic-loop, which interacts electrostatically with the adjacent domain-III 

(DIII). Both subdomains have a Ca2+-binding site. DIII contains two opposing β-sheets, each 

comprised of four antiparallel strands which exhibit the tertiary fold of a compact β-sandwich 

domain, with a topology distantly related to the C2-domains of phospholipase-C and protein 

kinases-C. This C2-like domain can potentially bind up to three Ca2+ within acidic loops 

which contain negatively charged residues. Domain-IV (DIV) and DVI are calmodulin-like 

domains made up of five EF-hand type helix-loop-helix calcium binding structures. Four EF-

hands act as a Ca2+-binding site but the fifth EF-hand on both the large subunit (DIV) and the 

small subunit (DVI) associate during dimerisation. The complete structure of domain-V (DV) 

has not been analysed by crystallography, the mobility of the protein is attributed to the high 

glycine content being a problem. Overall, the crystal structure of inactive calpain 2 is a flat, 

oval disc-like shape. The upper and the lower poles are occupied by the two catalytic 

subdomains DII-a and DII-b and the calmodulin-like domain pair DIV and DVI, respectively.  

 
Figure 2.1 Structure of human calpain 2 without calcium. 

(a):Each domain is shown in a different colour. DI (green) starts in the molecular centre. 
DII is a catalytic domain consisting of two subdomains, DII-a (gold) and a barrel-like 
subdomain DII-b (red). Adjacent is DIII (blue). DIV (yellow) on right side and DVI 
(orange) on left side are calmodulin-like domains. Parts of DV are indicated (magenta).  
(b): The locations of the Ca2+-binding sites are shown and the catalytic triad of Cys-105 
(C105) on DII-a, His-262 (H262) and Asn-286 (N286) on DII-b are indicated. Images are 
adopted from Strobl et al. (2000) and Suzuki et al. (2004). 
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Calpains normally exist as inactive forms which are activated by Ca2+ binding. For example, 

calpain induced cataract formation in rat lenses was enhanced by a single subcutaneous 

injection of sodium-selenite into rats or incubation of rat lenses with Ca2+ ionophores, which 

elevated the intracellular Ca2+ concentration (Sanderson, Marcantonio, & Duncan, 1996; 

Tamada et al., 2000). There are at least three types of Ca2+-binding sites. The EF-hands in the 

calmodulin-like domains (DIV, DVI) have a structural role rather than a regulatory role. Non 

EF-hand type Ca2+-binding sites are found on the catalytic subdomains (DII-a, DII-b). There 

are also two or three binding sites on the acidic loop in the C2-like domain (DIII). Parts of the 

catalytic triad are separated by a gap of more than 10Å between DII-a and DII-b in the inactive 

form of calpain, and the activation of calpain relies on the reassembly of the catalytic triad 

(Reverter et al., 2001). The inactive conformation is stabilised by the interactions from 

neighbouring domains. DII-a interacts with DVI by an anchoring helix. 

Ca2+-binding to the calmodulin-like domains involves subtle conformational changes and 

autocatalytic hydrolysis of DI which lead to dissociation of the large subunit from the small 

subunit. Homodimers of small subunits were observed in vitro after calpain activation (Pal, 

Elce, & Jia, 2001), which may support the dissociation mechanism during calpain activation. 

The dissociation of the large and small subunits exposes the hydrophobic dimerisation 

surface, which is energetically unfavourable in aqueous solution. Thus, the dissociation 

promotes the conformational change and, in turn, creates the catalytic site via DIII with the 

electrostatic switch mechanism. DIII contains the acidic loop, whose ten negatively charged 

side chains all extend away from one another because of strong electrostatic repulsion (Strobl 

et al., 2000). In the inactive form this acidic loop holds DII-b away from DII-a locked by the 

electrostatic interaction between its negative charge and the positively charged basic residues 

in DII-b. Moreover, this acidic loop is also capable of binding Ca2+ (Moldoveanu et al., 2002). 

Dissociation followed by a conformational change shifts the other acidic residues of DIII 

closer to the acidic residues of DII-a, and creates a negatively charged cluster (Reverter et al., 

2001; Strobl et al., 2000). This negatively charged cluster and the negatively charged acidic 

loop in DIII enhance Ca2+ binding (Strobl et al., 2000), which reduces the electrostatic 

interaction between DIII and DII-b, and allows DII-b to rotate toward DII-a, while DII-a is 

held tight to DIII by many polar contacts (Reverter et al., 2001; Strobl et al., 2000). Cys-105 

on DII-a, and His-262 and Asn-286 on DII-b get close enough to act as the active catalytic 

triad. Once the catalytic triad is arranged into the active form, the calpain is able to bind 

substrate proteins for proteolysis. This electrostatic switch mechanism also explains the 

difference in calcium sensitivity between calpain 1 and calpain 2. Calpain 2 contains more 
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acidic residues in DIII than does calpain 1, which provides calpain 2 with a stronger 

electrostatic interaction than calpain 1 (Strobl et al., 2000). Consequently, calpain 2 requires 

more Ca2+ to disrupt the electrostatic interaction than calpain 1 does. A similar order is seen 

for the opposing basic residues of DII-b. 

An additional mechanism seems to involve calpain activation with two non EF-hand type 

Ca2+-binding sites in DII (Moldoveanu et al., 2002). Mini-calpain constructed with only DI 

and DII was expected to be free of restraining interactions from adjacent regions, such as 

DIII, and therefore function in the absence of Ca2+. However, this modified calpain 

completely lacked proteolytic activity in the absence of Ca2+ but was active in the presence of 

Ca2+ (Moldoveanu et al., 2002). This suggested that Ca2+ binding to the two non EF-hand type 

sites in the DII was still required to align the catalytic triad to activate calpain. The activation 

mechanism induced by Ca2+ binding to the two non EF-hand type sites provides an alternative 

mechanism for calpain activation. 

 

2.3 Calpain 3 

Calpain 3, also called p94 in reference to its molecular mass or nCL-1 for “novel calpain large 

subunit”, was first reported in 1989 (Sorimachi et al., 1989). Northern blot analysis detected 

the mRNA of calpain 3 only in skeletal muscle samples, while calpains 1 and 2 exist 

ubiquitously (Sorimachi et al., 1989). Moreover, mRNA for calpain 3 was in approximately 

10-fold more abundance in skeletal muscles than mRNA for calpains 1 and 2 (Sorimachi, 

Saido, & Suzuki, 1994). Therefore, calpain 3 was designated as a skeletal muscle specific 

calpain (Sorimachi et al., 1989), the first tissue specific calpain. The structure of calpain 3 is 

similar to the large subunits of calpains 1 and 2, which consist of four domains (Figure 2.2). 

There is no small subunit (30K) associated with calpain 3 (Kinbara, Sorimachi, Ishiura, & 

Suzuki, 1998). 

A specific structural feature of calpain 3 is that it contains three sequences called NS, IS1, and 

IS2 which are not found in the other isoforms (Kinbara, Ishiura, et al., 1998). They are located 

at the N-terminus, in the DII protease domain, and between DIII and the DIV Ca2+ binding 

domain, respectively (Figure 2.3). 
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Figure 2.2 Structure of calpain 3. 
Calpain 3 is similar in structure to the calpains 1 and 2 large subunits. The catalytic site is 
indicated, DIII is represented in green, and DIV in blue. Images are adopted from 
Kramerova et al. (2012). 
http://www.curecalpain3.org/images/LGMD2A%20Workshop%20Book%202011.pdf 

 

 

 

Figure 2.3 Schematic diagram of the large subunit domain structures. 
Comparison of the calpains 1 and 2 large subunits (µ and m CL) with calpain 3. DI= 
domain-I, DII= domain-II, DIII= domain-III and DIV= domain-IV. Calpain 3 contain the 
NS, IS1 and IS2, unique sequences specific to calpain 3. 
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Calpain 3 contains a sequence, similar to a nuclear translocation signal, in the IS2 region 

(Sorimachi et al., 1989; Sorimachi et al., 1994). This sequence, PVKKKKNKP, is conserved 

in human, rat and chicken calpain 3. The localisation of calpain 3 in the nucleus in vivo has 

been reported (Keira, Noguchi, Minami, Hayashi, & Nishino, 2003; Sorimachi, Saido, et al., 

1993) and its involvement in nuclear signalling via the IκBα/nuclear factor (NF)-κB survival 

pathway, which mediates apoptosis, has also been reported (Baghdiguian et al., 2001; Richard 

et al., 2000). However, whether translocation of calpain 3 to nucleus actually occurs to 

mediate the IκBα/NF-κB survival pathway has not been investigated. Translocation of calpain 

3 to the nucleus was not observed in skeletal muscles damaged by eccentric exercise (Murphy 

et al., 2011). 

 

2.3.1 Calpain 3 autolysis 

The most distinctive characteristic of calpain 3 is its rapid, apparently calcium independent 

autolysis, with a half-life of less than 10 min (Kinbara, Sorimachi, Ishiura, & Suzuki, 1997). 

Due to this unique feature, calpain 3 is hardly detectable during or after purification by the 

usual purification methods used for calpains 1 and 2. Calpain 3 activity is also not detectable 

using casein zymography used to determine calpains 1 and 2 activity. Autolysis is one of the 

mechanisms by which various proteases regulate their activity. Therefore, observation of the 

autolysis of calpain 3 may indicate physiological activation of calpain 3. It has been reported 

that this rapid autolysis is prevented by deletion of IS2, but not IS1 (Sorimachi et al., 1994). 

This suggests either that IS2 may regulate protease activity directly or indirectly by inducing 

conformational changes, or that IS2 may contain a signal for rapid degradation. 

Although calpain 3 is not associated with the small subunit (30K), the calmodulin-like Ca2+ 

binding domains of calpains 1 and 2, which bind to the small subunit (30K), are highly 

homologous to those in calpain 3. After a screening of skeletal muscle proteins, titin, a 

gigantic filamentous protein spanning the M- to Z-lines of muscle sarcomeres, was found to 

bind to calpain 3 through IS2 (Sorimachi et al., 1995). Titin has at least two calpain 3 binding 

regions: the N2-line region and the M-line region (Kramerova, Kudryashova, Tidball, & 

Spencer, 2004). The N2-line region of titin interacts with the IS2 of calpain 3 (Kinbara, 

Ishiura, et al., 1998; Kinbara et al., 1997). It has been reported that a calpain 3/titin interaction 

might have a stabilising role for calpain 3, keeping it in an inactive form and preventing its 

rapid autolysis (Garvey, Rajan, Lerner, Frankel, & Cox, 2002; Kramerova, Beckmann, & 
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Spencer, 2007). Further details are in the introduction to Chapter 4 (4.1.4 Calpain 3/titin 

interaction). 

 

2.3.2 Calpain 3 gene mutation 

The study of the calpain 3 gene is highly related to the research of limb-girdle muscular 

dystrophy type 2A (LGMD2A) (Richard et al., 1995). LGMD2A is an autosomal recessive 

neuromuscular disorder which is characterised by progressive weakness and atrophy of 

scapular and pelvic muscles. The first symptoms appear during the first 20 years of life and 

the disorder progresses gradually. A walking disability develops 10 to 20 years after onset. 

There are no reports of cardiac or facial involvement in this disorder, which correlates with 

calpain 3 not being detectable in cardiac tissue even though its mRNA is expressed in the 

heart during development. Human calpain 3 gene is encoded within chromosome 15q15.1-

15.3 (Richard et al., 1999). Human calpain 3 consists of 24 exons that span close to 53kb of 

genomic DNA, leading to a transcript of 3.5kb. To date, over 280 pathogenic mutations 

related to LGMD2A have been identified. These variants consist of several types of 

pathogenic mutations, many of which are gene inactivating, such as: point mutations leading 

to premature stop codons, splice site or frameshift mutations or larger insertion/deletion 

mutations, or missense mutations that affect the primary sequence of the protein (Kramerova 

et al., 2007) (Table 2.2). These pathogenic mutations of calpain 3 lead to a loss of proteolytic 

activity or calpain 3 deficiency caused by enhanced autolysis. A mutation in calpain 3 was the 

first identified muscular dystrophy mutation found to occur in an enzyme rather than in a 

structural protein (Richard et al., 1995).  
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Table 2.2 Distribution of calpain 3 mutations. 
Position of mutations are indicated in calpain 3 exons. Types of pathogenic mutations are 
divided to 5 categories. These mutations were documented in patients covering wide geographic 
areas (Kramerova et al., 2007). 

 

 

The calpain 3 mutations span the length of the calpain 3 gene. The pathogenic mutations are 

predominantly missense mutations and the clusters of missense mutations are observed in 

DIIa, DIIb and DIII (Figure 2.4).  

 

 

Figure 2.4 The distribution and typing of calpain 3 pathogenic mutations. 
(a) A pie chart is shown in which the distribution of calpain 3 mutations by type is 
represented. Missense mutations make up the largest type of calpain 3 mutation. (b) 
Distribution of missense mutations along the length of the calpain 3 coding region and 
protein domains. Nucleotides were clustered into 100bp intervals for the purpose of 
determining if any clustering of mutations was evident. The figure demonstrates that 
clusters can be observed in DIIa, DIIb and DIII (Kramerova et al., 2007). 
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The exact mechanisms involved in the pathogenesis of LGMD2A are still unknown. 

However, there is a hypothesis that lack of calpain 3 proteolytic activity causes apoptosis, 

associated with disruption of IκBα/NF-κB survival pathway leading to severe muscle wasting 

(Cai et al., 2004; Richard et al., 2000). Normally muscle cells respond to death signals sent 

from lymphocytes through a variety of survival pathways which result in the generation of 

anti-apoptotic molecules. NF-κB is an ubiquitous major transcription factor which is usually 

sequestered in an inactive form in the cytoplasm via an interaction with its specific inhibitor 

IκBα (Baghdiguian et al., 2001). IκBα prevents NF-κB translocation from the cytoplasm to 

the nucleus. Upon external stimulation triggered by death signals, various molecules are 

activated, especially protein kinase, which would lead to IκBα phosphorylation and 

subsequent degradation by calpain 3 (Baghdiguian et al., 2001). IκBα degradation allows 

translocation of NF-κB to the nucleus. Once in the nucleus, NF-κB binds to the κB sites 

present in the promoter regions of target genes and activates transcription. The activated 

genes include several proteins that promote cell survival. In this scenario a lack of calpain 3 

proteolytic activity causes insufficient IκBα degradation which leads to prevention of nuclear 

translocation of NF-κB and ultimately apoptosis leading to muscle wasting (Richard et al., 

2000).  

 

2.3.3 Calpain 3 polymorphism 

Polymorphism is defined as the existence of two or more discontinuous segregating 

phenotypes in a population. Several reports have suggested correlations between calpain 3 

polymorphisms and meat traits in livestock such as meat tenderness and muscle growth 

(Barendse, Harrison, Bunch, & Thomas, 2008; Bickerstaffe et al., 2008; Chung et al., 2007; 

Fang, Forrest, Zhou, Frampton, & Hickford, 2013; Zhang et al., 2009). In cattle, single 

nucleotide polymorphisms (SNPs) were identified in calpain 3 in zebu cattle but not taurine 

cattle, and correlations between the allelic variants and meat tenderness were identified in 

particular breeds such as Brahman and Belmont Red cattle (Barendse et al., 2008). Zebu and 

taurine cattle are different breeds of domesticated cattle. Zebu is found in parts of Southeast 

Asia and Africa while taurine are widely distributed around world as common cattle such as 

Angus and Hereford breeds. In chicken, SNPs were identified in calpain 3 intron-8 and exon-

10 and correlations between these polymorphisms and carcass traits such as body weight, 

carcass weight, and yields of breast and leg meat were identified (Zhang et al., 2009).  
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A separate group has reported a correlation between allelic variants of calpain 3 and the body 

weight of sheep (Chung et al., 2007). Lambs were weaned at an average age of 60 days and 

post-weaning weights measured at an average age of 90 days. In their study, genetic variants 

were detected in the segment of ovine calpain 3 gene located on exon-11 to exon-12, 

amplified from four different breeding groups. They named this segment CAPN31112. A 

single nucleotide substitution was identified in this segment at position 267 C/T and this 

mutation site is located within an intron close to the IS2 region which contains a titin binding 

site. The sequence for the CAPN31112 segment has been submitted to the GenBank and 

assigned an accession number AF309635. The frequencies of these 2 alleles (A and B) are 

0.46 and 0.54. A total of 318 sheep from different breeding groups were weighted at birth. A 

dominant effect of allelic variants of CAPN31112 was identified on birth weight, but not on 

weaning and post-weaning weight. The AA and AB-genotypes had higher birth weight than 

the BB-genotypes.  

A correlation has also been reported between specific allele variants within calpain 3 exon-10 

and an increased proportion of leg yield (Bickerstaffe et al., 2008) detailed in Chapter 5 (5.1 

Introduction). It was also reported that this calpain 3 exon-10 polymorphism correlated to 

shoulder yields in sheep (Fang et al., 2013).  

 

2.3.4 Calpain 3 exon-10 

The research in this thesis focused on the polymorphisms in ovine calpain 3 exon-10, where 

allelic variants had been identified by single-strand conformational polymorphism (SSCP) 

(Zhou et al., 2007). 

SSCP is a technique that has been used to screen for mutations caused by single base 

substitutions. Under certain conditions, single stranded DNA fragments fold into nucleotide 

sequence dependent conformations. A single base substitution can change this conformation, 

which affects the mobility of fragments during electrophoresis under certain conditions, and 

allelic variations can be observed on gels as unique SSCP patterns. 

SSCP analysis of calpain 3 exon-10 detected three unique SSCP patterns, and sequence 

analysis revealed that they were associated with three allelic variations within the ovine 

calpain 3 exon-10 (Zhou et al., 2007). The sequences for these alleles were submitted to 

GenBank and assigned accession numbers DQ660376-DQ660378. The schematic structure of 

human calpain 3 and the position of exons is shown in Figure 2.5. Exon-10 codes for part of 
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DII-b and DIII of calpain 3 (Kawabata et al., 2003). Moreover, four non-pathogenic and 21 

pathogenic mutations associated with LGMD2A have been reported within exon-10 of human 

calpain 3 (Table 2.2) (Kramerova et al., 2007). 

 

 

Figure 2.5 Calpain 3 domains and gene organization. 
Adapted from Kawabata et al. (2003). The numbers represent the calpain 3 exons. 
Catalytic triads are indicated as Cys (cysteine), His (histidine) and Asn (asparagine). 

 

These 21 pathogenic mutations on human calpain 3 exon-10 include 1 stop codon, 1 splice 

site, 15 missense, and 4 frameshift mutations (Kramerova et al., 2007). It is notable that 

missense mutations, which affect the primary structure of the protein, are dominant. However, 

the newly identified allelic variants, allele-A, B, and C within ovine calpain 3 exon-10, are 

silent mutations which have no effect on the amino acid sequence (Zhou et al., 2007). 

Although the allelic variants within exon-10 have no effect on the amino acid sequence, a 

tentative statistical relationship was found between genotype variations in ovine calpain 3 and 

the yield of specific lamb meat cuts in leg (Bickerstaffe et al., 2008) and shoulder (Fang et al., 

2013). This thesis aims to investigate the possible mechanisms for the genotype variations to 

affect meat yields.  

 

2.4 Conversion of muscle to meat 

Several factors define meat quality including palatability, water-holding capacity, colour, 

nutritional value and safety. Multiple factors including flavour, juiciness and tenderness, 

influence the palatability. Although the ranking of these traits varies depending on the 

consumer profile, tenderness has been recognised as the most important determinant of 

palatability, and the primary determinant of meat quality (Huffman et al., 1996; Miller, Carr, 

Ramsey, Crockett, & Hoover, 2001). Meat tenderness is one of the important concerns for 

retailers and restaurants (Miller, Huffman, Gilbert, Hamman, & Ramsey, 1995), and 
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inconsistency and variability in meat tenderness have been recognised as a major problem in 

the meat industry (Morgan et al., 1991).   

Tenderness is determined by three components, the background toughness, toughening phase, 

and the tenderisation phase (Koohmaraie & Geesink, 2006). Background toughness arises 

from the connective tissue component of muscle, and does not change during the post-mortem 

period. The toughening phase is caused by sarcomere shortening during rigor development 

which generally occurs within the first 24 hours post-mortem. The tenderisation phase is 

highly variable among individual carcasses, and meat tenderness can be improved by cool 

storage. It has been reported that post-mortem tenderisation is a result of enzymatic activity, 

particularly the post-mortem proteolysis of myofibrillar and myofibrillar-associated proteins 

(Asghar & Bhatti, 1988; Dutson, 1983; Koohmaraie, Kent, Shackelford, Veiseth, & Wheeler, 

2002; Pearson, Wolzak, & Gray, 1983). 

 

2.4.1 Microscopic structure of skeletal muscle 

Skeletal muscles are composed of numerous bundles of muscle fibres which range in diameter 

from 60 to 100µm. A schematic diagram of skeletal muscle is shown as Figure 2.6. Muscle 

fibres are formed by the fusion of several cells so they contain multiple nuclei as well as 

mitochondria and other organelles normally found in animal cells. The sarcoplasmic 

reticulum, equivalent to the endoplasmic reticulum of other type of cells, acts as a store for 

calcium ions which are released to initiate muscle contraction and are reabsorbed to stop it. A 

unique feature of muscle fibre cells is that they are composed of thousands of smaller fibres, 

myofibrils, which occupy about 80% of the volume of the muscle cells. Myofibrils are long 

cylinders, 1-2µm in diameter that extend the entire length of the muscle fibre. Each myofibril 

is made up of smaller elements called myofilaments which are involved with muscle 

contraction. There are two sorts of myofilament: thick and thin filament. The thick filament is 

about 15nm in diameter and consists mainly of the protein myosin whereas the thin filament 

is about 7nm in diameter and consists mainly of the protein actin.  
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Figure 2.6 Schematic diagram of skeletal muscle structure. 
Image shows a bundle of muscle fibre composed of myofibrils. The myofibril is made up 
of smaller elements called myofilaments which are involved with muscle contraction. 
There are two sorts of myofilament: the thick filament consists mainly of myosin and the 
thin filament consists mainly of actin. Sarcomere is a segment of myofibril. Image 
adopted from http://www.teachpe.com/images/anatomy/muscle_fibre_large.jpg  

 

The arrangement of thick and thin filaments is shown as Figure 2.7. The bundle of thick 

filaments is called the A-band and the bundle of thin filaments, not overlapping with thick 

filament, is called the I-band. Under the microscope light can pass through the I-band which 

appears as a light band while the A-band appears as a dark band. A darker band at the centre 

of the A-band is called the M-line. The thin line bisecting the I-band is the Z-line. These 

continuous structures are repeated along the entire length of the muscle fibre. A unit of the 

myofibril between two adjacent Z-lines is called a sarcomere, composed of an A-band and 

half an I-band on each end (Huxley, 1957).  
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Figure 2.7 Arrangement of the thick and thin filaments in myofibril. 
Myofibrils are long cylinders extending the entire length of the muscle fibre. Each 
myofibril is formed by arrangement of thick and thin filaments. Where the bundle of thick 
filaments is called the A-band and the bundle of thin filaments, where it is not overlapped 
with thick filament, is called I-band. The centre of the A-band is called the M-line and the 
centre of the I-band is called the Z-line. Sarcomeres are segments of myofibril defined by 
Z-lines. 

 

 

2.4.2 Myofibrillar proteins 

Sarcoplasmic and stroma proteins make up 40% of the total muscle proteins. The 

sarcoplasmic proteins are ordinary cellular proteins, including the enzymes normally found in 

all cells. Stroma proteins are structural insoluble proteins and consist largely of the connective 

tissue components such as collagen and elastin (Warriss, 2010). The remaining 60% of 

muscle proteins are myofibrillar proteins. The structure of the myofilaments that make up the 

myofibrils is maintained by a cytoskeleton made up of a number of them (Figure 2.8).  

The main component of the thick filament is myosin. A myosin molecule is composed of an 

S-1 fragment (head) and a rod (tail) portion. The long ends of the tails of several hundred 

myosin molecules aggregate to form the main component of thick filaments. The S-1 

 19 



fragments, which include an ATP binding site, stick out toward the thin filaments. These 

molecules are arranged in a bipolar assembly with the tail portions overlapping the M-line 

(Ottenheijm & Granzier, 2010).  

Main components of the thin filament are actin, tropomyosin and troponin (Zot & Potter, 

1987). Polymerization of globular actin molecules (G-actin) form double helical chains called 

F-actin, which are the basis of the thin filament. Tropomyosin is an elongated rod-shaped 

molecule that forms polymers aligned in a head to tail fashion along the helical groove of F-

actin. Troponin is located at the cross over point of each tropomyosin molecule (Paul, Morris, 

Kensler, & Squire, 2009; Warriss, 2010). It consists of three subunits, troponin-C, -I, and -T. 

Troponin-C is the Ca2+ binding site, troponin-I interacts with actin molecules, and troponin-T 

links to tropomyosin.  

These myofibrillar proteins are involved with muscle contraction by sliding in and out of 

myofilaments. As the skeletal muscle contracts, the thin filaments slide in between the thick 

filaments, and they slide out to get back to the original position as the muscle relaxes. Muscle 

contraction is initiated by nerve impulses that open Ca2+ ion channels in the membrane of the 

sarcoplasmic reticulum to defuse Ca2+ out to the myofilaments (Huxley & Hanson, 1954). As 

intracellular free Ca2+ binds to troponin-C, it induces a conformational change in the troponin 

complex causing a position change of tropomyosin along F-actin, which exposes the myosin 

binding sites along the F-actin. S-1 fragments of the myosin molecules contact with actin 

molecules forming a cross-bridge between the thin and thick filaments, which in turn causes 

the S-1 fragments to swivel and pull thin filaments toward the M-line. At the end of swivel, 

ATP molecules bind to the S-1 fragments to break the cross-bridge, detach the thin filaments, 

then the S-1 fragments are able to swivel back. As they swivel back, ATP is hydrolysed to 

ADP and phosphate, allowing the S-1 fragments to form new cross-bridges with actin 

molecules one further back along the polymer, then this process continues. Consequently, the 

thin filaments are pulled even nearer to the M-line, and slide in between thick filaments to 

contract the muscle. Muscle contraction is terminated when the nerve impulses stop which 

means the membrane of the sarcoplasmic reticulum is no longer permeable to Ca2+ and the 

Ca2+ pumps in the membrane transport Ca2+ back to the sarcoplasmic reticulum. Without 

Ca2+, the troponin returns to its original position, as does the tropomyosin which in turn 

causes the myosin binding sites along the actin to be no longer available to form cross-bridge 

between the thin and thick filaments. Therefore the thin filaments slide back to their original 

positions, as the muscle relaxes (Weber & Murray, 1973).  
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Titin is one of the myofibrillar proteins forming the cytoskeleton, and is a large polypeptide 

with a molecular weight of around 3000kDa (Labeit & Kolmerer, 1995). This large protein is 

associated with the thick filament spanning from the Z-line to the M-line, with its N-terminal 

located in the Z-line and its C-terminal end located in the M-line. Titin is not directly 

involved in active contraction, but it provides a template for muscle contraction and an elastic 

guide to keep the thick filaments aligned (Houmeida, Holt, Tskhovrebova, & Trinick, 1995). 

Most of the titin molecule is comprised of repeating units (Labeit & Kolmerer, 1995). The 

two main types of repeating domains are the fibronectin type III super-family (FN3) domain 

and the immunoglobulin super-family (Ig) domain. These two domains compose about 90% 

of the total mass of titin, and are arranged in various patterns throughout the molecule, along 

with 17 non-repetitive domains (Gregorio, Granzier, Sorimachi, & Labeit, 1999). The largest 

non-repetitive domain is the PEVK domain, which owes its name to the predominant amino 

acids, P (proline), E (glutamic acid), V (valine), and K (lysine). Titin has several functions 

which are carried out by specific areas of the molecule. The titin locating at the I-band is 

responsible for elasticity. The PEVK domain is located in this region. Funatsu et al found that 

titin degradation was correlated with the loss of elasticity in muscle (Funatsu, Higuchi, & 

Ishiwata, 1990). The part of titin at the A-band acts as a template for thick filament assembly, 

and interacts directly with myosin molecules. It has been reported that disruption of titin 

expression prevents thick filament formation and incorporation into sarcomere (Person, 

Kostin, Suzuki, Labeit, & Schaper, 2000). The M-line region of titin is at its C-terminal end 

and contains the titin kinase domain implicated in signal transduction. Two calpain 3 binding 

site on titin molecules were identified by the yeast two-hybrid studies (Sorimachi et al., 

1995). One is in the N2-region adjacent to the Z-line ends of the PEVK region in the I-band 

and the other is within the M-line region. 

Nebulin is another large myofibrillar protein bound to F-actin in the thin filament. Its 

molecular weight ranges from 600 to 900kDa depending on the type of muscle. A single 

nebulin molecule extends from the Z-line to the end of the thin filament, with its C-terminal 

anchored at the Z-line. Unlike titin, nebulin has no elasticity, and it maintains the constant 

length of the thin filament. This function is supported by results of studies on nebulin 

knockout mice, which have 25% shorter thin filaments than do control mice (Ottenheijm & 

Granzier, 2010). Studies of nebulin knockout model also revealed that nebulin plays 

important roles in the regulation of thick and thin filament overlap and the regulation of 

muscle contraction.  
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Figure 2.8 Schematic diagram of myofibrillar proteins in a sarcomere. 
Image shows arrangement of myofibrillar proteins in a sarcomere in skeletal muscle. 
Myosin forms thick filament, and actin forms thin filament. Nebulin locates in thin 
filament, and titin locates in thick filament spanning from the Z-line to the M-line. The 
PEVK domain of titin is indicating and it involves elasticity of titin. Calpain 3 binding 
sites are indicated where N2A and M-line region of titin. Figure is adapted and modified 
from Ottenheijm and Granzier (2010). 

 

 

 

2.4.3 Transition of skeletal muscle to meat 

Following slaughter, a complex series of changes transform skeletal muscle to meat for 

eating, during which the quality of the meat is dramatically altered. Within the sarcomere, 

myofibrillar proteins retain the ability to contract for several hours after slaughter, but then 

actomyosin cross-bridges between myosin and actin become irreversible, lock thick and thin 

filaments in place, and rigor mortis develops. The transition from skeletal muscle to meat, 

especially the development of rigor mortis, has a significant impact on meat tenderness. 
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2.4.3.1 Acidification of muscle 
After slaughtering and exsanguination of an animal, the supply of oxygen to the muscle 

ceases as the blood circulation system fails. Any further metabolism including ATP 

regeneration must be anaerobic. In the absence of oxygen, ATP is still generated through the 

breakdown of glycogen by glycolysis. The final product of glycolysis under anaerobic 

conditions is lactic acid. Because this is not removed by blood circulation, it accumulates 

causing the muscle to acidify. Muscle pH decreases from 7.0 upon slaughter to an ultimate pH 

(pHu) of 5.7~5.8 in beef (Hannula & Puolanne, 2004) and 5.5~5.7 in lamb (Devine, 

Graafhuis, Muir, & Chrystall, 1993). 

 

2.4.3.2 Rigor mortis development 
Muscle excised early post-mortem is highly extensible and capable of contraction, because 

ATP is still available to maintain muscle contraction. During muscle contraction, ATP is 

hydrolysed to ADP and phosphate. In a living animal, ATP is regenerated from ADP by a 

high-energy phosphate compound called creatine phosphate, and the reaction is catalysed by 

the enzyme creatine kinase. After slaughter, the ATP is still regenerated by glycolysis until 

substrate runs out or the lower muscle pH denatures the enzymes catalysing glycolysis. The 

level of creatine phosphate falls as it is used to regenerate ATP from ADP, eventually the 

supply of regenerated ATP fails with the myosin S-1 head has an empty ATP binding site, 

and it maintains a high affinity for actin. Consequently, myosin and actin molecules form an 

irreversible actomyosin cross-bridge, which locks thick and thin filaments in place and the 

extensibility of the muscle is lost. This rigid state of muscle is defined as rigor mortis 

(Warriss, 2010).  

 

2.4.3.3 Cold shortening 
The rate of cooling and the time to reach ultimate pH (pHu) during pre-rigor has a great 

influence on meat quality (O'Halloran, Troy, & Buckley, 1997) by altering sarcomere length, 

which has direct relationship to meat tenderness (Herring, Cassens, & Rriskey, 1965). Cold-

shortening occurs when the muscle is chilled below 15°C before the completion of rigor 

mortis development and the resulting in less tender meat (Marsh & Leet, 1966). The 

mechanism of cold shortening involves the influx of sarcoplasmic Ca2+. The low temperature 

stimulates a massive release of Ca2+ from the sarcoplasmic reticulum which induces muscle 

contraction, while the calcium pump of the sarcoplasmic reticulum does not appear to 
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function very well at absorbing Ca2+ to suppress contraction. This extra stimulation of post-

mortem muscle contraction, which is not followed by relaxation, results in shorter sarcomeres 

and less tender meat (Marsh & Leet, 1966).  

 

2.5 Involvement of calpains in meat quality 

 

2.5.1 Calpains and meat tenderness 

Several reports have concluded that the proteolysis of key myofibrillar proteins is the 

principal reason for ultrastructural changes in skeletal muscle associated with meat 

tenderization (Hopkins & Thompson, 2002; Ilian, Morton, Kent, & Le Couteur, 2001; 

Koohmaraie, 1992c, 1994; Koohmaraie, 1996; Morton et al., 1999; Ouali, 1990; Parr et al., 

1999; Taylor & Koohmaraie, 1998). The function of myofibrillar proteins is to maintain the 

structural integrity of myofibrils. Desmin is involved in inter-myofibril linkages, titin, nebulin 

and troponin-T maintain intra-myofibril linkages, vinculin and dystrophin link myofibrils to 

sarcolemma, laminin and fibronectin are attachment of muscle cells to the basal lamina. The 

proteases which degrade these proteins, should have certain characteristics such as location 

within skeletal muscle, and accessibility to the substrate (Koohmaraie, 1996). It has been 

reported that myofibrils from rabbit skeletal muscle incubated with Ca2+ containing solutions 

had rapid degradation of Z-line structures, and this was associated with meat tenderness 

(Busch, Stromer, Goll, & Suzuki, 1972). Because the addition of calcium can result in meat 

tenderization, it has been concluded that the calcium-dependent proteolytic system is 

responsible for post-mortem proteolysis. Of the proteases located within skeletal muscle cells 

and thus far characterized (Kemp, Sensky, Bardsley, Buttery, & Parr, 2010), only calpains 

have all of the characteristics that enable myofibrillar protein degradation in post-mortem. 

Moreover, considerable evidence linking differences in the regulation of calpains and the rate 

of meat tenderness between species (beef, lamb and pork) have been reported (Koohmaraie, 

Whipple, Kretchmar, Crouse, & Mersmann, 1991). Different rate of meat tenderisation 

between species correlated to the amount of an endogenous calpain inhibitor, calpastatin. 

They found pork was tenderer than beef at day 1 post-mortem, and that the calpastatin level 

was much lower in pork than beef. Thus it has been stated that the role of calpains in post-

mortem proteolysis results in meat tenderization (Koohmaraie, 1992c; Koohmaraie & 

Geesink, 2006; Ouali, 1992; Sentandreu, Coulis, & Ouali, 2002). 
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Calpains undergo autolysis once they are activated and complete autolysis destroys their 

integral structure and thus lead to loss of their proteolytic activity (Elce, Hegadorn, & Arthur, 

1997). Activity of calpain 2 has been reported by Koohmaraie et al as relatively stable during 

post-mortem storage (Koohmaraie, Seidemann, Schollmeyer, Dutson, & Crouse, 1987). It has 

been reported that in bovine muscles approximately 83% of pre-rigor activity remains after 24 

hours and approximately 63% of activity still remains after 7 days of storage (Boehm, 

Kendall, Thompson, & Goll, 1998). In addition, the Ca2+ concentration in sarcoplasmic fluid 

in relaxed muscle at approximately 100nM, increases to 60~100µM immediately after 

slaughter (Ji & Takahashi, 2006; Nakamura, 1973). Calpain 2 requires much higher Ca2+ 

concentrations to be activated in vitro (Goll et al., 2003; Raser et al., 1995). Based on this 

evidence, calpain 2 is not likely to play a major role in post-mortem protein degradation.  

An involvement of calpain 1 with post-mortem proteolysis was suggested from the 

comparison of degradation patterns of various myofibrillar proteins. In post-mortem bovine 

muscle, degradation patterns of myofibrillar proteins, including titin, nebulin, filamin, desmin 

and troponin-T, were similar to the proteolysis of myofibrils incubated with calpain 1 in vitro 

(Huff-Lonergan, Mitsuhashi, Beekman, et al., 1996). Moreover, the proteolysis of 

myofibrillar proteins was not observed in muscle from calpain 1 knockout mice (Geesink et 

al., 2006). These studies concluded that calpain 1 is largely responsible for post-mortem 

proteolysis and meat tenderness (Koohmaraie & Geesink, 2006; Koohmaraie et al., 1987).  

Calpain 3 localises at several regions of the sarcomere by binding to titin at the N2- and M-

line regions. It has been reported that the N2-region of titin is susceptible to proteolysis and 

degradation of this region is involved with meat tenderization at early post-mortem (Taylor, 

Geesink, Thompson, Koohmaraie, & Goll, 1995), and there is a possibility that calpain 3 has 

important roles in post-mortem tenderization. However, determination of calpain 3 activity 

during post-mortem storage is much more difficult than determining the activities of the other 

major calpains. Calpain 3 can be autolysed by physiological levels of calcium, and its activity 

is not affected by the endogenous calpain inhibitor, calpastatin (Kinbara, Ishiura, et al., 1998). 

This rapid autolysis makes it difficult to purify the enzyme in its active form (Sorimachi, 

Saido, et al., 1993). These difficulties in characterising calpain 3 support the controversial 

argument about possible roles of calpain 3 in post-mortem tenderization. Geesink et al 

concluded from calpain 3 knockout mice studies that calpain 3 is not involved in post-mortem 

proteolysis (Geesink et al., 2005). They found no significant differences in myofibril protein 

degradation patterns between muscle from calpain 3 knockout mice and controls. It was also 

reported that there was no correlation between variations of meat tenderness and calpain 3 
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activities in swine (Parr et al., 1999). However, several reports from Ilian et al suggested roles 

for calpain 3 in post-mortem proteolysis. They reported significant relationships between 

calpain 3 mRNA levels and meat tenderness in bovine and ovine muscles (Ilian, Morton, 

Kent, et al., 2001). Their immunofluorescence microscopy studies detected calpain 3 at the Z-

lines and M-lines of sarcomeres, and the decline of calpain 3 fluorescence intensities 

paralleled titin and nebulin degradation during post-mortem storage (Ilian, Bickerstaffe, & 

Greaser, 2004). In their other studies, they reported that autolysis of calpain 1 and 3 were 

strongly correlated with the kinetics of meat tenderness and myofibrillar protein degradation, 

especially nebulin and desmin (Ilian, Bekhit, & Bickerstaffe, 2004; Ilian, Bekhit, Stevenson, 

et al., 2004). These reports suggested that calpain 3 may have roles in post-mortem meat 

tenderization, along with calpain 1. 

 

2.5.2 Calpains and muscle growth 

The biological role of the calpain proteolytic system is involved with not only meat 

tenderisation but also muscle growth. There is evidence that calpains are involved in protein 

turnover (Higgins, Lasslett, Bardsley, & Buttery, 1988; Killefer & Koohmaraie, 1994). 

Protein turnover in living animals determines muscle size and is related to the balance 

between muscle protein synthesis and muscle protein degradation (Koohmaraie et al., 2002). 

Any combination leading to a positive balance in the equation (synthesis-degradation) will 

result in increased muscle size. Double muscling in cattle is a genetic condition which results 

from an inactivating mutation in the myostatin gene (Grobet et al., 1997), and it has greater 

muscle protein synthesis capacity. It has been reported that the inactivated myostatin gene 

results in increased meat product yields, with little impact or even a positive effect on meat 

tenderness (Wheeler, Shackelford, Casas, Cundiff, & Koohmaraie, 2001).  

Regulation of muscle protein degradation by the calpain proteolytic system is also associated 

with skeletal muscle growth in livestock animals (Goll et al., 1983). Callipyge is the name of 

a muscle hypertrophy syndrome in sheep, which results in a phenotype of muscle growth 

around hindquarters and loins, and less total body fat than normal (Freking, Keele, Beattie, 

Kappes, & et al., 1998). The single locus mutation was identified in the telomeric region of 

ovine chromosome 18 (Cockett et al., 1994; Freking et al., 1998; Freking et al., 2002). Several 

studies of callipyge sheep support an involvement of the calpain proteolytic system in muscle 

growth via a decreased rate of protein degradation (Koohmaraie et al., 2002).  Lorenzen et al 

analysed protein kinetics in callipyge sheep, and determined fractional protein synthesis and 
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degradation rates. They concluded that enhanced muscle growth in callipyge sheep was 

caused by reduced protein degradation rather than increased protein synthesis (Lorenzen et 

al., 2000). Unlike meat from double muscled cattle, meat from callipyge sheep is much 

tougher than meat from normal sheep (Field, McCormick, Brown, Hinds, & Snowder, 1996; 

Jackson, Miller, & Green, 1997; Koohmaraie, Shackelford, Wheeler, Lonergan, & Doumit, 

1995), which suggests that calpain proteolysis during post-mortem meat tenderization has 

been disrupted. Calpastatin activity in callipyge sheep was much higher than in normal sheep 

(Koohmaraie et al., 1995) suggesting that calpain proteolysis was reduced by calpastatin in 

callipyge sheep. Consequently, reduced protein degradation in live animals enhances 

hypertrophic muscle growth, and disrupts post-mortem meat tenderisation to create tougher 

meat. Other evidence for an involvement of calpains on protein turnover comes from the 

study of β-adrenergic agonists, dietary additives to enhance the efficiency of muscle gain by 

reducing muscle protein degradation (Avendaño-Reyes et al., 2006; Higgins et al., 1988). 

Animals treated by β-adrenergic agonists showed elevated calpastatin mRNA expression and 

activities (Higgins et al., 1988), and produced tougher meat (Dunshea, D’Souza, Pethick, 

Harper, & Warner, 2005). These results support the association of the calpain proteolytic 

system with muscle growth.  

Thus calpains have important roles in maintaining skeletal muscle integrity and a post mortem 

role in meat quality. Although calpain 3 is not affected by calpastatin (Kinbara, Ishiura, et al., 

1998), an involvement of calpain 3 toward muscle wasting, LGMD2A, has been identified. 

However, any roles of calpain 3 in meat quality are still unclear. Therefore this study analysed 

the role of calpain 3 in meat quality, focusing on effects on tenderness and meat yield. 
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3  

Detecting calpain 3 in post-mortem skeletal muscle 

3.1 Introduction 

The aim of this study was to investigate the role of calpain 3 in meat quality. This required the 

measurement of the amount and fragmentation of calpain 3 in muscle samples stretched by 

different hanging methods (Chapter 4), and in muscle samples from the three different 

genotypes implicated in meat quality variation (Chapter 6). However, because of its rapid 

autolysis during extraction, intact calpain 3 is hardly detectable after the usual purification 

methods used for calpains 1 and 2. Therefore, procedures for preserving and detecting intact 

forms of calpain 3 from post-mortem skeletal muscle were required. 

 

3.1.1 Calpain 3 autolysis 

One of the most distinctive characteristics of calpain 3 is its very rapid autolysis, with a half-

life of less than 10min (Kinbara et al., 1997). Although calpain 3 is quite stable in skeletal 

muscle (Branca, Gugliucci, Bano, Brini, & Carafoli, 1999; Murphy, Snow, & Lamb, 2006), it 

is spontaneously autolysed during extraction to the degraded form (Sorimachi, Saido, et al., 

1993). Calpain 3 autolysis can be observed by Western blotting using calpain 3 antibodies 

(anti-calpain 3 pIS2) (Ojima et al., 2010; Sorimachi, Saido, et al., 1993),  as a decrease in the 

amount of intact calpain 3 at 94kDa, and an increase in the appearance of fragments at 60, 58 

and 55kDa (Kinbara, Ishiura, et al., 1998). Fully autolysed calpain 3 is inactive. Autolysis is 

one of the mechanisms by which various proteases regulate their activity. Intact calpain 3 is 

also inactive and it must be partially autolysed to become active, and this process occurs in a 

Ca2+ dependent manner (García Díaz, Gauthier, & Davies, 2006). Therefore, determining the 

patterns of autolysis of calpain 3 may identify the activity and physiological functions of 

calpain 3 at different stages of autolysis.  

 

3.1.2 Extraction of intact calpain 3 

Three different buffers were tested to optimise the extraction of intact calpain 3 from ovine 

skeletal muscle samples.  
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Sorimachi-buffer (Kinbara, Ishiura, et al., 1998) was developed from a buffer solution used by 

Dr Sorimachi and his team, who have researched the role of calpain 3 in limb-girdle muscular 

dystrophy type 2A (LGMD2A). The buffer was used to extract recombinant inactive calpain 3 

expressed in COS cells, in which the active site cysteine residue was changed to serine. 

Sorimachi-buffer contained 20mM Tris-HCl, and Tris based buffers are very commonly used 

for extracting soluble proteins from skeletal muscle (Sazili, Noor Azihan, Shuhaimi, Hilmi, & 

Panandam, 2010).  

Lamb-buffer was a modification of a buffer solution used to analyse the effect of exhaustive 

exercise on autolysis of calpain 1 and 3 in human muscle (Murphy, Snow, et al., 2006). In rat 

skeletal muscle, calpain-like activity was reported to increase after treadmill running (Arthur, 

Booker, & Belcastro, 1999). However, this finding was revealed using a high concentration of 

Ca2+ (800μM free Ca2+), and the activities of calpains 1, 2 and 3 were not separated. Another 

report found the Ca2+ dependence of calpains 1 and 2 activities in response to exercise, but the 

role of autolysis during purification was not investigated (Belcastro, 1993). Lamb et al 

determined the Ca2+ dependency of calpain 1 and 3 autolysis using a buffer which tightly 

controlled the Ca2+ concentration in muscle homogenate, before they examined whether either 

of these calpains was autolysed after exhaustive exercise. When a buffer containing a high 

concentration of a Ca2+ chelating agent (EGTA) was used, intact calpain 3 was observed in 

human and rat muscle homogenate (Murphy, Snow, et al., 2006). The composition of Lamb-

buffer is similar to the buffer used in their calpain analysis. 

Fritz-buffer was developed from a buffer used to extract muscle protein for analysing titin by 

Fritz et al (Fritz, Mitchell, Marsh, & Greaser, 1993), with some modification for calpain 3 

analysis. Titin, a large filamentous protein spanning the M- to Z-lines of the muscle 

sarcomere, was found to bind to calpain 3 through IS2 (Sorimachi et al., 1995). It has at least 

two calpain 3 binding regions, the N2-line region and the M-line region (Kramerova et al., 

2004). The interaction between calpain 3 and the N2-line requires IS2 (Kinbara, Ishiura, et al., 

1998; Kinbara et al., 1997). It has been reported that this calpain 3/titin interaction might have 

a stabilizing role for calpain 3, keeping it in a catalytically inactive form and preventing its 

rapid autolysis (Garvey et al., 2002; Kramerova et al., 2007). The composition of Fritz-buffer 

was similar to the buffer used for titin analysis in this thesis which had added 0.05% (v/v) of 

2-mercaptoethanol. 
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3.2 Methods 

 

3.2.1 Sample preparation 

The animals used for this experiment were one year old Coopworth lambs, which had been 

used for calpain 3 mRNA sequence analysis (Chapter 5). Skeletal muscle samples were 

collected from ovine carcasses after slaughtering, and rapidly frozen by immersion in liquid 

nitrogen. The frozen muscle samples were ground to powder, and kept at -80°C. Details of 

these processes are explained in Chapter 5 (Chapter 5.2.4. Muscle sample collection). The 

muscle samples were classified by genotype depending on the polymorphisms within calpain 

3 exon-10. Details are explained in Chapter 5. Randomly selected ground frozen muscle 

samples were used to identify the optimum procedure for characterising calpain 3.  

 

3.2.2 Protein extraction buffers 

To identify optimum methods for characterising calpain 3 protein in skeletal muscle samples, 

three different buffers (Sorimachi-buffer, Lamb-buffer, and Fritz-buffer) were prepared. The 

composition of these buffers are summarised in Table 3.1. 

 

3.2.3 Protein extraction methods 

Two different extraction methods were performed depending on the buffers used. These are 

summarised in Table 3.1. 

The method described by Boehm et al (Boehm et al., 1998), with some modifications, was 

applied for protein extraction in Sorimachi-buffer. In a centrifuge tube, 2g of ground muscle 

samples were homogenised in 2 volumes of the Sorimachi-buffer with a Polytron PT3100 

(Kinematica, Luzern Switzerland) at maximum speed for 1min. The homogenate was 

centrifuged at 46,000g for 30 min at 4°C, the supernatant decanted into Eppendorf tubes, and 

kept at 4°C until the protein concentrations were determined, then stored at -20°C. 

The same procedure as used for muscle extractions with both the Lamb and Fritz-buffers 

following that developed by Fritz et al. (Fritz et al., 1993), with some modifications. 

Equipment and samples were kept on ice or dry ice. Ground frozen muscle samples were 

placed in a 5ml glass tube of a Dounce-homogeniser, and homogenised for 2 min with buffer 
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at 4°C. Weights of muscle and volumes of buffer were adjusted to give the desired % (w/v) of 

meat content. After homogenisation, 100µl of each homogenate was transferred to a 1.7ml 

Eppendorf tube, and 40µl of protein denaturing buffer (PDB) added. The composition of PDB 

was 350mM Tris-HCl (pH6.8), 30% glycerol, 10% SDS, 0.012% bromophenol blue, and 

0.05% 2-mercaptoethanol added just before use. The protein samples were denatured in 

boiling water for 4 min. After denaturing, samples were kept at room temperature while the 

protein concentration of an aliquot was determined using the TCA assay, and then SDS-

PAGE was performed.  

 

Table 3.1 The buffers used in this study 
Chemical compositions of three different buffers are shown. Main points of procedures 
using these buffers are summarised. 

 
Buffer Sorimachi-buffer Lamb-buffer Fritz-buffer 

Chemical 

composition 

20mM Tris-HCl 

1mM EDTA 

1mM EGTA 

2mM DTT 

 

pH7.2. 

126mM KCl 

36mM NaCl 

1mM MgCl2 

60mM HEPES 

18mM EDTA 

50mM EGTA 

 

pH7.2.  

75mM KCl 

10mM KH2PO4 

2mM MgCl2 

2mM EGTA 

0.05%(v/v)2-mercaptoethanol 

 

pH7.2. 

Procedures Polytron PT3100 homogeniser. 

Centrifuge at 46000g for 30 min 

at 4°C. 

Supernatant was kept at 4°C.  

Dounce-homogeniser. 

No centrifuge. 

Denaturation with PDB immediately 

after homogenise. 

Dounce-homogeniser. 

No centrifuge. 

Denaturation with PDB immediately 

after homogenise. 

References (Kinbara, Ishiura, et al., 1998) (Murphy, Snow, et al., 2006) (Fritz et al., 1993) 

 

 

3.2.4 Protein concentration determination 

Three different assays were tested their reliability to identify optimum methods for 

characterising calpain 3. 

The bicinchoninic acid (BCA) protein assay was carried out after Smith et al (Smith et al., 

1985) using a Pierce BCA Protein Assay Kit (Thermo Scientific, PA USA) which included 
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BSA (Bovine Serum Albumin) standards and working reagents A and B. 10μl of BSA 

standards and protein samples were placed into microplate wells in triplicate. 200μl of 

working reagent, which was a mixture of reagents A and B (50:1) from the assay kit, was 

added to each well. The microplate was covered with aluminium foil, and incubated at 37°C 

for 30min. Absorbance was measured at 570nm using a FLUOstar microplate reader (BMG 

Labtech, Ortenberg Germany).  

The Bradford protein assay, developed by Bradford et al (Bradford, 1976), was used for 

protein samples extracted with the Lamb and Fritz-buffers. Procedures were almost identical 

to those for the BCA assay except that Bradford reagent (Bradford Protein Assay, BioRad, 

CA USA) was used instead of BCA. The microplate with sample mixtures was incubated at 

room temperature for 5 min. Absorbance was measured at 590nm.  

The TCA assay was modified from Karlsson et al (Karlsson, Ostwald, Kabjorn, & Andersson, 

1994). TCA forms a precipitate with protein solubilised with SDS, and the resultant turbidity 

is suitable for estimating protein concentration. BSA standards were prepared with solutions 

identical to the protein samples. A 30% (w/v) TCA solution was prepared and kept in a water 

bath at 40°C. 10μl of BSA standards and protein samples were placed into microplate wells in 

triplicate and 200μl of TCA solution was added to each well. The microplate was covered by 

aluminium foil, and incubated at room temperature for 30min. Absorbance was measured at 

620nm.  

A BSA standard curve was created by using Excel and protein concentrations were 

determined by comparison with the BSA standard curve. When absorbance readings of 

samples were out of range of the standard curve, aliquots of the homogenates were diluted 

with appropriate buffers, to achieve an absorbance within the range of the standard curve. 

 

3.2.5 SDS-PAGE 

SDS-PAGE was performed in a Mini-Protean II tank (BioRad) with duplicate 4~12% Bis-Tris 

gels (NuPAGE 1.0mm x 10well, Invitrogen CA USA), one for staining and the other for 

Western blotting. The tank was filled with MES buffer (NuPAGE MES SDS running buffer, 

Invitrogen) used as the running buffer. Adequate amounts, 10μg or 8μg, of protein samples 

were loaded into each well to give clear results. Some protein samples required some 

adjustment of concentrations to apply adequate volumes to each well. Stained and unstained 

molecular markers (Precision Plus Protein Standards All Blue / Unstained, BioRad) were also 
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loaded to indicate molecular sizes. Electrophoresis was performed at 200V for 35 min at room 

temperature. 

 

3.2.6 Gel staining 

After electrophoresis, one gel was stained by GelCode-Blue (GelCode blue stain reagent, 

Thermo Scientific). The gel was immersed in fixing solution (50% methanol and 7% acetic 

acid) for 15 min with rocking, then washed with dH2O 3x. It was then stained in 20ml of 

GelCode-Blue (Thermo Scientific) with rocking for 1 hour, washed with dH2O 3x for 1 hour, 

or until bands were clearly visible and the background clear. 

 

3.2.7 Western blotting 

Western blotting was carried out in a Mini Trans-Blot Electrophoretic Transfer Cell (BioRad). 

All the transfer apparatus, a PVDF membrane and the gel were assembled in a transfer buffer, 

which contained 25mM Tris and 192mM glycine, and set in a tank with an ice pack. The tank 

was filled with iced transfer buffer, and the transfer run in a cold room at 4°C, 100V for 60 

min. After transferring was complete, the membrane was removed and washed twice with 

dH2O with rocking for 5 min. A blocking solution of 5% skim milk powder in Tris-buffered 

saline with 0.05% Tween (TTBS) was added to the membrane with rocking for 1 hour at 

room temperature, and the membrane washed 3x with TTBS for 5 min.  

Then the membrane was incubated with primary antibodies, which were calpain 3 antibodies 

(anti-calpain 3 pIS2) (Ojima et al., 2010; Sorimachi, Saido, et al., 1993) at 1/2000 dilution, 

with rocking at 4℃ for overnight. After washing with TTBS, the membranes were incubated 

with secondary antibodies, anti-goat IgG at 1/2000 dilution, with rocking for 1 hour at room 

temperature, washed 3x with TTBS and 3x with TBS for 5 min with rocking. Finally, the 

membrane was immersed in colour developing reagent (AP Conjugate Substrate Kit BioRad) 

for 3 min or until bands were clearly visible. The membrane was washed with dH2O, blotted 

with a paper towel, and air-dried, then scanned using a Gel Doc (BioRad). Bands were 

analysed by Quantity One (BioRad) for molecular weight and band density.  
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3.2.8 Statistical analysis 

One-way Analysis of variance (ANOVA) was performed to determine the significant 

differences of data as p-value. The p-value less than 0.05 or 0.01 was considered as 

statistically significant.   

 

 

3.3 Results 

 

3.3.1 Protein extraction from skeletal muscle 

Protein concentrations of samples extracted from skeletal muscles using the Sorimachi-buffer 

were determined by the BCA assay. The resultant mean protein concentrations (n=5) was 

18.17 (±0.92) mg/ml. The BCA assay was also performed on 1% (w/v) meat content 

homogenates using Lamb and Fritz-buffers, resulting in protein concentrations of Fritz-buffer 

homogenate of 2.44mg/ml, while Lamb-buffer homogenates gave values of only 0.24mg/ml. 

Because the protein concentration of Lamb-buffer homogenate was apparently lower than 

Fritz-buffer homogenate, a 10% (w/v) meat content homogenate was also prepared with 

Lamb-buffer and the protein concentration was determined by the BCA assay, which gave 

only 1.20mg/ml.  

Alternative Bradford and TCA assays were performed to determine the protein concentration 

of homogenates made with 30%, 20%, 10% and 1% (w/v) meat content in Fritz-buffer. Both 

assays gave similar results. The results of TCA assay for muscle homogenates with various % 

of meat content in Fritz-buffer is shown as Figure 3.1. The protein concentrations showed a 

linear response to dilution with buffer. 
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Figure 3.1 Relationship between protein concentrations and % of meat content.  
Skeletal muscle homogenates were prepared with Fritz-buffer. The meat content was 
adjusted to 30, 20 10 and 1% (w/v). Protein concentration (mg/ml) was determined by 
TCA assay. Standard error (±) was indicated. 

 

 

3.3.2 Separation of extracted protein 

SDS-PAGE separation of soluble protein samples extracted with the Sorimachi-buffer is 

shown as Figure 3.2. 10 and 20µg of protein was loaded for each sample and stronger band 

intensity was observed with increasing amounts of protein loaded. Soluble proteins were 

successfully extracted and detected as multiple bands. 
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Figure 3.2 SDS-PAGE of proteins extracted with Sorimachi-buffer. 
Skeletal muscle samples are collected from 3 carcasses (1=AA-genotype, 2=BB-
genotype, and 3=AC-genotype). A gel contained 4~12% Bis-Tris Gel (Invitrogen). 
Stained molecular marker (BioRad) was loaded to indicate molecular size. Different 
amounts of protein (10µg and 20µg) were loaded for each sample. Electrophoresis was 
performed at 200V for 35 min at room temperature using MES buffer (Invitrogen) as 
running buffer. 

 

Results of the electrophoresis of the protein extractions with the Lamb and Fritz-buffers are 

shown as Figure 3.3. The samples were loaded at 5, 10, 20 and 40µg per lane. Band intensities 

were stronger with increasing amount of protein loaded. However, the band intensities from 

Fritz-buffer samples were much weaker than Lamb-buffer samples, indicating that there 

might be errors in the determination of the protein concentrations, and the BCA assay may not 

be suitable for the protein estimation of samples extracted with Lamb and Fritz-buffers. 

Alternative Bradford and TCA assays were performed, and the TCA assay was selected to 

determine protein concentrations of samples extracted with Lamb and Fritz-buffers  

Although band intensities between Lamb-buffer and Fritz-buffer sample were quite different, 

the band pattern was identical. The band pattern up to 150kDa was also identical to protein 

samples extracted with the Sorimachi-buffer. However, bands bigger than 150kDa were very 

weak in the Sorimachi-buffer extracted sample, while Lamb-buffer and Fritz-buffer 

extractions included strong bands at 250kDa. 
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Figure 3.3 SDS-PAGE of muscle protein samples extracted with Lamb-buffer and Fritz-buffer. 
Muscle protein was extracted with Lamb-buffer or Fritz-buffer as described in Methods. 
Protein concentration was determined by BCA protein assay. The amounts of protein 
loaded were 5, 10, 20 and 40µg for each sample. Electrophoresis was performed at 200V 
for 35 min at room temperature using MES buffer (Invitrogen) as running buffer. 

 

 

3.3.3 Characterisation of calpain 3 

 

3.3.3.1 Calpain 3 antibodies 
The calpain 3 antibody (anti-calpain 3 antibody ab38963), purchased from SAPPHIRE 

Bioscience (Auckland, New Zealand), is a polyclonal antibody raised in rabbit, against a 

synthetic peptide from the IS2 region in domain-III of human calpain 3. It has been used for 

analysing calpain 3 in human melanoma cells and showed clear bands (Moretti et al., 2009). 

Western blotting was performed with this antibody on the protein samples prepared in Fritz-

buffer with a 1% (w/v) meat content. Frozen and thawed muscle samples were analysed. 
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Details of the frozen and thawed samples are explained in section 3.3.3.3: Confirmation of 

calpain 3 bands. The Western blotting revealed an intact calpain 3 band at 94kDa for the 

frozen sample, and a loss of intensity in the thawed sample (Figure 3.4). A band at 60kDa was 

dominant, but the intensity of this band was similar in both the frozen and thawed samples, 

while the intensities of bands at 50 and 40kDa increased in the thawed sample. However these 

bands were quite broad and not clearly identified.  

 

 

Figure 3.4 Western blotting using anti-calpain 3 antibody (ab38963) 
Protein was extracted from frozen and thawed muscle samples using Fritz-buffer with 1% 
(w/v) meat content. Prior to homogenisation, frozen samples were kept at -80°C, while 
thawed samples were transferred from at -80°C to 5°C a week before. Protein 
concentration was determined by TCA assay, and 8µg of protein samples were loaded. 
Black arrow indicates intact calpain 3 band at 94kDa. 

 

The other antibody used in this study was anti-calpain 3 pIS2 raised in goat (Ojima et al., 

2010; Sorimachi, Saido, et al., 1993)  a gift from Dr Sorimachi at Tokyo Metropolitan 
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Institute of Medical Science. The specificity of this antibody is discussed in 3.4.3: Calpain 3 

antibody specificity. A dot blot assay was performed to check the effectiveness of this 

antibody and also to determine the optimum concentration for Western blotting. The calpain 3 

antibodies reacted well with muscle homogenate dots on a PVDF membrane at 1/2000 

dilution with anti-goat IgG as the secondary antibody. The specificity of the calpain 3 

antibody was also tested against purified calpains 1 and 2. It did not react with dots of purified 

calpains 1 and 2 on a PVDF membrane. Also Western blotting was performed for purified 

calpains 1 and 2 with the calpain 3 antibody. No bands were observed on the membrane 

incubated with the calpain 3 antibody, indicating that it was specific for calpain 3 Figure 3.5. 

 

 

Figure 3.5 Western blotting using anti-calpain 3 pIS2. 
Protein samples were prepared with Sorimachi-buffer. 20µg of protein samples and 
purified calpains 1 and 2 were loaded to confirm antibody specificity. Black arrow 
indicates intact calpain 3 bands at 94kDa. 
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3.3.3.2 Banding patterns of the three different protein extracts 
It was important to identify the optimum procedure for analysing intact forms of calpain 3 

from post-mortem skeletal muscle samples. Therefore, Western blotting banding patterns of 

different muscle protein extraction methods were compared. 

Western blotting of soluble protein extracted with the Sorimachi-buffer is shown as Figure 

3.6. The soluble protein was extracted from the skeletal muscle samples of the three different 

genotypes based on calpain 3 exon-10 polymorphism (AA, BB and AC-genotypes), and 10 

and 20µg of protein was loaded per lane. All samples showed two dominant bands, one just 

below 100kDa and the other above 50kDa. The upper band was consistent with intact calpain 

3 which has a molecular weight of 94kDa (Sorimachi, Saido, et al., 1993), and the lower band 

consistent with calpain 3 which had been fragmented to 55kDa (Kinbara, Ishiura, et al., 1998). 

There was no banding pattern variation between the AA, BB and AC-genotype muscle 

samples.  

 

Figure 3.6 Western blotting of protein extracted with Sorimachi-buffer. 
Protein samples were extracted from skeletal muscle samples of three different genotypes 
based on calpain 3 exon-10 polymorphism (AA, BB and AC-genotype) refer to Chapter 
5. Protein concentration was determined by BCA protein assay, and the amounts of 
protein loaded were 10 and 20µg. The membrane was incubated with calpain 3 antibody (anti-
calpain 3 pIS2), and the black arrow indicates intact calpain 3 bands at 94kDa while the white 
arrow indicates fragmented calpain 3 bands. 
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The muscle homogenate was prepared in Lamb-buffer with 10% (w/v) meat content, and the 

Western blotting result is shown as Figure 3.7. There were two dominant bands between 50 

and 75kDa. The band intensities were stronger when an increasing amount of protein was 

loaded. The band consistent with intact calpain 3 was observed as a very weak band.  

 

 

Figure 3.7 Western blotting of muscle protein extracted with Lamb-buffer. 
Muscle homogenates were prepared with 10% (w/v) meat content. Protein concentration 
was determined by TCA assay, and 5, 10 and 20µg of protein samples were loaded. The 
membrane was incubated with calpain 3 antibody (anti-calpain 3 pIS2), and the black arrow 
indicates intact calpain 3 bands at 94kDa. 

 

Muscle protein was extracted from 1% (w/v) meat content in Fritz-buffer, and the protein 

concentrations determined by TCA assays. Protein samples were prepared and stored different 

ways before SDS-PAGE to identify any sensitivity of intact calpain 3 to extraction conditions. 

Sample-1 was muscle homogenate which was loaded on to the gel immediately after protein 

concentrations were determined. Sample-2 was the muscle homogenate kept at -20˚C 

overnight, before it was denatured with PDB. Sample-3 was denatured with PDB and kept at -

20˚C overnight. Every sample showed the strong band consistent with intact calpain 3 at 
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94kDa and the very weak bands of fragmented calpain 3 below 60kDa after Western blotting 

(Figure 3.8). There were no differences in band patterns between samples, indicating that 

freezing and thawing of the homogenates with Fritz-buffer did not degrade intact calpain 3. It 

is noteworthy that samples also showed a dominant band at 140kDa. 

Overall, the protein extract with Fritz-buffer showed the clearest identification of intact 

calpain 3. 

 

Figure 3.8 Western blotting of muscle protein extracted with Fritz-buffer.  
Protein samples were prepared with Fritz-buffer as 1% (w/v) meat content. Protein 
concentration was determined by TCA assay and 8µg of protein samples were loaded. All 
samples were freshly prepared from ground muscle samples stored at -80˚C, but were 
stored in different ways before SDS-PAGE was performed. 1=SDS-PAGE was 
performed immediately after protein concentration was determined. 2=protein sample 
was kept at -20˚C overnight, before it was denatured with PDB. 3=protein sample was 
denatured with PDB and kept at -20˚C overnight. The membrane was incubated with 
calpain 3 antibody (anti-calpain 3 pIS2), and the black arrow indicates intact calpain 3 
bands at 94kDa. 
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3.3.3.3 Confirmation of calpain 3 bands 
Western blotting was performed on both frozen and thawed muscle samples (Figure 3.9) to 

identify each band and confirm the intact calpain 3 band. It was expected that the calpain 3 

would be autolysed in the thawed muscle samples, because the samples were thawed and aged 

for a week at 4˚C.  

 

 

Figure 3.9 Western blotting using the calpain 3 specific antibodies for frozen and thawed 
muscle samples. 
Muscle homogenates were prepared with Fritz-buffer from frozen and thawed muscle 
samples. Frozen muscle samples were treated at cold temperature until denaturing. 
Thawed muscle samples were the frozen ground muscle samples transferred from -80˚C 
and stored at 4˚C for a week before protein extraction. The membrane was incubated with 
calpain 3 antibody (anti-calpain 3 pIS2), and black arrows indicate intact calpain 3 band at 
94kDa and autolysed calpain 3 bands at 60kDa. White arrows indicate uncharacterised 
bands at 140kDa and 50kDa. 

 

Protein samples were prepared from Fritz-buffer homogenate of 1% (w/v) meat content. The 

frozen muscle sample was kept at 4˚C during the protein extraction to avoid calpain 3 

autolysis before denaturing with PDB. The thawed muscle sample was prepared from the 

ground frozen muscle sample transferred from the freezer at -80˚C and stored at 4˚C for a 

week before protein extraction. Western blotting was performed with calpain 3 specific 

antibodies, and the frozen muscle samples showed a strong band of intact calpain 3 at 94kDa, 

and another clear band at 140kDa. There was no band of fragmented calpain 3 at 60kDa, and 

only a very weak band at 50kDa. On the other hand, the thawed muscle sample showed a very 
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weak intact calpain 3 band at 94kDa, and a strong band at 60kDa. Interestingly, the thawed 

muscle sample also showed bands at 140kDa and 50kDa at similar intensity as the frozen 

muscle sample. 

A membrane was incubated with only secondary antibodies to identify any unspecific band 

(Figure 3.10). In this analysis, anti-goat IgG (Sigma-Aldrich St Louis MO USA) was used as 

the secondary antibody. Protein samples were prepared from the frozen and thawed muscle 

samples using Fritz-buffer and the frozen muscle sample using Lamb-buffer. The membrane 

incubated with only anti-goat IgG showed two dominant bands at 50kDa and 30kDa, the 

bands at 50kDa being quite broad, and were observed from the frozen and thawed muscle 

samples at similar band intensity. 

 

 

Figure 3.10 Western blotting with secondary antibody. 
Membrane was incubated with Anti-goat IgG (Sigma-Aldrich) at 1/2000 dilution. 
1=protein extracted from frozen muscle in Fritz-buffer with 20% (w/v) meat content. 
2=protein extracted from thawed muscle in Fritz-buffer with 20% (w/v) meat content. 
3=protein extracted from frozen muscle in Lamb-buffer with 30% (w/v) meat content. 
20µg of protein was loaded to each lane.  
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3.3.3.4 Effect of Ca2+  
Muscle protein samples were prepared with addition of Ca2+ (CaCl2) to the muscle 

homogenates and the banding pattern of calpain 3 was characterised. Protein samples were 

incubated at room temperature for up to 60 min with 2.5 or 25µM Ca2+ and the resulting 

Western blot is shown in Figure 3.11. There was no evidence of calpain 3 autolysis in any of 

the samples, including a control with no added Ca2+, showing a strong band at 94kDa. The 

sample, which was incubated with 25µM Ca2+, also showed a strong band at 94kDa. A clear 

band was observed at 140kDa for control and samples with 2.5µM Ca2+. The sample with 

25µM Ca2+ also showed a band at 140kDa with much weaker intensity. 

 

Figure 3.11 Western blotting of calpain 3 analysing the effect of addition at Ca2+. 
Muscle samples were homogenised with Fritz-buffer containing 2.5µM or 25µM Ca2+, 
and incubated at room temperature for up to 60 min. Control (No Ca2+) was homogenised 
with Fritz-buffer without addition of Ca2+. The membrane was incubated with calpain 3 
antibody (anti-calpain 3 pIS2), and the black arrow indicates intact calpain 3 band at 
94kDa. White arrow indicates uncharacterised band at 140kDa. 

 

 

Fritz-buffer contains 2mM of EGTA, a Ca2+ chelator. Protein samples were prepared with 

Fritz-buffer without EGTA (no-EGTA) buffer and Ca2+ ranging from 2.5µM to 1mM. 

Western blotting result is shown (Figure 3.12).  
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Figure 3.12 Western blotting of calpain 3 analysing the effect of a calcium chelator (EGTA) with 
addition at Ca2+. 
Protein samples were prepared with Fritz-buffer contained no EGTA (no-EGTA buffer). 
Different concentrations of Ca2+ (2.5, 5.0, 10, 25, 50, 500µM and 1mM) were added to 
the no-EGTA buffer and homogenates were incubated at room temperature for 30 min. 
The membrane was incubated with calpain 3 antibody (anti-calpain 3 pIS2), and black 
arrows indicate intact calpain 3 band at 94kDa and fragmented calpain 3 band at 60kDa. 
White arrow indicates uncharacterised band at 140kDa. 

 

 

An intact calpain 3 band at 94kDa was observed in control samples and samples extracted 

with Ca2+ ranging from 2.5µM to 1mM. In a previous experiment, the addition of 25µM Ca2+ 

to protein sample prepared with Fritz-buffer showed only very weak bands at 60kDa. 

However, samples prepared with no-EGTA buffer showed a much clearer band at 60kDa even 

without addition of Ca2+. Band densities measured for the bands at 94kDa and 60kDa are 

summarised as Table 3.2. That of intact calpain 3 at 94kDa was reduced from 120 (±3.2) to 92 

(±1.5) in a sample incubated with 1mM Ca2+ at room temperature for 30min (p<0.05). 

Consistent with the loss of the intact form of calpain 3, the fragmented calpain 3 band at 

60kDa increased from 76 (±2.3) to 93 (±2.0) when 1mM Ca2+ was used (p<0.05). ANOVA 

revealed that band densities were not significantly different for samples incubated with Ca2+ 

up to 500µM. The band at 140kDa was also observed with weak intensity, and increasing 

amounts of Ca2+ did not change it. 
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Table 3.2 Calpain 3 band densities of protein samples prepared with no-EGTA buffer. 
Protein samples were prepared with no-EGTA buffer, and incubated with different 
concentrations of Ca2+ at room temperature for 30 min. The membrane was incubated 
with calpain 3 antibody (anti-calpain 3 pIS2), and band densities of intact calpain 3 at 
94kDa and fragmented calpain 3 at 60kDa were measured. n= number of samples. SE 
was indicated (±). 
 

[Ca2+]  µM 60kDa n=3 94kDa n=3 

0 76 ± 2.3 120 ± 3.2 

2.5 78 ± 2.0 115 ± 3.1 

5 80 ± 2.1 113 ± 4.1 

10 77 ± 3.2 112 ± 3.3 

25 78 ± 2.8 106 ± 3.8 

50 79 ± 3.4 106 ± 1.5 

500 83 ± 2.3 105 ± 3.2 

1000 93 ± 2.0   92 ± 1.5 

 

 

Because the addition of Ca2+ had no significant effect on the calpain 3 band pattern, samples 

were prepared in Fritz-buffer and buffer without EGTA to chelate any endogenous Ca2+ (no-

EGTA buffer, Figure 3.13). Homogenised samples were incubated at room temperature for 24 

hours. Proteolysis or autolysis of calpain 3 was expected during the longer incubation periods.  
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Figure 3.13 Western blotting of calpain 3 analysing the effect of EGTA. 
Characterising calpain 3 band patterns of protein samples prepared with (a) Fritz-buffer 
or (b) no-EGTA buffer. Muscle homogenates were incubated at room temperature for up 
to 24 hours. The membrane was incubated with calpain 3 antibody (anti-calpain 3 pIS2), 
and black arrows indicate intact form calpain 3 band at 94kDa and a fragmented calpain 3 
band at 60kDa. White arrows indicate uncharacterised bands at 140kDa and 50kDa.   

 

The sample prepared in Fritz-buffer containing 2mM of EGTA showed strong clear bands at 

94kDa and 140kDa, and weak bands at 60kDa and 50kDa. The band at 60kDa observed after 

3 hours incubation became more intense during 24 hours of incubation. However, the bands at 

140kDa, 94kDa and 50kDa showed similar intensities throughout the incubation. 
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The sample prepared in no-EGTA buffer showed a similar pattern, which included bands at 

140kDa, 94kDa, 60kDa and 50kDa. However, the intensities of the bands were quite 

different. The bands at 140kDa and 50kDa showed similar intensities throughout 24 hours of 

incubation, but the band at 140kDa was much weaker in samples incubated in Fritz-buffer 

which showed a dominant band at 140kDa. The intact calpain 3 band at 94kDa was dominant 

band for 0-hour incubated sample as band density of 87 (±0.3), and it decreased to 43 (±1.0) 

in the 24-hour incubated sample (p<0.01). Consistent with degradation of the intact form of 

calpain 3, the fragmented calpain 3 bands at 60kDa increased from 50 (±0.3) to 68 (±0.4) 

during 24 hours of incubation (p<0.01). 

 

3.4 Discussion 

 

3.4.1 Protein concentration determination 

In this experiment, optimum detection procedures for intact calpain 3 were investigated to 

analyse calpain 3 autolysis in post-mortem skeletal muscle. The amount of calpain 3 protein 

was determined by band density, and intensities of the bands were compared. To do this, it 

was important to determine the concentration of extracted muscle protein, and apply the same 

amount for each sample. 

The concentration of extracted protein using Sorimachi-buffer was determined by a BCA 

assay. SDS-PAGE result confirmed that the same amount of protein was loaded for each 

sample onto the gel. The BCA assay was also used to determine the concentrations of protein 

extracted using the Lamb and Fritz-buffers. Both homogenates contained 1% (w/v) meat 

sample, but the assays of the Lamb-buffer samples determined much lower protein 

concentrations than the Fritz-buffer samples.  

The composition of muscle is generally stated as about 75% water and 20% protein (Warriss, 

2010). Although extractability of protein is affected by extraction procedures, a simple 

calculation determines that the concentration of extracted protein from 1% (w/v) meat content 

homogenates (10mg/ml) should be approximately 2mg/ml. The extraction procedure was 

same for the protein samples in either Lamb or Fritz-buffers. However, while the protein 

concentrations, as determined by the BCA assay, for the Fritz-buffer samples were 
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2.44mg/ml, close to the estimated value, the Lamb-buffer samples were much lower at 

0.24mg/ml.  

When equal amounts of protein samples as determined by BCA assay were separated on SDS-

PAGE and stained, the samples extracted in the Lamb-buffer showed the bands in much 

stronger intensity than samples extracted in the Fritz-buffer. The protein separated on the gel 

was total protein extracted from muscle samples, so the band intensity should be similar when 

the same amount of protein was loaded. The strong band intensity confirmed that the 

capability of protein extraction with the Lamb-buffer. However this result also indicated the 

inaccuracy of protein concentration determination by BCA protein assay for protein extracted 

with Lamb-buffer. 

The BCA assay is based on a combination of a protein-induced biuret reaction, which reduces 

cupric ion (Cu2+) to cuprous ion (Cu+), and the highly sensitive and selective colorimetric 

detection of the resulting Cu+ by BCA to form an intense purple colour (Seevaratnam, Patel, 

& Hamadeh, 2009). According to data from the manufacturer of the BCA protein assay kit 

(Pierce BCA Protein Assays, Thermo Scientific), certain substances in buffers are known to 

interfere with BCA assay, including chelating agents such as EDTA and EGTA. Because high 

concentrations of chelating agents interfere with the copper ion based chemistry in the BCA 

assay (Brown, Jarvis, & Hyland, 1989). The maximum compatible concentration of EDTA is 

10mM, while EGTA is incompatible with the BCA assay using the assay kit. Since the Lamb-

buffer contained 50mM EGTA and 18mM EDTA, the BCA assay was not suitable for 

extracted protein samples in the Lamb-buffer. Sorimachi-buffer contains 1mM EGTA, but 

interference with BCA was not noticeable. Fritz-buffer also contained 2mM EGTA, which 

may interfere with the BCA assay. 

Bradford (Coomassie dye) and TCA (turbidity after trichloroacetic acid precipitation) assays 

were performed as alternatives to determine the protein concentrations. The Bradford assay is 

a dye-based protein assay first described in 1976 (Bradford, 1976). It was reported that this 

assay showed greater reagent stability and reliability than copper ion based assays such as the 

Lowry assay (Seevaratnam et al., 2009). The assay is compatible with EGTA up to 2mM. 

Therefore it is suitable for Fritz-buffer, but not for Lamb-buffer which contains 50mM EGTA. 

The results from Bradford and TCA assays for protein samples extracted in Fritz-buffer were 

similar. 

The TCA assay employed in this experiment was developed by Karlsson et al (Karlsson et al., 

1994) and performed on protein samples extracted with Lamb-buffer and Fritz-buffer. 
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Reliability of protein determination was confirmed by SDS-PAGE which resulted in uniform 

intensities of bands for each sample with the same amount of measured protein loading. 

Compatibility was confirmed by TCA assays of extracted protein from homogenates with 

30%, 20%, 10% and 1% (w/v) meat content in the Fritz-buffer (Figure 3.1). The resulting 

protein concentrations showed a linear response to the percentage of meat content, thus the 

TCA assay is reliable to determine protein concentrations in samples extracted in either 

Lamb-buffer or Fritz-buffer. 

 

3.4.2 Separation of extracted muscle protein 

SDS-PAGE was performed to separate extracted protein samples on 4~12% Bis-Tris gels 

(NuPAGE 1.0mm x 10 wells Invitrogen). A typical SDS-PAGE separation of extracted 

muscle protein samples is shown in Figure 3.14, and the band pattern was similar to SDS-

PAGE analysis of ovine skeletal muscle (Koohmaraie, 1992b).  
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Figure 3.14 SDS-PAGE of extracted muscle proteins. 
Homogenates were prepared with Fritz-buffer with 1% (w/v) meat content. Protein 
concentration was determined by TCA assay, and 8µg of protein was loaded. Protein 
bands were identified by comparison with electrophoresis profiles of extracted muscle 
proteins (Claeys, Uytterhaegen, Buts, & Demeyer, 1995; Koohmaraie, 1992b; Salm et al., 
1983)  

 

It has been reported that extractability of protein from skeletal muscle is significantly 

influenced by the type, pH and concentration of extraction buffers used. More soluble protein 

was extracted from bovine LTL with a buffer of a higher pH (8.3) than buffer with a lower pH 

(7.5) (Sazili et al., 2010). In this experiment, three different types of buffers, Sorimachi, 

Lamb, and Fritz-buffers were used to extract muscle protein. Sorimachi-buffer used in this 

experiment contained 20mM Tris-HCl. Tris based buffers are commonly used for extracting 

soluble protein from skeletal muscle (Murphy, Snow, et al., 2006). Lamb and Fritz-buffers 

were HEPES and phosphate based buffers, respectively. It has been reported that there was no 

difference between protein samples extracted in Tris-based buffer and those extracted in the 

Lamb-buffer (Murphy, Snow, et al., 2006).  
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Similar band patterns were confirmed for protein samples extracted with Sorimachi, Lamb, 

and Fritz-buffers. All protein samples showed bands of α-actin at 100kDa, desmin at 55kDa, 

actin at 45kDa, β-tropomyosin at 37kDa, α-tropomyosin at 33kDa, and myosin light chain 2 at 

17kDa. However, bands bigger than 150kDa including myosin heavy chain at 250kDa were 

not clearly observed from protein samples extracted with Sorimachi-buffer, while the band of 

myosin heavy chain was quite dominant in protein samples extracted with Lamb and Fritz-

buffers. The protein samples were extracted from muscle homogenate with Sorimachi-buffer 

using an initial centrifugation at 46,000g for 30 min, while protein extraction with Lamb and 

Fritz-buffers did not require centrifugation. Moreover, the homogenising method was 

different for Sorimachi-buffer treated protein samples. A homogenizer (PT3100 Polytron) 

with a rotating metal blade was used for Sorimachi-buffer protein samples, while a Dounce-

homogeniser, which is a glass tube and pestle, was used to homogenise ground muscle 

samples with Lamb and Fritz-buffers. Perhaps because different extraction procedures 

influence the extractability of proteins (Sazili et al., 2010), muscle proteins bigger than 

150kDa were not clearly extracted in the Sorimachi-buffer protein samples. The similar 

banding pattern of protein samples extracted with three different buffers confirmed that there 

was no difference between protein samples extracted in the Tris-based Sorimachi-buffer and 

those extracted in the Lamb and Fritz-buffers (Murphy, Snow, et al., 2006). 

 

3.4.3 Calpain 3 antibody specificity 

Western blotting was performed with calpain 3 antibody (anti-calpain 3 pIS2) raised in goat 

(Ojima et al., 2010; Sorimachi, Saido, et al., 1993). It was prepared from a synthetic peptide, 

KRNTISVDRPVKKKKNKPIIFVC (Sorimachi, Saido, et al., 1993) named the pK-rich 

peptide based on its high proportion of lysine. The sequence corresponded to the NH2-

terminal region of IS2 which is specific to calpain 3 (Ojima et al., 2007). This calpain 3 

antibody (anti-calpain 3 pIS2) was capable of detecting calpain 3 in human, rat and mouse 

muscle (Kinbara, Ishiura, et al., 1998; Ojima et al., 2010; Ono et al., 2006). Calpain 3 

autolysis in rats was confirmed by detection of degraded forms of calpain 3 at 60, 58 and 

55kDa found with this antibody (Kinbara, Ishiura, et al., 1998). Others also reported that 

calpain 3 protein was detected with this antibody in muscle samples from calpain 3 knockin 

mice (C129S), in which calpain 3 was replaced with a proteolytically inactive but structurally 

intact mutant calpain 3 (Ojima et al., 2010). Human calpain 3 proteins expressed in COS7 

cells were also detected with this antibody (Ono et al., 2006).  
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Table 3.3 Comparison of peptides detected by anti-calpain 3 pIS2. 
Amino acid sequence of pK-rich peptide and correspond peptide of other species which 
were based on amino acid sequence registered GenBank. Accession numbers are Human 
(BC 146672), Rat (NM 017117), Mouse (BC 139790), Ovine (AF 087570), and Bovine 
(NM 174260). Genotype-Samples were ovine samples which has been analysed in this 
study. The amino acid sequence of Genotype-Samples was determined by the results of 
calpain 3 mRNA sequence analysis (Chapter 5). Amino acid sequence was identical for 3 
genotypes (AA, BB, and CC). Red font indicated the position of amino acid substitution 
within the peptide. Numbers indicate the position of amino acid. 

 
                                                                                    585                                                                     600                              607 

pK-rich peptide  K R N T I S V D R P V K K K K N K P I I F V C  

Human BC 146672 V E N T I S V D R P V K K K K T K P I I F V S  

Rat NM 017117 A E N T I S V D R P V K K K K N K P I I F V S  

Mouse BC 139790 A E N T I S V D R P V K K K K N K P I I F V S  

Ovine AF 087570 V E N T I S V D R P V K K K K P K P I I F G S  

Bovine NM 174260 V E N T I S V D R P V K K K K N K P I I F V S  

Genotype-Samples N/A V E N T I S V D R P V K K K K P K P I I F V S  

 

 

In this study, calpain 3 from ovine skeletal muscle was analysed by Western blotting using 

this antibody. The homology of the specific peptide was compared among species (Table 3.3). 

Amino acid sequences registered in GenBank and accession numbers are human (BC 

146672), rat (NM 017117), mouse (BC 139790), ovine (AF 087570), and bovine (NM 

174260). The amino acid sequences of genotype-samples were determined by mRNA 

sequence analysis of the three different sheep genotypes (AA, BB, and CC) as discussed in 

Chapter 5. There was no amino acid sequence difference within this peptide among three 

genotypes. An active site cysteine residue was confirmed for all species and genotype-

samples at position 129. The position of the pK-rich peptide was confirmed at 585 to 607. 

There were four amino acid differences between the pK-rich peptide and human (BC 146672) 

at 585, 586, 600, and 607, and three amino acid differences between the pK-rich peptide and 

rat (NM 017117) or mouse (BC 139790), at 585, 586, and 607. Since the antibody (anti-

calpain 3 pIS2) prepared from the pK-rich peptide detects calpain 3 in human, rat, and mouse, 

it should be capable of detecting calpain 3 with amino acid substitutions at these positions. 
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In this study, ovine skeletal muscle samples from 3 genotypes were analysed for calpain 3 

protein, and the high rate of homology of the specific peptides was confirmed. Thus, the 

calpain 3 antibody (anti-calpain 3 pIS2) should also detect ovine calpain 3. As mentioned in 

3.3.3.1: Calpain 3 antibodies, the effectiveness and specificity of the calpain 3 antibody was 

also confirmed by a dot blot assay with purified calpains 1 and 2. Western blotting was also 

performed with purified calpains 1 and 2 to test the specificity of calpain 3 antibody. Results 

confirmed that the calpain 3 antibody was isoform specific. 

 

3.4.4 Characterising calpain 3 

Calpain 3 was first found in 1989 (Sorimachi et al., 1989) and called p94 in reference to its 

molecular mass. The intact form of calpain 3 was observed as a band at 94kDa and 

fragmented calpain 3 was also observed. The most distinctive characteristic of calpain 3 is its 

very rapid autolysis, with a half-life of less than 10 min (Kinbara et al., 1997). It has been 

reported that autolysis of calpain 3 produced 60 and 58kDa fragments as intermediates before 

a stable 55kDa fragment appeared (Kinbara, Ishiura, et al., 1998).  

In this experiment, muscle samples were pre-rigor (day-0) samples collected from ovine 

carcass immediately after slaughtering. The samples were immersed in liquid nitrogen, 

ground to powder, and kept at -80˚C to avoid autolysis and further proteolysis. The frozen 

muscle samples were treated at cold temperature until extraction of total protein with 

appropriate buffer solutions to avoid a calpain 3 autolysis. Muscle homogenates were kept at 

4°C for short term storage or -20°C overnight before denaturing with PDB. This process was 

the same for all buffer solutions. Therefore difference in the results correspond to the 

effectiveness of a selected buffer solutions and extraction procedures.  

Sorimachi-buffer protein samples showed two dominant bands at 94kDa and 55kDa (Figure 

3.6). The band at 94kDa was the intact form of calpain 3 and 55kDa was the fragmented form. 

The 55kDa fragment has been reported as a product of calpain 3 autolysis (Kinbara, Ishiura, et 

al., 1998). The intensity of autolysed form of calpain 3 band was as strong as the band of the 

intact form, indicating quite a high degree of calpain 3 autolysis during this extraction 

procedure with Sorimachi-buffer. This buffer has been used to purify recombinant inactive 

calpain 3 expressed in COS cells, in which the active site cysteine residue was changed to 

serine (Kinbara, Ishiura, et al., 1998). Extractions with Sorimachi-buffer were not suitable for 
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characterising intact calpain 3 from crude protein, because of calpain 3 autolysis continued 

during the extraction.  

Lamb-buffer contains high concentrations of the chelating agents, EDTA and EGTA (18mM 

EDTA and 50mM EGTA), the Sorimachi-buffer contains 1mM EDTA and 1mM EGTA, and 

the Fritz-buffer contains 2mM EGTA. The Lamb-buffer was developed to reduce the Ca2+ 

concentration in muscle homogenate to allow for analyse of autolysis of calpains 1 and 3 in 

human muscle (Murphy, Snow, et al., 2006). It was expected that calpain 3 autolysis would be 

avoided by reducing the Ca2+ concentration in muscle homogenates, which would lead to a 

dominant intact calpain 3 band at 94kDa. However, the intact calpain 3 band was observed as 

a very weak band (Figure 3.7). Dominant bands were observed at 60 and 55kDa. The study 

with human muscle (Murphy, Snow, et al., 2006) observed intact calpain 3 at 94kDa when 

muscle was homogenised with a buffer almost identical to the Lamb-buffer. However, calpain 

3 autolysis was confirmed after 1 min exposure to as little as 2.5µM Ca2+. Extraction of 

muscle protein with Lamb-buffer did not avoid calpain 3 autolysis, and almost all the calpain 

3 was fragmented. 

Fritz-buffer was developed from a buffer solution to extract muscle protein for analysing titin 

(Fritz et al., 1993) with slight modification such as the addition of 2-mercaptoethanol (β-ME). 

The homogenate was centrifuged at 3000g for 5min, and the supernatant analysed. No bands 

were observed after staining with a calpain 3 antibody (anti-calpain 3 pIS2). The original 

procedure (Fritz et al., 1993) did not include centrifugation of the 1% (w/v) meat content 

homogenate, and Western blotting of the 1% (w/v) homogenates without centrifugation 

showed clear bands at 94kDa, which was the intact form of calpain 3 (Figure 3.8). Bands of 

the fragmented calpain 3 were barely visible. Muscle protein extraction with Fritz-buffer for 

1% (w/v) meat content was settled on as optimum procedure for analysing calpain 3 from 

crude protein.  

Moreover, the sensitivity of intact calpain 3 was tested on protein samples after different 

storage procedures (Figure 3.8). The Western blotting results showed a clear strong band of 

intact calpain 3 at 94kDa for all samples, and no band pattern differences among samples. 

Autolysis of calpain 3 was not observed for the homogenate, frozen before addition of PDB. 

These results confirmed that intact calpain 3 is stable in Fritz-buffer at -20°C. 

Bands of intact and fragmented forms of calpain 3 were confirmed by the band pattern of 

frozen and thawed muscle samples. The ground frozen muscle samples at -80°C were thawed 

and aged for a week at 4˚C before protein extraction. Bands of fragmented calpain 3 were 
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expected from thawed samples arising from calpain 3 autolysis (Kinbara, Ishiura, et al., 

1998), and densities of intact calpain 3 bands were expected to be decreased. A strong band 

was observed at 94kDa for frozen muscle samples, which was faded for thawed muscle 

samples (Figure 3.9). These results confirmed the band at 94kDa as the intact form of calpain 

3 which is degraded by autolysis during thawing. When the band at 94kDa was faded, a 

strong band appeared at 60kDa in the thawed muscle samples, confirming that this band is 

fragmented calpain 3 formed from calpain 3 autolysis during thawing. A strong band was also 

observed at 140kDa in both frozen and thawed muscle samples. Because this band density 

was unchanged between frozen and thawed muscle samples, it is unlikely to be involved with 

calpain 3 autolysis during post-mortem storage. Another band at 50kDa also showed similar 

intensities in frozen and thawed muscle samples, and therefore it was also considered non-

specific. This was confirmed by the Western blotting with the secondary antibody, anti-goat 

IgG only (Figure 3.10). Bands were observed at 50kDa and 30kDa, when the membrane was 

incubated with only the secondary antibody.  

In characterising the band pattern of calpain 3, muscle protein samples were prepared with the 

addition of various concentrations of Ca2+. Calpain 3 autolysis has been reported after a 1 min 

exposure to as little as 2.5µM Ca2+ in human muscle prepared with a buffer almost identical 

to the Lamb-buffer (Murphy, Snow, et al., 2006). However, no effect of the addition of Ca2+ 

on the fragmentation of intact calpain 3 was observed in this study (Figure 3.11). The intact 

calpain 3 band was still observed and no band of fragmented calpain 3 in protein samples 

were incubated with 25µM Ca2+ for 1 hour.  

Although the addition of Ca2+ had no effect on the fragmentation of calpain 3, the lack of a 

chelating agent had some effect on calpain 3 autolysis (Figure 3.12). Protein samples were 

prepared with Fritz-buffer which contained 2mM EGTA and intact form of calpain 3 was 

confirmed as a dominant band at 94kDa. After 3 hours of incubation at room temperature, 

calpain 3 autolysis was observed as very weak band at 60kDa. Intact calpain 3 was also 

observed for the samples prepared without EGTA (no-EGTA buffer), but its intensity 

decreased during 24 hours of incubation. Calpain 3 autolysis was clearly confirmed by the 

appearance of the band at 60kDa after 1 hour incubation, and its intensity increased during 24 

hours. Thus, the lack of a chelating agent allowed calpain 3 autolysis. Moreover, the addition 

of up to 1mM Ca2+ to protein samples without EGTA had no effect on calpain 3 autolysis. 

These results suggest that calpain 3 autolysis may not be regulated by Ca2+ but may be 

regulated by other ions which could be controlled by 2mM EGTA (Ono et al., 2010). Because 
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the addition of Ca2+ had no effect, it could be that the activation of calpain 1 is not involved in 

the proteolysis of calpain 3.  

It was noted that the intensity of the uncharacterised band at 140kDa tended to decrease in the 

presence of Ca2+. The band at 140kDa had similar intensity to the intact calpain 3 band for 

samples prepared with Fritz-buffer. However, the intensity of the band at 140kDa was much 

weaker in samples prepared in no-EGTA buffer. Perhaps EGTA in the buffer reduced the 

amount of Ca2+, and influenced the intensity of the band at 140kDa. This is supported by the 

intensity of band at 140kDa being much weaker in samples incubated with 25µM Ca2+ than in 

2.5µM Ca2+, while the incubation time had no effect. Further research will be required to 

identify the band at 140kDa. 

 

3.5 Conclusion 

The optimum procedure for analysing the intact form of calpain 3 extracted from post-mortem 

ovine skeletal muscle samples was investigated. The muscle samples were treated in cold 

conditions to avoid further proteolysis. The intact form of calpain 3 was clearly observed in 

protein extracted with Fritz-buffer at a 1% (w/v) meat content. The specificity of calpain 3 

antibody (anti-calpain 3 pIS2) was confirmed by comparing specific peptide sequences, and 

incubating with calpains 1 and 2. Calpain 3 autolysis was observed as a fading of the band at 

94kDa and increasing band intensity at 60kDa. 
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4  

Characterisation of calpain 3 during post-mortem muscle 

extension  

4.1 Introduction 

There are a variety of hanging techniques for carcasses after slaughter, and the tension on 

particular muscles varies depending on the technique. In this experiment, lamb carcasses were 

hung either conventionally by the heels or by the bar-hanging method. This method stretches 

the back of the carcass to a greater extent, and results in extended sarcomere length within the 

longissimus thoracis et lumborum (LTL).  

Titin is one of the myofibrillar proteins which maintains muscle structure, and contributes to 

its elasticity. The most interesting characteristic of titin for this research is its interaction with 

calpain 3. There are two calpain 3 binding sites along titin, and calpain 3 binds to them 

through one of its unique sequences, IS2 (Sorimachi et al., 1995). It has been reported that the 

calpain 3/titin interaction has a stabilizing role for calpain 3, keeping it in an inactive form 

and preventing its rapid autolysis (Garvey et al., 2002). During muscle stretching in living 

animals, titin provides elasticity by unfolding some domains within its structure 

(Tskhovrebova, Trinick, Sleep, & Simmons, 1997). Hanging the carcass provides tension to 

the post-mortem muscle, resulting in a conformation change in titin, which may alter the 

affinity for calpain 3 and disrupt the calpain 3/titin interactions. Consequently, calpain 3 may 

be activated in post-mortem muscles and enhance meat tenderness by its proteolytic activity. 

If this hypothesis is correct, over-extended muscle, as indicated by longer sarcomere length, 

should result in greater tenderness through a higher rate of calpain 3 activation and titin 

degradation. The degradation and activities of calpains 1 and 2 were also analysed, because 

they have been reported to have important roles through proteolytic activity during post-

mortem storage (Olson, Parrish, Dayton, & Goll, 1977).  

 

4.1.1 Sarcomere length and meat tenderness 

Palatability is a determinant of meat quality, and multiple factors including flavour, juiciness, 

and tenderness influence it. Although the ranking of these traits varies between consumer 
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profiles, tenderness has been recognised as the most important determinant of meat quality 

(Miller et al., 2001) particularly for red meat (Jeremiah, Gibson, & Cunningham, 1999).  

Tenderness can be quantified by measuring shear force, which is the pressure required to 

shear a defined size of muscle fibres. In this experiment, a MIRINZ tenderometer (Meat 

Industry Research Institute of New Zealand) was used to measure the shear force in kPa, and 

the pressure readings were converted into kilogram force units (kgF). The relationship 

between MIRINZ shear force readings (kgF) and consumer perception of meat tenderness has 

been reported by Bickerstaffe et al (Bickerstaffe, Bekhit, Robertson, Roberts, & Geesink, 

2001) and summarised in Table 4.1. The results indicated that the measurement of MIRINZ 

shear force of cooked meat accurately reflected the eating assessment of the tenderness by 

consumers. 

 

Table 4.1 The relationship between shear force and consumer perceptions of the tenderness of 
beef and lamb. 
Shear force (kgF) was determined with a MIRINZ tenderometer. Consumer perceptions 
of cooked beef and lamb loin steak were allocated to five categories, adapted from 
Bickerstaffe et al. (2001).  

 
Range of 

MIRINZ shear force (kgF) 

Tenderness classification 

for consumers 

<5.0 Very tender 

5.0 – 7.9 Tender 

8.0 – 10.9 Acceptable 

11.0 – 14.9 Tough 

15.0< Very tough 

 

A strong correlation between initial meat tenderness and sarcomere length has been reported. 

An early study in 1951 suggested that sarcomere shortening during the development of rigor 

mortis led to muscle toughening (Bendall, 1951). It has also been reported that increasing 

sarcomere length by pre-rigor treatment correlated with increasing meat tenderness (Herring 

et al., 1965; Hostetler, Link, Landmann, & Fitzhugh, 1972). Sarcomere length is directly 

correlated with the degree of overlap of thin and thick filaments in muscle fibres. With 

sarcomere shortening, thin and thick filaments are highly overlapped, muscle filament density 
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becomes high and more force is required to shear it. The longer sarcomere has a lower muscle 

filament density, and therefore less force is required to shear it. 

Different carcass hanging techniques have a great influence on the elongation of sarcomeres 

in specific muscles. It has been reported that the sarcomere length of bovine LTL differed 

between conventionally hung carcasses and those conditioned in a standing posture, with the 

carcass on a table and the legs held orthogonal to the body (Herring et al., 1965; Hostetler et 

al., 1972). Conventional hanging from Achilles tendons gives tension to the leg muscles, 

while the standing posture suspends the LTL. As a result, carcasses held in a standing posture 

showed longer sarcomere length and less shear force for the LTL. In this study, ovine 

carcasses were hung over a rail at the pelvis, and the legs were tied by a plastic strap, which is 

the hanging technique introduced by Bouton et al (Bouton, Fisher, Harris, & Baxter, 1973). It 

has been observed that this hanging technique results in high tension to LTL and to sarcomere 

elongation. The sarcomere length was even longer in carcasses hung on a rail with weight 

attached to the hind legs (Hopkins & Thompson, 2001).  

Several other techniques to elongate sarcomere length have also been reported. The 

“Tendercut” process was initiated by Claus and Marriott in 1991(Wang, Claus, & Marriott, 

1994). The fundamental concept behind it is that muscle could be stretched through extra 

tension as selected bones and ligaments were severed causing the weight of the carcass below 

the position of the cuts to stretch the muscle now holding whole carcass. It was reported that a 

pre-rigor cut between the 12th and 13th thoracic vertebra of beef carcasses stretched LTL, 

elongated sarcomere length, and increased tenderness (Ludwig, Claus, Marriott, Johnson, & 

Wang, 1997). 

 

4.1.2 Calpain 3/titin interactions 

Ubiquitous calpains 1 and 2, exist as heterodimers consisting of 80kDa large catalytic 

subunits and 30kDa small regulatory subunits. Dissociation of the small subunits has a vital 

role in calpain activation (Goll et al., 2003). Calpain 3 does not interact with the small 

subunit, although its structure is highly homologous to the 80kDa large subunit of the other 

calpains and includes the 30kDa small subunit binding site, implying the existence of other 

regulatory molecules for calpain 3. The localization of calpain 3 in skeletal muscle and the 

regulatory factors controlling calpain 3 autolysis were analysed by yeast two hybrid assays, a 

technique used to study protein-protein interactions (Sorimachi et al., 1995). In a screen of 
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skeletal muscle proteins, titin was found to bind calpain 3 (Sorimachi et al., 1995), and two 

calpain 3 binding sites were identified within the titin molecule (Figure 4.1). One is in the 

N2A-region, adjacent to Z-line end of the PEVK region in the I-band titin. The other is within 

the M-line region of titin. It was also confirmed by immunohistochemistry that calpain 3 

localised to the Z-line and N2A-line regions of sarcomeres (Ojima et al., 2005). However, the 

binding site in the Z-line region of titin was not identified. By screening the titin binding 

ability of several truncation mutants of calpain 3, it was established that the IS2 insertion 

binds to the titin (Sorimachi et al., 1995). It has been reported that rapid autolysis of calpain 3 

was prevented by deletion of IS2, but not IS1 (Sorimachi et al., 1994). This suggests that the 

IS2 regulates protease activity by inducing conformational changes, or that the IS2 may 

contain a signal for rapid degradation. 

A study of muscular dystrophy with myositis (mdm)-mice suggested that calpain 3/titin 

interactions might have a stabilizing role for calpain 3 by keeping it in an inactive form and 

preventing its rapid autolysis (Garvey et al., 2002; Kramerova et al., 2007). The mdm-mice 

consist of a titin mutation that leads to mis-splicing of titin mRNA and a deletion of 83 amino 

acids from the N2A region, where calpain 3 binds. This deletion of amino acids from the N2A 

region of titin led to less affinity for calpain 3 binding. Protein extracted from mdm-mouse 

muscles revealed a decreased concentration of calpain 3, supporting the hypothesis that 

calpain 3/titin interactions regulate calpain 3 stability (Garvey et al., 2002). Moreover, some 

pathogenic mutations of calpain 3, which have no effect on its proteolytic activity, cause a 

lower binding affinity to titin (Kramerova et al., 2004; Ono et al., 1998). It was also reported 

that a pathogenic mutation (Ser606Leu) in limb-girdle muscular dystrophy type 2A 

(LGMD2A), positioned in IS2 region, has no effect on activation, but affects its binding to 

titin (Jenne et al., 2005). These studies suggest that calpain 3/titin interactions regulate calpain 

3 proteolytic activity. 
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Figure 4.1 Schematic diagram of a sarcomere in skeletal muscle. 
Myosin is composed of thick filaments, and actin of thin filaments. Nebulin is one of 
myofibrillar proteins binding to actin. Titin is another large myofibrillar protein 
associating with thick filaments spanning from the Z-line to the M-line. The PEVK 
domain of titin is involved with elasticity. Calpain 3 binding sites are indicated on N2A 
and M-line regions of titin. Adapted from Ottenheijm and Granzier (2010). 

 

 

4.2 Methods 

 

4.2.1 Carcass preparation 

Twelve one year old Coopworth ram lambs were brought to the slaughtering facility at 

Johnstone Memorial Laboratory Lincoln University. They were slaughtered by captive-bolt 

stunning to the forehead and exsanguinated. The carcasses were hung from the Achilles 

tendon, and heads, legs, skin and guts were removed. After dressing, the carcass weight was 

measured and a small section (2x2x5cm) of longissimus thoracis et lumborum (LTL) at the 9th 

thoracic vertebrae was removed. This muscle sample, referred to as the Day-0 sample, was 

analysed to determine initial amounts of target proteins. The muscle samples were wrapped in 

aluminium foil, and immersed in liquid nitrogen. Frozen samples were transferred in an ice 

box with dry ice, and kept at -80˚C at least overnight prior to grinding muscle samples. 
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Six carcasses were selected to be hung over a bar at the pelvis and all four legs were tied 

together. This hanging method is referred to here as ‘bar-hanging’ (Figure 4.2). The other six 

carcasses were hung from their Achilles tendons, which is the hanging method generally used 

in the meat industry, and referred to here as ‘conventional hanging’ (Figure 4.3). Carcasses 

were selected to ensure that the range of carcass weights was evenly distributed between the 

bar-hanging and conventional hanging sets. Both bar-hanging and conventional hanging 

carcasses were stored at 4˚C throughout the experiment. Carcass temperatures and pH were 

monitored at 30 min, 1, 2, 3, 6, 12 and 24 hours after slaughtering.  

 

 

 

Figure 4.2 Bar-hanging treatment of lamb carcasses. 
After dressing, carcasses were hung over a Steel bar near the ceiling in the cold room by 
the pelvis, and the four legs were tied together with plastic straps. 
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Figure 4.3 Conventional hanging treatment of lamb carcasses. 
Carcasses were hung from their Achilles tendons, and kept in the cold room. The photo 
showed that Day-0 and Day-1 muscle samples have been taken. 
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4.2.2 Muscle sampling 

A sample of LTL was collected from each carcass at 1, 2, 3 and 7 days post-mortem, and 

samples were referred to as Day-1, 2, 3 and 7, respectively. Before collecting Day-1 samples, 

the pH was measured to ensure that rigor mortis had developed fully, as indicated by a pH 

reading below 6 (Hannula & Puolanne, 2004). The position of sampling on each day is shown 

as Figure 4.4. Muscle samples (2x5x10cm) were collected from both left and right sides of 

carcasses. A small piece (2x2x2cm) was sub-sampled from each of these muscle samples for 

sarcomere length and protein analyses. These sub-samples were minced and collected into 

20ml centrifuge tubes. The tubes were immersed in liquid nitrogen, transferred in the ice box 

on dry ice, and kept at -80˚C at least overnight prior to grinding muscle samples. The 

remaining muscle samples were placed in sealed plastic bags, and transferred in an ice box 

with ice. They were stored at -20˚C until tenderness measurements were performed.  

Muscle samples for sarcomere length measurement and protein analysis were stored at -80°C 

and ground to powder. All equipment for grinding, mortar, pestle, scalpel, and tweezers, were 

frozen with dry ice and grinding was performed in a room at 4°C. The frozen skeletal muscle 

samples were shaved with a scalpel and then ground with a mortar and pestle, while kept 

frozen with liquid nitrogen. The ground frozen muscle samples were stored in tubes at -80˚C 

until required. 
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Figure 4.4 Positions of muscle sampling. 
Muscle samples were collected from LTL. Day-0 sample was collected immediately after 
dressing the carcasses, pH determined and confirmed to be below 6.0 before Day-1 
samples were collected.Day-2, 3 and 7 samples were collected subsequently. 
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4.2.3 Sarcomere length measurements 

Samples taken at 1, 2, 3 and 7 days post-mortem were analysed to determine the sarcomere 

length. Myofibrils were isolated from the ground muscle samples, after Hopkins et al 

(Hopkins & Thompson, 2001) and Ludwig et al (Ludwig et al., 1997), and sarcomere lengths 

were measured with a phase contrast microscope. The procedure for myofibril isolation was 

based on the technique of Olson et al (Olson, Parrish Jr, & Stromer, 1976).  

In tubes, 0.2g of ground frozen muscle samples was suspended in 5ml of myofibril 

fragmentation index buffer (MFI buffer), 0.1M KCl, 0.1M MgCl2, 10mM KH2PO4, 1mM 

EGTA, and 1mM NaN3, pH 7.2, and stored at 4°C overnight. The following day, all samples 

were homogenised with a Polytron PT 3100 (Kinematica, Luzern Switzerland) using a 10mm 

diameter probe. Preliminary trials were conducted to determine the optimal homogenisation 

duration and probe speed. Samples of Day-1 and 2 required a probe speed of 16,000rpm for 

30 seconds. Day-3 samples were homogenised for 10 seconds, with the Polytron probe set at 

14,000rpm. Day-7 samples were also homogenised for 10 seconds, but the speed was reduced 

to 12,000rpm.  

Immediately after homogenisation, the samples were analysed by phase contrast microscopy. 

20µL of the myofibril homogenates were mixed with 20µL of MFI buffer containing 1% 

Eosin for staining. The sample solutions were placed under the microscope and the images of 

myofibrils were captured at 400-fold magnification with an inverted microscope (Leica DM 

IRB) coupled with a digital image-capture system (Spot Advanced). The images were cropped 

by Corel Photo Paint 12, and then the length between the dark bands of sarcomeres were 

measured using Spot Advanced software, which automatically considers the magnification to 

determine distances. From each sample slide, five myofibrils showing clear sarcomere 

segments were selected. From each myofibril, three sections containing five to ten sarcomere 

segments were selected and their lengths were measured. The average was taken as the 

sarcomere length.  

 

4.2.4 Tenderness measurements 

Tenderness measurements were performed for Day-1, 2, 3 and 7 samples, which were frozen 

and stored at -20°C in sealable plastic bags. The method for tenderness measurements was 

based on that described by Chrystall and Devine (Chrystall & Devine, 1991). Frozen samples 

were thawed at 1°C overnight. The weight of each sample was recorded for measuring water 
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loss during cooking. Cooking was performed by placing the plastic bags containing muscle 

samples in a water bath at 80°C. The internal temperature of each muscle sample was 

monitored during cooking with a temperature probe (type K, Fluke, WA USA) attached to a 

digital thermometer (52 series, Fluke). When the internal temperature of muscle samples 

reached 75°C, they were removed from the water bath and placed on ice. After the samples 

cooled, their weights were measured and the water losses during cooking determined. 

Samples were cut into 1x1x5cm strips parallel to the muscle fibres. The muscle strips were 

placed into the metal wedge of a MIRINZ tenderometer (AgResearch Meat Industry Research 

Institute of New Zealand) and tenderness values obtained by measuring the pressure required 

to sever the meat strips across the muscle fibres. These measurements were repeated 10 times 

for each sample and the readings in kPa were converted into a standardised unit of tenderness 

(shear force, kgF) using the relationship: kgF = (kPa × 0.2) – 1.7 (Chrystall & Devine, 1991; 

Geesink & Bickerstaffe, 2000). 

 

4.2.5 Protein sample preparation 

Muscle protein was extracted from Day-0, 1, 2, 3 and 7 ground frozen muscle samples and 

prepared for SDS-PAGE and Western blotting for calpains 1, 2, 3 and titin. Details of these 

procedures for calpain 3 have been explained in Chapter 3. For calpain analysis, ground 

muscle samples were homogenised in Fritz-buffer at 1% (w/v) meat content, and 100µl of 

homogenates were suspended with 40µl of protein denaturing buffer (PDB), then the protein 

samples were denatured in boiling water. Protein concentrations were determined by TCA 

assays.  

The extraction procedure and concentration determination method used for titin analysis were 

identical to those for calpains, except that the 50µl of homogenates with Fritz-buffer were 

suspended with 50µl of titin solvating buffer (TSB), instead of PDB. The composition of TSB 

was 8M urea, 2M thiourea, 75mM dithiothreitol (DTT), 25mM Tris-HCl, 3% SDS, 0.012% 

bromophenol blue pH 6.8.  

 

4.2.6 SDS-PAGE 

Protein analyses were performed on Day-0, 1, 2, 3 and 7 protein samples. SDS-PAGE 

procedures for calpain analysis were carried out as explained in Chapter 3.2.4, with slight 
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modifications for titin, because of its large molecular size. For titin analysis, 10µg of protein 

sample was loaded onto 2 sets of 3~8% Tris-acetate gels (NuPAGE 1.0mm x 10 wells, 

Invitrogen) set in a Mini-Protean II tank (BioRad) filled with Tris-acetate SDS running buffer 

(Invitrogen). Because titin has a much greater molecular size than calpains, a higher voltage 

and longer running time were required for electrophoretic separation, 250V for two hours. 

The tank was placed in an ice-water bucket, and electrophoresis was performed in the cold 

room to avoid melting the gels. After electrophoresis, one gel was stained by GelCode-Blue 

(BioRad) to confirm the presence of protein, and another gel was transferred onto a PVDF 

membrane for Western blotting in a similar procedure as for calpain 3 analysis explained in 

Chapter 3 (3.2.5 SDS-PAGE and 3.2.6 Gel staining). 

 

4.2.7 Western blotting 

Western blotting of calpain 3 was as explained in Chapter 3 (3.2.7 Western blotting). A 

similar procedure was used for calpains 1 and 2 with the appropriate antibodies. For calpain 1, 

an anti calpain 1 monoclonal antibody (abcam 15c10, SAPPHIRE Bioscience, Auckland, 

New Zealand), raised in mouse, was used at 1/1000 dilution as the primary antibody, which is 

specific for the calpain 1 80kDa large subunit. Anti-mouse polyvalent immunoglobulins were 

used as the secondary antibody at 1/2000 dilution. For calpain 2 analysis, a calpain 2 Domain-

IV polyclonal antibody (abcam 28259, SAPPHIRE Bioscience) raised in rabbit, was used at 

1/2000 dilution as the primary antibody, and anti-rabbit IgG was used at 1/1000 dilution as 

the secondary antibody.  

The procedure for titin was similar to that for calpain 3. The composition of the titin transfer 

buffer was 25mM Tris, 192mM glycine, 0.1% (w/v) SDS, and 10mM 2-mercaptoethanol 

which was added just before use. The electro-transfer was performed at 300mA for 2 hours. 

Anti-titin (abcam 9D10, SAPPHIRE Bioscience) was used at 1/50 dilution as the primary 

antibody, and anti-mouse polyvalent immunoglobulins was used at 1/2000 dilution as a 

secondary antibody.  

Target proteins were quantified by the band density measurements in Chapter 3.  
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4.2.8 Casein zymography 

Casein zymography was performed to observe protease activity of calpains 1 and 2 in Day-0, 

1, 2, 3 and 7 muscle samples. Protein was extracted from ground muscle samples using Fritz-

buffer and similar procedures as for calpain 3 analysis in Chapter 3 (3.2.2 Protein extraction 

buffers), except that the meat content was 3% (w/v). A casein zymogram gel was prepared, 

being a 10% acrylamide gel with 1.5M Tris-HCl pH7.5 containing 0.1% casein, and a 4% 

acrylamide stacking gel. The gel was set in an electrophoresis tank with running buffer 

containing 1.92M glycine, 10mM EGTA, 1mM DTT, and 250mM Tris-HCl, pH8.3, and pre-

run at 125V for 15 min. After the pre-run, 15µg of samples were loaded per lane and 

electrophoresis was performed at 125V for 2.5 hours at 4˚C. The gel was removed into dH2O 

and washed twice with rocking for 5 min. Then the gel was incubated with a Ca2+ incubation 

buffer overnight with rocking at room temperature. The composition of the Ca2+ incubation 

buffer was 20mM Tris-HCl, 20mM CaCl2, and 10mM DTT, pH 7.4. Next day, the gel was 

stained with 20ml of GelCode-Blue (BioRad) with rocking for 1 hour, followed by washing 

with dH2O for 1 hour or until the bands were clearly visible. 

 

4.2.9 Statistic analysis 

One-way ANOVA was performed to determine the significant differences of data as p-value. 

The p-value less than 0.05 or 0.01 was considered as statistically significant.  

 

4.3 Results 

 

4.3.1 Post-mortem changes in temperature and pH 

The temperature and pH of each carcass was monitored to confirm rigor mortis development. 

They were measured immediately after slaughter and at intervals of 30 min, 1, 2, 3, 6, 12, and 

24 hours. At 30 min after slaughtering, the mean temperature of the carcasses was 30.13˚C (± 

0.85) and pH was 6.82 (± 0.07). The carcasses were hang conventionally or by bar-hanging at 

4˚C. After 1 hour, the temperature decreased to 26.73˚C (± 0.71), but the pH remained at 6.82 

(± 0.05). The temperature and pH fell to 1.89˚C (± 0.06) and 5.53 (± 0.05) 24 hours post-

mortem (Figure 4.5). 
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Figure 4.5 Post-mortem changes in temperature and pH of carcasses 
Carcasses were stored at 4˚C, and carcass temperature and pH were monitored individually after 
slaughtering up to 24 hours post-mortem. Mean value was determined from twelve carcasses. (a) 
carcass temperature, (b) pH. SE was indicated (±). 
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4.3.2 Sarcomere length 

The carcasses were hung by two different methods and characteristics of the calpain 3/titin 

interactions were determined. One key factor in this experiment was sarcomere elongation 

which tends to cause disruption of calpain 3/titin interactions by conformation changes in titin 

(Tskhovrebova et al., 1997). The distances between dark bands of sarcomeres were measured 

under the microscope, and mean sarcomere lengths obtained. Day-1, 2, 3 and 7 muscle 

samples from 6 animals from each hanging method were measured. A typical image of a 

myofibril fibre viewed under phase contrast microscopy is shown in Figure 4.6. 

 

              

Figure 4.6 Sarcomere length measurements using phase contrast microscopy. 
A typical image of a myofibril with sarcomere measurements is shown. Images were 
captured at 400-fold magnification with an inverted microscope (Leica DM IRB) coupled 
with a digital image-capture system (Spot Advanced). Samples were stained with 1% 
Eosin. The images were cropped by Corel Photo Paint 12, and sarcomere lengths 
measured using Spot Advanced software, which automatically considers the 
magnification to determine distances. From each myofibril, three sections containing five 
to ten sarcomere segments were selected and their lengths between black bands were 
measured. The average was taken as the sarcomere length.  

 

At day-1, the sarcomere length of the bar-hanging samples was 2.32 µm (±0.08) which was 

much longer than 1.72µm (±0.04) from conventional hanging samples. At day-2, the 

sarcomere length of the bar-hanging samples, 2.32µm (±0.06), was still longer than the 

conventional hanging samples, 1.67µm (±0.05). At Day-3 and 7, the sarcomere lengths of the 

bar-hanging samples were 2.47µm (±0.06) and 2.61µm (±0.05), while the conventional 

hanging samples were 1.67µm (±0.06) and 1.55µm (±0.07), respectively. These sarcomere 

length readings are summarised in Figure 4.7. Analysis of variance (ANOVA) indicated that 

the sarcomere lengths of the bar-hanging samples were significantly longer than the 
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conventional hanging samples (p< 0.001) through all 7 days of post-mortem storage, and 

indicated that the bar-hanging method successfully elongated the sarcomeres in LTL. 

Interestingly, the sarcomere length of bar-hanging samples were still elongating at Day-3 and 

7 (p<0.05), while the conventional hanging samples showed no significant difference 

(p>0.05).  

 

 

Figure 4.7 Sarcomere length differences after bar-hanging and conventional hanging 
treatments. 
Mean sarcomere length (µm) of LTL was determined from carcasses hung by the bar-
hanging and conventional hanging methods during 7 days of storage. The measurements 
were performed on Day-1, 2, 3 and 7 post-mortem muscles. SE was indicated (±). 

 

The mean sarcomere lengths for each sample were analysed with respect to carcass weight 

(Figure 4.8), but there was no obvious relationship between sarcomere length and carcass 

weight. 
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Figure 4.8 Relationship between sarcomere length and carcass weight. 
Sarcomere lengths (µm) of LTL at Day-1 post-mortem vs carcass weights (kg) for two 
different hanging methods. Bar=bar-hanging. Con=conventional hanging. 

 

 

4.3.3 Tenderness 

Meat tenderness was measured using the MIRINZ shear force (kgF). The pressure (kPa) to 

sever the muscle fibre was measured and converted into kilogram force unit (kgF) using the 

MIRINZ calibration. The mean shear forces required for samples from each hanging method 

at different times post-mortem are summarised in Figure 4.9. At Day-1, the bar-hanging and 

the conventional hanging samples required 6.12kgF (±0.30) and 7.31kgF (±0.22) shear force 

respectively. The shear forces for the bar hanging samples at Day-2, 3 and 7 were 5.80kgF 

(±0.11), 4.31kgF (±0.17) and 3.39kgF (±0.18), while those for the conventional hanging 

samples were 6.39kgF (±0.11), 4.69kgF (±0.21) and 3.72kgF (±0.17) respectively. ANOVA 

revealed that the mean shear forces required during 7 days of storage were significantly 

different between the bar-hanging and conventional hanging samples (p < 0.05). Both bar-

hanging and conventional hanging samples required a constantly decreasing shear force over 

the 7 days of storage (p < 0.001). The bar-hanging samples required a lower shear force than 

the conventional hanging samples at all times, indicating that the bar-hanging samples were 

more tender than the conventional hanging samples, especially at Day-1, when the difference 

between the bar-hanging and conventional hanging samples was much bigger than the 

differences at later times. This indicates that the degree of tenderness as rigor mortis 

developed was higher for the bar-hanging samples than the conventional hanging samples. 
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Eventually, both samples become tenderer over 7 days of storage, but the bar-hanging 

samples were always more tender than conventional hanging samples, and this difference was 

significant (p < 0.05). 

 

 

Figure 4.9 Meat tenderness differences after bar-hanging and conventional hanging treatments. 
Meat tenderness was determined from Day-1, 2, 3 and 7 post-mortem samples. The 
cooked muscle samples were placed into the metal wedge of a MIRINZ tenderometer and 
tenderness values obtained by measuring the pressure required to sever the meat strips 
across the muscle fibres. The pressure readings in kPa were converted into a standardised 
unit of tenderness (shear force, kgF) using the relationship: kgF = (kPa × 0.2) – 1.7 
(Chrystall & Devine, 1991; Geesink & Bickerstaffe, 2000). Bar=bar-hanging. 
Con=conventional hanging. SE was indicated (±). 

 

 

4.3.4 Calpains 1 and 2 

Western blotting was performed to characterise calpains 1 and 2 in both the bar-hanging and 

the conventional hanging muscles during post-mortem storage. Extracted protein on 4~12% 

Bis-Tris SDS-PAGE gel is shown (Figure 4.10). Similar band patterns were observed in SDS-

PAGE results seen in Chapter 3. 
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Figure 4.10 SDS-PAGE of protein extracted from LTL from carcasses hung by the bar-hanging 
and the conventional hanging methods. 
Muscle proteins were extracted from Day-0, 1, 3 and 7 post-mortem samples using Fritz-
buffer with 1% meat content. Protein concentration was determined by TCA assay, and 
10µg of protein was loaded per lane to the 4~12% Bis-Tris Gel (Invitrogen) with molecular 
marker. 

 

Bands on the gel were transferred to PVDF membranes, and incubated with either calpain 1 or 

2 specific antibodies. Purified calpains 1 or 2 were loaded as controls and showed a dominant 

band around 80kDa, the molecular weight of the large subunit.  

Calpain 1 bands of around 80kDa were observed for each hanging methods through 7 days of 

storage (Figure 4.11). Immunostaining also revealed bands around 40kDa are likely to be 

degradation products of the calpain 1 large subunit (Koohmaraie, 1992a). Calpain 1 can 

autolyse to a band with a molecular weight of 78 or 76kDa (Boehm et al., 1998), but on the 

membrane, a clear single band was observed for pre-rigor samples of around 80kDa, the intact 

form of calpain 1 large subunit. The calpain 2 bands were also detected around 80kDa for 

both bar-hanging and conventional hanging samples at all 7 days of storage (Figure 4.12). 
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Figure 4.11 Western blotting using calpain 1 specific antibodies on muscle samples after bar-
hanging and conventional hanging treatments. 
Day-0, 1, 3 and 7 post-mortem samples were loaded with purified calpain 1 as a control. 
The membrane was incubated with anti calpain 1 monoclonal antibody (15c10). (a) 
Western blotting for calpain 1. The black arrow indicates calpain 1 bands at 80kDa. The 
bands around 40kDa are likely to be degradation products of the calpain 1 large subunit. 
(b) The calpain 1 bands at 80kDa were enlarged. 
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Figure 4.12 Western blotting using calpain 2 specific antibodies on muscle samples after bar-
hanging and conventional hanging treatments. 
Day-0, 1, 3 and 7 post-mortem samples were loaded with purified calpain 2 as a control. 
The membrane was incubated with anti calpain 2 domain-IV polyclonal antibody (abcam 
28259). (a) Western blotting for calpain 2. The black arrow indicates calpain 2 at 80kDa. 
(b) The calpain 2 bands at 80kDa were enlarged. 

 

The amount of protein was determined from band density on the membranes (refer to Chapter 

3). Darker bands, resulting in higher values, means that more target protein present. The band 

density of calpains 1 and 2 bands at 80kDa is summarised in Table 4.2. 

There was no significant difference within the amount of calpains 1 and 2 between the bar-

hanging and the conventional hanging samples. Moreover, amount of calpains 1 and 2 did not 
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change during 7 days of storage (p>0.05). Overall the amounts of calpains 1 and 2 were 

unaffected by either the different hanging methods or time of storage.    

 

Table 4.2 The band densities of calpains 1 and 2 at 80kDa.  
Band densities were determined for calpains 1 and 2 bands at 80kDa. The sample number 
for each hanging method was n=6. One-way ANOVA were performed and p-values 
determined for differences between the hanging methods of each post-mortem period. 
The p-values of less than 0.05 was considered as statistically significant. SE was 
indicated (±).  

 
 Calpain 1 Calpain 2 

Day-0 Day-1 Day-3 Day-7 Day-0 Day-1 Day-3 Day-7 

Conventional 47.4(±12.0) 50.4(±12.3) 50.2(±12.4) 61.0(±12.6) 66.7(±10.4) 61.0(±10.0) 62.0(±11.4) 63.2(±11.9) 

Bar-hanging 46.6(±11.1) 48.3(±11.1) 54.2(±11.0) 56.8(±10.0) 60.0(±10.0) 54.2(±10.9) 54.1(±11.0) 52.0(±10.3) 

p-value p=0.965 

>0.05 

p=0.901 

>0.05 

p=0.826 

>0.05 

p=0.810 

>0.05 

p=0.680 

>0.05 

p=0.679 

>0.05 

p=0.659 

>0.05 

p=0.531 

>0.05 

 

 

4.3.5 Activities of calpains 1 and 2 

Casein zymography was used to determine the effect of post-mortem storage on the 

proteolytic activities of calpains 1 and 2. Figure 4.13 shows the calpain 1 activities for the 

bar-hanging and the conventional hanging pre-rigor samples (Day-0) and post-rigor samples 

at Day-1, 3 and 7, and Day-0, 1 and 7 post-mortem samples calpain 2 activities. Calpain 1 

activity was observed in pre-rigor samples as a very weak band. At Day-1, calpain 1 activity 

was still observed as very weak band, but was totally lost at day-3 and 7. These band patterns 

were similar for both the bar-hanging and the conventional hanging samples. Calpain 2 

showed strong activity at Day-1 and only a slight decrease in activity at Day-7. 
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Figure 4.13 Casein zymography to determine the activities of calpains 1 and 2. 
(a) Calpain 1 activities for Day-0, 1, 3 and 7 post-mortem samples from bar-hanging and 
conventionally hung carcasses. Purified calpain 1 was used as a control. (b) Calpain 2 
activities for Day-0, 1 and 7 post-mortem samples. Purified calpain 2 was used as a 
control. Muscle protein was extracted using Fritz-buffer with 3% meat content. The gel 
contained 10% acrylamide containing 0.1%casein. 

 

 

4.3.6 Calpain 3 

Changes in calpain 3 during post-mortem storage were analysed by Western blotting using a 

calpain 3 specific antibody (anti calpain 3 pIS2, section 3.3.3.1 Calpain 3 antibodies). The 

results are shown in Figure 4.14. Four dominant bands were observed around 140kDa, 

100kDa, 60kDa, and 50kDa as discussed in Chapter 3 (3.3.3 Characterisation of calpain 3). 

The band around 100kDa is the intact form of calpain 3 at 94kDa, and the band around 60kDa 

is the autolysed form. Pre-rigor samples showed strong bands of intact calpain 3 at 94kDa and 

weak bands of autolysed calpain 3 at 60kDa. The band densities of intact calpain 3 at 94kDa 

and autolysed calpain 3 at 60kDa were measured, and percentage band densities calculated for 

post-mortem muscle samples at Day-1, 3 and 7 normalised to the band density of the pre-rigor 

(Day-0) muscle samples. 
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Figure 4.14 Western blotting using calpain 3 specific antibodies on muscle samples after bar-
hanging and conventional hanging treatments. 
Day-0, 1, 3 and 7 post-mortem samples were loaded. Membranes were incubated with the 
calpain 3 specific antibody (anti calpain 3 pIS2). (a) Black arrows indicate intact calpain 
3 bands at 94kDa and autolysed calpain 3 bands at 60kDa. (b) The calpain 3 bands 
enlarged. 

 

The band densities of intact calpain 3 bands at 94kDa were reduced to 79% (±6.1) for the 

conventional hanging samples and 75% (±6.1) for the bar-hanging samples at Day-1 post-

mortem. These band densities were further reduced to 71% (±4.1) for the conventional 

hanging and 63% (±7.3) for the bar-hanging samples at Day-3. After 7 days post-mortem 

storage, the band densities of the intact calpain 3 for the conventional hanging and the bar-
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hanging samples were reduced to 60% (±4.6) and 52% (±6.2) respectively, compared to the 

band density of pre-rigor (day-0) samples (Figure 4.15).  

Conversely, band densities of autolysed calpain 3 at 60kDa increased during 7 days of post-

mortem storage. At Day-1, band densities increased to 135% (±13.1) of Day-0 for the 

conventional hanging and 134% (±11.6) for the bar-hanging samples. The intensity of this 

band increased further at Day-3, to 145% (±10.7) for the conventional hanging and 150% 

(±9.4) for the bar-hanging samples. After 7 days, the band densities had increased further to 

153% (±10.1) for the conventional hanging and 166% (±13.0) for the bar-hanging samples 

(Figure 4.16). The band densities of intact calpain 3 decreased during 7 days of post-mortem 

storage, while the densities of autolysed calpain 3 bands increased. 

 

 

Figure 4.15 Comparison of intact calpain 3 band densities after bar-hanging and conventional 
hanging treatments. 
Band densities of intact calpain 3 at 94kDa at Day-1, 3 and 7 post-mortem were 
compared. Bar=bar-hanging. Con=conventional hanging. Each Western blotting 
membrane contained Day-0, 1, 3 and 7 post-mortem samples from each hanging method. 
Band densities were measured and expressed as percentage density differences from pre-
rigor samples defined as 100%. SE was indicated (±). 
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Figure 4.16 Comparison of autolysed calpain 3 band densities after bar-hanging and 
conventional hanging treatments. 
Band densities of intact calpain 3 bands at 60kDa at Day-1, 3 and 7 post-mortem were 
compared. Bar=bar-hanging. Con=conventional hanging. Each Western blotting 
membrane contained Day-0, 1, 3 and 7 post-mortem samples from each hanging method. 
Band densities were measured and expressed as percentage of density differences from 
pre-rigor samples defined as 100%. SE was indicated (±). 

 

ANOVA confirmed that both bar-hanging and conventional hanging samples showed 

significantly reduced intact calpain 3 over 7 days post-mortem storage (p<0.001). Moreover, 

bar-hanging samples showed significantly increased autolysed calpain 3 at 60kDa during 7 

days (p<0.001), as did conventional hanging samples (p<0.05). At Day-3 post-mortem, the 

band densities of intact calpain 3 appeared lower in bar-hanging samples than from the 

conventional hanging samples, while the autolysed forms increased more in bar-hanging than 

conventional hanging samples. However, ANOVA revealed that these apparent differences 

were not significant.  

 

 

4.3.7 Titin 

Titin is a myofibrillar protein responsible for maintaining the structural order and integrity in 

the sarcomere. It has been reported that titin degradation is correlated with the development of 

meat tenderness during post-mortem storage (Huff-Lonergan, Mitsuhashi, Parrish, & Robson, 
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1996). Changes in titin during 7 days post-mortem storage were analysed in samples from 

both the bar-hanging and the conventional hanging methods. SDS-PAGE and Western 

blotting were performed with antibodies specific for titin (9D10 Invitrogen).  

On SDS-PAGE gels (Figure 4.17), bands of myosin heavy chain, nebulin and titin were 

assigned by comparing with references (Fritz et al., 1993). The nebulin band was observed for 

pre-rigor muscle sample (Day-0) for both hanging methods. A defined band was observed for 

Day-1 conventional samples, but not bar-hanging samples. The band was not observed in 

Day-7 samples from either hanging method. 

Titin migrated as a broad band containing both the intact (T1) and fragmented forms (T2). 

The T1 band was dominant in the pre-rigor sample (Day-0) but decreased during 7 days of 

post-mortem storage, while T2 became dominant after Day-1.    

 

Figure 4.17 SDS-PAGE of titin analysis of protein extracted from LTL from carcasses after bar-
hanging and conventional hanging treatments. 
Muscle proteins were extracted from Day-0, 1, 3 and 7 post-mortem samples using Fritz-
buffer with 1% meat content using the same procedures as for calpain 3 analyse. Muscle 
homogenates were suspended with TSB instead of PDB for calpain 3. Protein 
concentrations were determined by TCA assays, and 8µg of protein was loaded per lane to 
the 3~8% Tris-Acetate gel (Invitrogen). Bands of Intact titin (T1), fragmented titin (T2), nebulin 
and myosin heavy chain are indicated. 
 

 

 85 



Western blotting confirmed the T1 and T2 bands, and band densities were measured for both 

hanging methods, Day-0, 1, 3, and 7 post-mortem (Figure 4.18). Percentages of band densities 

were calculated Day-1, 3 and 7 normalised against the band densities of pre-rigor (day-0) 

muscle samples. 

 

 

Figure 4.18 Western blotting using the titin specific antibodies on muscle samples after bar-
hanging and conventional hanging treatments. 
Previous SDS-PAGE bands were transferred to the PVDF membrane and incubated with 
anti-titin antibody (9D10) for Western blotting. Arrows are pointing intact form of titin 
(T1) and fragmented form (T2). 

 

Both bar-hanging and conventional hanging samples showed degradation of T1 during 7 days 

post-mortem storage (p<0.01) and bar-hanging samples showed more degradation than 

conventional hanging samples (Figure 4.19). The band densities of T1 were reduced to 92% 

(±2.1) for the conventional hanging samples and 86% (±2.3) for the bar-hanging samples at 

Day-1 post-mortem, and further reduced to 86% (±1.8) for the conventional hanging and 73% 

(±4.4) for the bar-hanging samples at Day-3. After 7 days of post-mortem storage, the band 

densities of T1 for the conventional hanging and the bar-hanging samples were reduced to 

74% (±4.8) and 59% (±3.6) respectively. ANOVA revealed that the differences in T1 

degradation became significant at Day-3 and 7 post-mortem (p<0.05).  
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Figure 4.19 Comparison of intact titin (T1) band densities after bar-hanging and conventional 
hanging treatments. 
Band densities of intact titin (T1) at Day-1, 3 and 7 post-mortem compared. Bar=bar-
hanging. Con=conventional hanging. Each Western blotting membrane contained Day-0, 
1, 3 and 7 post-mortem samples from each hanging method. Percentage of density 
differences were normalised to pre-rigor samples defined as 100%. SE was indicated (±). 

 

Initially, the band densities of T2 increased. At Day-1, the T2 band densities were increased 

to 108% (±4.1) for the conventional hanging and 121% (±5.1) for the bar-hanging samples, 

compared the band densities of the pre-rigor (day-0) samples. However, the T2 band densities 

had decreased at Day-3, from 108% to 104% (±4.3) for the conventional hanging and from 

121% to 105% (±4.0) for the bar-hanging samples, and decreased further 95% (±3.9) for the 

conventional hanging and 79% (±10.1) for the bar-hanging samples at Day-7 post-mortem 

(Figure 4.20). ANOVA confirmed that the T2 in the bar-hanging samples had decreased 

significantly from Day-1 to Day-7 (p<0.05), but not in carcasses which had been hung 

conventionally. 
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Figure 4.20 Comparison of fragmented titin (T2) band densities after bar-hanging and 
conventional hanging treatments. 
Band densities of fragmented titin (T2) bands at Day-1, 3 and 7 post-mortem were 
compared. Bar=bar-hanging. Con=conventional hanging. Each Western blotting 
membrane contained Day-0, 1, 3 and 7 post-mortem samples from each hanging method. 
Percentage of density differences were normalised to pre-rigor samples defined as 100%. 
SE was indicated (±). 

 

 

4.4 Discussion 

 

4.4.1 Post-mortem temperature and pH changes 

Following slaughter, complex changes within skeletal muscle transform it to meat for eating 

and the rate and extent of changes in temperature and pH can have significant influences on 

meat tenderness (section 2.4.3 Transition of skeletal muscle to meat).  

After 24 hours post-mortem, the temperature of carcasses had dropped to 1.89˚C (± 0.21) and 

the pH to 5.53 (± 0.05). Normally the pH in muscle decreases from 7.0 upon slaughter to 

approximately 5.3-5.8 as rigor mortis develops (Savell, Mueller, & Baird, 2005). The ultimate 

pH (pHu) was reported in bovine LD-muscle at 5.7~5.8 (Hannula & Puolanne, 2004) and the 

mean pHu of lamb LTL at 5.6 (± 0.06) (Hopkins & Thompson, 2001). Day-1 samples were 

collected after the pH was 5.53 (± 0.05) indicating that rigor mortis had already developed. At 
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12 hours of post-mortem, the pH reached 5.94 (± 0.05) indicating that the onset of rigor 

mortis in the sample carcasses was around 12 hours post-mortem.  

 

4.4.2 Sarcomere length 

In this experiment, sarcomere images were captured under phase contrast microscopy with 

eosin dye. Measurements were taken from Day-1, 2, 3, and 7 muscle samples from each 

hanging method. As the Day-1 muscle samples were collected, the temperature and pH were 

monitored to confirm the onset of rigor mortis. The mean sarcomere length of conventional 

samples at day-1 was 1.72μm (+0.04), similar to that reported previously (1.69µm) for ovine 

LTL (Wheeler & Koohmaraie, 1994).  

The bar-hanging treatment successfully elongated sarcomere length of Day-1 samples to 

2.32μm (+0.08). It was even more effective in elongating sarcomere than weighted tender-

stretch (refer to 4.1.1 Sarcomere length and meat tenderness) which stretches the sarcomeres 

up to 2.15μm (Hopkins & Thompson, 2001). The sarcomeres kept elongating through to 7 

days, to 2.61μm (+0.05), and were consistently longer in the bar-hanging samples than the 

conventional hanging samples. This was the first indication that the different hanging 

methods caused a different degree of extension of LTL muscle. 

Generally, the sarcomere length shortens during rigor mortis development then lengthens with 

additional post-mortem storage (Wheeler & Koohmaraie, 1994). It has been reported that the 

sarcomere length of ovine LTL, hung conventionally, was 2.24µm (±0.18) at death, and after 

24 hours, it reduced to1.69μm (±0.09) then increased through 14 days to 1.9µm (±0.13) 

(Wheeler & Koohmaraie, 1994). Gothard et al. (1966) reported that the average bovine LTL 

sarcomere length was 2.0µm immediately following death, shortened to 1.49µm at 24 hours, 

and then lengthened to 1.72µm by 7 days of post-mortem (Gothard, Mullins, Boulware, & 

Hansard, 1966). Thus, the sarcomere length tends to shorten during rigor mortis development, 

and then lengthens with additional post-mortem storage. The average sarcomere length in 

bovine muscles at 24 hours post-mortem was also reported as between 1.7μm (Yu & Lee, 

1986) and 1.8μm (Takahashi, Lochnert, & Marsh, 1984).  

Interestingly, the sarcomere length of the conventional hanging samples in this experiment 

showed only a slight decrease over 7 days. The mean sarcomere length of the Day-1 samples 

was 1.72μm (+0.04) and of Day-7 samples was 1.55μm (+0.07). ANOVA revealed no 

significant differences in mean sarcomere length between each day of post-mortem, indicating 
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that there was no significant lengthening of the sarcomere during post-mortem storage of the 

conventional hanging samples. It was reported that muscle shortening has been observed for 

bovine LD-muscle, after 2 days of post-mortem (O'Halloran et al., 1997).  

When carcasses are cooled quickly after slaughtering, they have the potential to be affected by 

cold-shortening (Savell et al., 2005), (section 2.4.3.3 Cold shortening). Shortened muscle 

fibrils were observed during a rapid decline in muscle temperature to less than 10˚C before 

the onset phase of rigor mortis (Marsh & Leet, 1966). It has been reported that the sarcomere 

length of ovine LTL was shortened at 24 hours, as the temperature fell below 10˚C, while the 

pH was still above 6.15 (Wheeler & Koohmaraie, 1994). At 6 hours post-mortem, the 

temperature had fallen to 14.28˚C (±0.6), but the pH was still 6.21 (±0.04). However, the 

sarcomere length of Day-1 samples was similar to the samples not affected by cold-

shortening, 1.69µm (Wheeler & Koohmaraie, 1994), indicating that the carcasses in this 

experiment were not affected by cold-shortening. 

Noteworthy, muscle samples were collected from certain positions on each day (Figure 4.4). 

The tension of muscle stretching may differ for each position. 

 

 

4.4.3 Tenderness 

Sarcomeres shorten during rigor mortis development, and normally 24 hours post-mortem 

meat has a higher shear force (kg) than pre-rigor meat. It has been reported by Wheeler and 

Koohmaraie that the shear force, determined by Warner-Bratzler shear force protocols, 

required for ovine LTL at 0-hour post-mortem was 5.07kg, and increased to 8.66kg at 24 

hours (Wheeler & Koohmaraie, 1994). Another study determined the shear force by the 

Warner-Bratzler shear force protocols and it required 7.31kg at 24 hours post-mortem for 

ovine LTL (Koohmaraie et al., 1991), a result similar to the Day-1 conventional hanging 

samples, 7.31kg (±0.22), determined with a MIRINZ tenderometer in this study. However, 

due to different methodology, this similarity may be purely coincidence. 

Comparing the two different hanging methods, the bar-hanging samples required a lower 

shear force than the conventional hanging samples at all 7 days post-mortem. This was most 

obvious Day-1 post-mortem, where the bar-hanging samples required a significantly lower 

shear force than the conventional hanging samples (p<0.001). Many reports have found a 
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correlation between pre-rigor muscle stretching and meat tenderness (Bouton, Harris, 

Shorthose, & Smith, 1974; Herring et al., 1965; Hostetler et al., 1972; Locker, 1960; Wheeler 

& Koohmaraie, 1994). Pre-rigor muscle stretching elongates sarcomeres (Wheeler & 

Koohmaraie, 1994), and longer sarcomere length has a positive correlation with tenderness 

(Bouton et al., 1974; Locker, 1960). Different hanging methods, such as hanging at the pelvis, 

increased sarcomere length and tenderness of some cuts of beef (Herring et al., 1965; 

Hostetler et al., 1972). Elongation of the sarcomeres leads to a reduction in muscle fibre 

density, which reduces the shear force (Herring et al., 1965). Since bar-hanging successfully 

elongated sarcomeres, it was expected that the bar-hanging samples would require a lower 

shear force than the conventional samples.  

In general, conditioning meat by storing carcasses at refrigerated temperatures improved meat 

tenderness (Dransfield, Jones, & MacFie, 1981), and as post-mortem storage time increased, 

shear force values decreased for beef, lamb and pork (Koohmaraie et al., 1991). It has also 

been reported that ovine LTL showed a large decline in the shear force required, from 7.31kg 

at day-1 to 3.86kg at day-7 and 3.21kg at day-14 (Koohmaraie et al., 1991). Post-mortem 

tenderisation is mainly caused by the activities of proteolytic enzymes which degrade key 

myofibrillar and cytoskeletal proteins to loosen structural integrity of muscle (section 2.5 

Involvement of calpains in meat quality). 

In this research, bar-hanging and conventional hanging samples also showed declines of shear 

force during 7 days of storage, to about half the immediate post-rigor values, from 6.12kg to 

3.39kg for bar-hanging, and from 7.31kg to 3.72kg for conventional hanging. Especially up to 

Day-3 post-mortem, the decline of shear force was significant for both bar-hanging and 

conventional hanging samples. This is in agreement with other findings that ovine LTL shear 

force declined rapidly during 3 days post-mortem (Wheeler & Koohmaraie, 1994). However, 

the differences of shear force required between the two hanging methods at Day-3 and 7 were 

much smaller (p<0.05) than the difference between the Day-1 samples (p<0.001). This 

indicated that the pre-rigor muscle stretching greatly improved the initial tenderness at onset 

of rigor mortis.  

 

4.4.4 Titin degradation 

The influence of pre-rigor stretching on muscle proteins was confirmed by the degradation of 

two myofibrillar proteins, titin and nebulin. A nebulin band was observed on gels of pre-rigor 
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samples (Day-0) from both hanging methods. At Day-1, this band was still observed for the 

conventional samples, but not the bar-hanging samples, indicating that pre-rigor stretching 

has increased nebulin degradation. The nebulin band was not apparent 3 days post-mortem 

from either hanging method, which agrees with research that showed complete degradation of 

nebulin after 48 hours post-mortem storage of bovine psoas major muscle (Fritz & Greaser, 

1991). Another study also reported the rapid degradation of nebulin of ovine LTL within 3 

days post-mortem (Ilian, Bickerstaffe, et al., 2004).  

Titin was observed in its intact form (T1) and its fragmented form (T2). Gel electrophoresis 

and Western blotting showed degradation of T1 during post-mortem storage and increased T2 

Day-1 post-mortem. The T2 bands then decreased 3 days post-mortem. This agrees with the 

analysis of the proteolytic changes in titin during post-mortem storage of ovine LTL in other 

studies, which reported that the degradation of T1 corresponded to an increase in the T2 band 

(Ilian, Bickerstaffe, et al., 2004). This result is also similar to an analysis of bovine LTL, 

which showed increased T2 band Day-1 post-mortem (Lusby, Ridpath, Parrish, & Robson, 

1983). The increase in T2 bands at Day-1 and decrease after Day-3 post-mortem also agreed 

with a study of titin degradation in ovine LTL, which reported the increasing of T2 band at 

Day-1 and decreasing after 3 days post-mortem (Ilian, Bickerstaffe, et al., 2004).  

Comparing the two different hanging methods, the bar-hanging samples showed more T1 

degradation than the conventional hanging samples at Day 3 and 7. Increased T2 at Day-1 

was observed for both hanging methods. However, the decrease of T2 after 3 days post-

mortem was greater for the bar-hanging samples than the conventional hanging samples, and 

this difference is significant. Because the bar-hanging treatment resulted in longer sarcomeres 

in LTL than did conventional hanging, the titin was also stretched and some of its domains 

may have changed conformation, which might cause calpain 3 activation (Garvey et al., 2002; 

Kramerova et al., 2007). It was reported that the decline in the level of T1 and nebulin during 

post-mortem storage paralleled the decline in the fluorescent staining intensity of calpain 3 at 

the Z- and M-lines of sarcomere, which indicated that calpain 3 was responsible for titin and 

nebulin breakdown during post-mortem storage (Ilian, Bickerstaffe, et al., 2004).  

Pre-rigor muscle stretching greatly improved initial tenderness at onset of rigor mortis. 

However, the higher titin degradation in the bar-hanging samples, than in conventional 

hanging samples, was not responsible for this, because the Day-1 post-mortem samples 

showed no difference between the two hanging methods. Titin degradation enhanced by 
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stretching was observed in the Day-3 and 7 bar-hanging samples, indicating that a higher titin 

degradation may be involved with the proteolytic activity during post-mortem tenderisation. 

 

4.4.5 Calpains 1 and 2 

Tenderisation of meat during post-mortem storage is a consequence of enzymatic proteolysis 

which degrades myofibrillar proteins in skeletal muscle (Boyer-Berri & Greaser, 1998; 

Koohmaraie, 1994). Calpain proteolytic activity has important roles in post-mortem 

tenderisation (Olson et al., 1977). For these reasons, Western blotting and casein zymography 

were performed to determine calpains 1 and 2 activities during 7 days of post-mortem storage.  

Calpain 1 activity was observed for pre-rigor sample (Day-0) by casein zymography, but only 

a small amount of activity was observed at Day-1 with very weak bands. Calpain 1 activity 

was lost after Day-3. This agrees with reported changes in calpain 1 during post-mortem 

storage of bovine muscle (Boehm et al., 1998), which showed a rapid decrease of calpain 1 

activity. At 24 hours post-mortem, calpain 1 activity was only 20% of its at pre-rigor activity 

and was reduced to less than 4% after 7 days of storage (Boehm et al., 1998). This loss of 

calpain 1 activities during post-mortem storage has been shown to be caused by autolysis 

(Ducastaing, Valin, Schollmeyer, & Cross, 1985; Koohmaraie, Crouse, & Mersmann, 1989). 

On Western blotting, the samples showed calpain 1 bands around 80kDa, and also showed 

strong bands around 40kDa. Several studies have characterised calpain 1 autolysis during 

post-mortem storage. It was reported that the calpain 1 large subunit was initially autolysed 

from 80kDa to 78 and 76kDa (Boehm et al., 1998). Complete conversion to 76kDa was 

observed after 7 days of storage (Boehm et al., 1998; Ilian, Bekhit, Stevenson, et al., 2004). 

Further degradation of the 76kDa autolysed form of calpain 1 generated a 36kDa polypeptide 

which lost its proteolytic activity (Cong, Goll, Peterson, & Kapprell, 1989). It was also 

reported that autolysis of the calpain 1 large subunit generates several different molecular 

sizes, including one of 40kDa (Koohmaraie, 1992a) and the band around 40kDa is probably 

an autolysed form of the calpain 1 large subunit.  

Although dominant bands were observed in Western blotting around 40kDa, the bands around 

80kDa were still observed through 7 days post-mortem. Numerous studies have shown that 

the 76kDa autolysed form of calpain 1 has the same specific proteolytic activity as the 80kDa 

intact form, but it requires lower Ca2+ concentrations for half-maximal proteolytic activity 

than does the 80kDa intact form (Boehm et al., 1998; Cong et al., 1989; Edmunds, Nagainis, 
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Sathe, Thompson, & Goll, 1991). However, the calpain 1 proteolytic activity as measured by 

casein zymography, rapidly decreased over 24 hours and not observable after 3 days post-

mortem. Others reported a rapid decrease of calpain 1 activity during post-mortem storage 

(Boehm et al., 1998). It has been reported that instability of the autolysed form of calpain 1 in 

meat is a major cause for the rapid decline of calpain 1 activity during post-mortem storage 

(Geesink & Koohmaraie, 1999; Geesink & Koohmaraie, 2000). Another report suggested that 

an association of the 76kDa large subunit with the 28kDa small subunit (76/28kDa) is 

proteolytically inactive, while one with 18kDa small subunit (76/18kDa) remains active 

(Camou, Marchello, Thompson, Mares, & Goll, 2007). Although considerable evidence 

supports the important role of calpains in post-mortem tenderisation (Koohmaraie, 1992c; 

Ouali, 1992), the exact mechanism of calpain function during post-mortem storage is still 

unclear. 

Comparing the two different hanging methods, there were no significant differences within 

the loss of proteolytic activity or autolysis to 40kDa, thus no evidence that pre-rigor muscle 

stretching had an influence on calpain 1.  

Intact calpain 2 was also observed as bands around 80kDa, but autolysed forms were not. 

While calpain 1 showed a rapid decrease of activity, calpain 2 proteolytic activity changed 

only slightly during 7 days of post-mortem storage. This extractable activity of calpain 2 

during post-mortem storage has already reported by Koohmaraie et al (Koohmaraie et al., 

1987). It has also been reported that approximately 83% of activity at pre-rigor remains after 

24 hours, and approximately 63% of activity still remains after 7 days of storage (Boehm et 

al., 1998). This is in agreement with the Western blotting results of calpain 2 which did not 

show bands of autolysed forms, and the casein zymography showed remain activity on 7 days 

post-mortem. There were no significant differences between bar-hanging and conventional 

hanging samples, indicating the different hanging methods did not affect calpain 2. 

Overall, the pre-rigor muscle stretching had no significant influence on calpains 1 and 2 

proteolytic activity. 

 

4.4.6 Calpain 3 

The influence of pre-rigor muscle stretching on calpain 3 was analysed by Western blotting. 

The tested hypothesis was that pre-rigor stretching would cause a conformational change in 
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titin and disrupt calpain 3/titin interactions, which may enhance meat tenderness by its 

proteolytic activity.  

Autolysis of calpain 3 has been well documented by Kinbara et al using a recombinant 

inactive calpain 3 expressed in COS cells in which the active site cysteine residue was 

changed to a serine (Kinbara, Ishiura, et al., 1998). Cleavage sites for 60, 58 and 55kDa 

fragments are located within the IS1 region. The active site of calpain 3 is located in domain 

II (Sorimachi et al., 1989), and IS1 is located within the catalytic triad (Chapter 2.3 Calpain 

3). Therefore, autolysed fragments were expected to possess no proteolytic activity. It was 

also reported that the 55kDa fragment did not degrade further, even after a long period of 

incubation, for instance 12 hours at 30˚C (Kinbara, Ishiura, et al., 1998). 

Since the autolysed form of calpain 3 is inactive, the autolysis of calpain 3 is regarded as a 

degradative step rather than activation of the enzyme. Mutations in the autolysis sites were 

reported in limb girdle muscular dystrophy type 2A patients (Beckmann et al., 1996) and also 

autolysis sites were located in catalytic domain II (Kinbara, Ishiura, et al., 1998), indicating 

that autolysis of calpain 3 had an important role in its protein function. Moreover, it has been 

reported that the kinetics of autolysis of calpain 3 significantly correlated with the kinetics of 

meat tenderisation of ovine LTL during post-mortem storage and nebulin proteolysis (Ilian, 

Bekhit, & Bickerstaffe, 2004). Therefore, autolysis of calpain 3 could be considered as a 

preliminary indication of proteolytic activity in meat during post-mortem storage. 

In this study, the autolysis of calpain 3 was characterised by a gradual decrease in 

concentration of intact calpain 3 at 94kDa, corresponding to a gradual increase in the 

autolysed fragment of calpain 3 at 60kDa. Similar characteristics were observed in porcine 

LD-muscle during the first 24 hours post-mortem storage (Parr et al., 1999). That study 

revealed an exponential decline of intact calpain 3 at 94kDa. The decrease in the band density 

of intact calpain 3 observed in both myofibrillar and sarcoplasmic fractions of ovine LD-

muscle 24 hours post-mortem corresponded to increases of autolysed fragments of calpain 3 

in the myofibrillar fraction but not the sarcoplasmic fraction (Ilian, Morton, Bekhit, et al., 

2001). It was concluded that the autolysed fragments were stable in the myofibrillar fraction 

due to its interaction with titin (Sorimachi et al., 1995), but not in the sarcoplasmic fraction 

where it was degraded further. Thus, calpain 3 autolysis was observed in skeletal muscle 

during post-mortem storage, as a decrease in the intact form at 94kDa, and as a corresponding 

increase of autolysed fragments. 
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Comparing the two different hanging methods, both identified the calpain 3 autolysis by a 

decrease of the intact form corresponding to an increase of the autolysed form. ANOVA did 

not support the difference in level of autolysis between two hanging methods.  

At 3 and 7 days post-mortem, the intact form of calpain 3 was more reduced and the autolysed 

form increased more in bar-hanging than conventional hanging samples. This trend 

corresponded to titin (T1) degradation, where a greater degradation of T1, was observed in the 

bar-hanging samples at Day 3 and 7. This result supported that the conformation change in 

titin by physical stretching triggered the calpain 3 autolysis by disruption of calpain 3/titin 

interaction. 

The trend of slightly higher calpain 3 autolysis also corresponded to the tenderness changes at 

Day-3 and 7. The bar hanging samples constantly required a lower shear force than the 

conventional samples during 7 days post-mortem, although the difference within the required 

shear force was much greater at Day-1 and the differences kept reducing after Day-3. It has 

been reported that the rate of calpain 3 breakdown and meat tenderisation during post-mortem 

storage of ovine LTL were highly correlated (Ilian, Bekhit, Stevenson, et al., 2004). The small 

differences of calpain 3 autolysis level and the reduced differences after Day-3 post-mortem 

tenderisation suggested that the muscle stretching slightly enhanced calpain 3 proteolytic 

activity and may cause meat tenderization during post-mortem storage.  

While a small trend of enhanced calpain 3 autolysis was observed in the bar-hanging samples, 

pre-rigor muscle stretching had no effect on calpains 1 and 2. There were no differences in the 

amount of calpains and activities between the bar-hanging and the conventional hanging 

samples, indicating that the calpains 1 and 2 are not responsible for the slightly higher 

tenderness in the bar-hanging samples during post-mortem storage.  

 

4.5 Conclusion 

The bar-hanging method successfully elongated sarcomeres of LTL, and resulted in a higher 

level of tenderness than the conventional hanging at the onset of rigor mortis development. 

The muscle stretching had no effect on calpains 1 and 2 during post-mortem storage. The 

higher titin degradation observed in the stretched muscle late post-mortem and a trend of 

slightly higher calpain 3 autolysis in the stretched muscle suggested the influence of the 

stretch and titin degradation on calpain 3 autolysis. These results suggest the possibility that 
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muscle stretching slightly enhanced calpain 3 proteolytic activity by disruption of calpain 

3/titin interaction, and caused increased meat tenderization during post-mortem storage. 
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5  

Calpain 3 mRNA sequence 

5.1 Introduction 

Single nucleotide polymorphisms of the ovine calpain 3 have been identified within exon-10 

(Zhou et al., 2007) and a possible correlation between specific allele variants and the yield of 

fat trimmed meat cuts has been reported from the analysis of 152 carcasses weighing between 

16-19kg from lambs aged 10-12 months (Bickerstaffe et al., 2008). Carcasses were boned out 

30 hours post-slaughter and cut into three standard primal cuts; legs, full loins, and 

forequarters. Seven sub-primal retail cuts were obtained from these primal cuts and product 

yield data were analysed to determine any correlation to the presence or absence of the three 

alleles (A, B, and C) identified in calpain 3 exon-10. Bickerstaffe et al. (2008) reported that 

the presence of specific alleles correlated to the yields of two sub-primal retail cuts being : 

part boned legs and foreshanks. When the weights of each cut were compared, genotypes 

containing the A-allele (AA, AB and AC-genotype) had 2.5% greater leg weight and 3.2% 

greater foreshank weight compared with the other genotypes (BB, CC and BC). The 

genotypes containing C-alleles (CC, AC and BC-genotype) had an increase of 1.8% of leg 

weight. The presence of a B-allele did not show any significant link to the product yield. 

Although these correlations between specific allele variants within calpain 3 exon-10 and the 

yield of fat trimmed meat cuts were reported, no information was given as to how genetic 

variation could influence muscle size. 

The alleles (A, B, and C) were identified within calpain 3 exon-10 by single-strand 

conformational polymorphism (SSCP) gel electrophoresis. Sequencing of calpain 3 exon-10 

mRNA confirmed that these alleles within exon-10 are silent polymorphisms, meaning they 

made no difference to the amino acid sequence coded for. However, these silent 

polymorphisms within the exon-10 may be linked to other polymorphisms which could be 

responsible for differences in the meat yield. Therefore, the full-length ovine calpain 3 mRNA 

sequences of all exon-10 alleles were analysed to identify any other polymorphisms on 

calpain 3 mRNA that may be linked with the polymorphisms within exon-10. Although an 

ovine calpain 3 mRNA sequence had been registered in GenBank as AF087570, no mention 

had been made of any exon-10 polymorphisms.  
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5.2 Methods 

 

5.2.1 Genomic DNA extraction 

Genomic DNA was extracted from blood spots dried onto filter paper, using the NaOH 

method (Zhou, Hickford, & Fang, 2006). Blood was obtained from sheep by pinching a small 

area of their ears using a wire cutter and collected on 4.5x7cm filter paper (3MM Whatman). 

A droplet of blood was absorbed until it showed on the other side of the filter paper. These 

blood spots were approximately 2cm in diameter. Sheep numbers were written onto these 

blood samples on filter paper, then folded in paper files and stored at room temperature. 

Genomic DNA was extracted from these blood samples on filter paper within a week, or from 

blood samples on Whatman FTA cards (GE Healthcare Life Sciences, Uppsala Sweden) 

stored for up to 1 year at room temperature. 

Triplicate 1.2mm diameter disks were punched from each dried blood spot using a Harris 

Micro-Punch 1.20mm (Sigma-Aldrich, St Louis MO USA). Each disk was transferred into a 

0.2ml micro-centrifuge tube, 200µl of 20mM NaOH added and it was incubated for 1 hour, at 

room temperature for filter paper that had been stored up to a week, or at 50˚C for older blood 

spots on FTA cards. The tubes were inverted occasionally during incubation. After 

incubation, the NaOH solution was discarded, the disks were washed with 200µl of a buffer 

of 10mM Tris-HCl and 0.1mM EDTA, pH 8.0 for 2~5 min, the buffer was removed, the disks 

air dried in a fume cupboard and kept at 4˚C prior to PCR amplification. 

 

5.2.2 PCR amplification of calpain 3 exon-10 

Genomic DNA extracted from dried blood spots on filter paper or FTA cards was used as the 

template to amplify calpain 3 exon-10 sequences using published primers (Zhou et al., 2007). 

The forward primer, 5’-CTCTCAGGATGTCCTACG -3’ (F01), and the reverse primer, 5’-

CTGGGAAGTTGCGGCAG-3’ (F02), were designed from the ovine calpain 3 mRNA 

sequence (GenBank AF087570) and the human calpain 3 sequence (GenBank AY902237). 

Amplifications were performed in a 20µl reaction containing 1µl of 2.5mM dNTP, 0.5µl of 

forward primer (F01, 5µM), 0.5µl of reverse primer (F02, 5µM), 2µl of 10x PCR buffer, 4µl 

of 5x Q-solution, 0.8µl of 25mM MgCl2, 0.2µl of 5units/µl Taq DNA polymerase (Taq DNA 

polymerase kit, Qiagen, Hilden Germany), 10µl of sterile dH2O and genomic DNA on the 

1.2mm disks of filter paper or FTA cards as described above. The reagent mixture was 
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prepared as a bulk solution, and 19µl aliquoted to each tube. Tubes were placed in a thermal 

cycler (i-cycler, BioRad) and heated to 94˚C for 10 min. Cycles of denaturation at 94˚C for 

30sec, annealing at 55˚C for 30sec, and extension at 72˚C for 1 min were repeated 35 times. 

The reaction was completed at 72˚C for 10 min and at 20˚C for 1 min. PCR amplicons were 

stored at 4˚C up to a week or at -20˚C for longer.  

Amplicon quality was confirmed by gel electrophoresis on 1.2% agarose gels, prepared from 

0.96g of agarose with 80ml of TBE buffer (90mM Tris, 90mM orthoboric acid, 2.5mM 

EDTA), and 0.0005% (v/v) ethidium bromide. A 10µl aliquot of sample was mixed with a 

droplet of loading dye containing 0.01% xylene cyanol, 0.01% bromophenol blue and 50% 

sucrose, and loaded onto the gels. A DNA size marker (1kb plus DNA ladder, Invitrogen) was 

also loaded. The tank was filled with TBE buffer containing ethidium bromide, and 

electrophoresis was performed at 90V for 1 hour. After electrophoresis, gels were placed into 

a GelDoc trans-illuminator (BioRad) to visualise bands and confirm PCR amplicon quality.  

 

5.2.3 SSCP gel electrophoresis 

Consistency in gel preparations and running conditions are critical for SSCP analysis. 14% 

polyacrylamide gels containing 8.75ml of 40% polyacrylamide solution (BioRad), 1.25ml of 

10x concentrated TBE buffer used for previous agarose gel electrophoresis (900mM Tris, 

900mM orthoboric acid, 25mM EDTA), 0.15ml of 10% (w/v) ammonium persulfate (APS), 

and 0.015ml of tetramethylethylenediamine (TEMED) were made up to 25ml volumes with 

dH2O. Gels were 16x20cm with 25 wells. After the gels set, they were placed into an 

electrophoresis apparatus (PROTEAN II xi, BioRad) in a cold room and filled with 5x 

concentrated TBE buffer (450mM Tris, 450mM orthoboric acid, 17.5mM EDTA) as running 

buffer. 

Previously prepared calpain 3 exon-10 PCR amplicons were loaded onto the gels. Each 

amplicon was mixed with 100µl of loading dye containing 98% (v/v) formamide, 10mM 

EDTA, 0.025% (w/v) bromophenol blue and 0.025% (w/v) xylene cyanol. After denaturation 

to form single stranded DNA at 95˚C for 5 min, samples were cooled on wet ice and 7.5µl 

aliquots immediately loaded onto the gel as the single stranded DNA is not stable. 

Electrophoresis was performed at 300v for 18h followed by silver-staining (Sanguinetti, Dias 

Neto, & Simpson, 1994) using an automated gel stainer (Hoefer, MA USA). Staining 

solutions (0.2% (v/v) silver nitrate, 10% (v/v) ethanol and 0.5% (v/v) acetic acid), 

 100 



development solutions (3.0% (w/v) NaOH and 0.1% (v/v) formaldehyde), and fixing solutions 

(10% (v/v) ethanol and 0.5% (v/v) acetic acid) were prepared for staining. The staining 

protocol used silver nitrate was staining for 10 min, dH2O washing for 2 min, development 

for 10 min or until bands became visible, fixing for 3 min and final immersion in dH2O. 

Because the gels tend to expand in water, they were immediately taken from dH2O and the 

band pattern on the gel was scanned. They were dried between cellophane sheets using a 

Gelair-drying frame (BioRad). 

 

5.2.4 Muscle sample collection 

After the genotypes were identified by SSCP gel electrophoresis, homozygote animals (AA, 

BB and CC-genotypes) were selected and brought to the slaughtering facility at the Johnstone 

Memorial Lab, Lincoln University. Sheep were slaughtered by captive-bolt stunning on the 

forehead, exsanguinated and dressed. Carcasses were hung from the Achilles tendons, and 

heads, hides and guts were removed. Muscle samples were collected from longissimus 

thoracis et lumborum (LTL), Gracilis (G), Semimembranosus (SM), and Semitendinosus (ST) 

(Figure 5.1). LTL is also called the French rack and the samples were taken from the 12~13th 

ribs. Gracilis (G), Semimembranosus (SM), and Semitendinosus (ST) are muscles within the 

hind leg. 
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Figure 5.1 A diagram of an ovine carcass 
The medial view of an ovine carcass, indicating position of longissimus thoracis et 
lumborum (LTL), Gracilis (G), Semimembranosus (SM), and Semitendinosus (ST) 
muscles. 

 

These skeletal muscle samples were used for gene sequencing, Western blotting and real time 

PCR (RT-PCR). Total RNA for gene sequencing and RT-PCR. As RNA is not stable and 

easily degraded, muscle samples had to be frozen immediately in liquid nitrogen after 

slaughtering and kept at -80˚C. Approximately 2.5x5x5cm muscle samples were collected and 

cut into 2.5x2.5x2.5cm cubes. These were wrapped in aluminium foil, snap-frozen by 

immersion in liquid nitrogen and kept at -80˚C at least overnight prior to grinding.  

All the equipment for grinding including the mortar, pestle, scalpel, and tweezers were frozen 

with dry ice and kept in the cold room where grinding was performed. The frozen skeletal 

muscle samples were first shaved with a scalpel and then ground with a mortar and pestle, 

while being kept frozen with liquid nitrogen. The ground frozen muscle samples were stored 

in tubes at -80˚C until required. 
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5.2.5 RNA extraction from skeletal muscle 

To avoid inadvertently introducing ribonucleases during or after the purification procedure, 

microbiological aseptic techniques were followed and solutions were treated with 

diethylpyrocarbonate (DEPC) to be ribonuclease free. DEPC treated water was prepared from 

0.1% DEPC in dH2O incubated at room temperature overnight, and then autoclaved.  

Total RNA was extracted from ground frozen muscle samples using RNeasy mini kits 

(Qiagen). However, RNA extraction from the skeletal muscle can be difficult, because of the 

abundance of contractile proteins, connective tissue, and collagen. Sample disruption was 

therefore enhanced by proteinase-K digestion (Hood & Simoneau, 1989). Less than 30mg 

samples of ground frozen muscle were placed into 1.7ml microtubes, and 300µl of the kit 

lysis buffer (Buffer RLT) containing 1% of 2-mercaptoethanol was added. This highly 

denaturing guanidine isothiocyanate-containing buffer immediately inactivates endogenous 

ribonucleases to ensure the isolation of intact RNA. The sample lysates were homogenised by 

passing through a 20-gauge (0.9mm) needle attached to a sterile plastic syringe at least 10 

times, until lysates become homogeneous. After homogenisation, 590µl of dH2O and 10µl of 

proteinase-K (20mg/ml, Qiagen) was added to the sample lysates, the tubes incubated at 55˚C 

for 20 min with occasional inverting followed by centrifugation at10,000rpm (9280g) for 3 

min (Eppendorf centrifuge 5415R with F-45-24-11 rotor), and 900µl of the supernatant 

transferred to new tubes. Half a volume of 98% ethanol was added to each tube, and mixed 

well with pipetting to ensure binding of the total RNA to the membrane within the RNeasy 

mini column. Samples were transferred to RNeasy mini columns in the kit and centrifuged at 

10,000rpm (9280g) for 15 sec to bind the RNA to the membrane in the columns. 

Contaminants were eluted with the kit buffers, 700µl of Buffer RW1 and twice with 500µl of 

Buffer RPE. The columns were placed into new collecting tubes, and RNA was eluted with 

50µl of DEPC treated water. Traces of DNA were removed from extracted RNA by the 

addition of 2µl of DNase-1(Boehringer Ingelheim, Ingelheim Germany) and 1 hour 

incubation at room temperature. The quality of extracted RNA was confirmed by 1.2% 

agarose gel electrophoresis with 5µl samples loaded. Electrophoresis was run at 90V for 1 

hour in TBE buffer containing ethidium bromide. Good quality RNA showed 2 clear 

ribosomal RNA bands on gels. RNA samples were stored at -80˚C. 
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5.2.6 cDNA synthesis 

Copy DNA (cDNA) synthesised from the total RNA extracted from muscle samples was used 

as template for calpain 3 PCR for sequencing. To each 0.2ml micro tube, 5µl of RNA extract, 

1µl of random primers (oligo-dT 12~18 Invitrogen), 1µl of deoxyribonucleotide triphosphate 

(dNTP) mix, and 6µl of dH2O were added. The tubes were heated at 65˚C for 5 min in a 

thermal cycler (i-Cycler, BioRad) and cooled on ice for 1 min. The reactions were sedimented 

by centrifugation, and 4µl of buffer, 1µl of reducing agent, 1µl of ribonuclease inhibitor 

(RNaseOUT, Invitrogen), and 1µl of SuperScript III Reverse Transcriptase (Invitrogen) added 

to the tubes. The buffer was 5x first-strand buffer (250 mM Tris-HCl, 375 mM KCl, 15 mM 

MgCl2, pH8.3), and the reducing agent was 0.1M dithiothreitol (DTT) supplied with 

SuperScript III Reverse Transcriptase (Invitrogen). Reactions were performed in a thermal 

cycler (i-cycler BioRad), at 50˚C for 45 min followed by 70˚C for 15 min. Synthesised cDNA 

was stored at -20˚C until required for PCR analysis. 

 

5.2.7 Primer design 

Primers were designed based on the ovine calpain 3 mRNA sequence (GenBank AF087570). 

The suitability of primers was determined using the basic local alignment search tool 

(BLAST) and DNAMAN to check the GC content, denaturing temperature, self-

complementary and complementary primer binding possibilities. The primer concentrations 

were adjusted to 5µM.  

 

5.2.8 PCR amplification of calpain 3 

The entire calpain 3 sequences were amplified from cDNA of RNA extracted from muscle 

samples, using a variety of primers. The procedure was same as PCR for calpain 3 exon-10, 

and the quality of amplicons was confirmed by a 1.2% agarose gel electrophoresis.  

 

5.2.9 DNA purification and sample preparation for sequencing 

PCR amplicons were purified by agarose gel electrophoresis followed by DNA gel extraction. 

Amplicons were loaded onto 1.2% agarose gels with loading dye, and run at 90V for 1 hour 

with TBE buffer containing ethidium bromide as running buffer. After the bands were 
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checked with a GelDoc trans-illuminator (BioRad), the gels were placed on a UV-light box, 

and the bands of target PCR amplicons cut out and collected into pre-weighed 2.0ml tubes. 

DNA was extracted from the agarose gel pieces using Minielute gel extraction kits (Qiagen). 

Three volumes of the kit buffer-QG was added to tubes containing the pieces of gel. These 

tubes were incubated at 50˚C for 10 min with vortexing every 2 min. Equal volumes of 

isopropanol were added to the tubes and mixed, the sample transferred to Minielute columns 

and centrifuged at 10,000rpm (9280g) for 1 min. After the filtrates were discarded, 500µl of 

the buffer-QG was added and the columns centrifuged again, filtrates discarded, and the 

columns washed twice with 750µl of the kit buffer-PE followed by centrifugation. The 

columns were then placed into new collecting tubes, and 15µl of the kit buffer-EB added to 

elute the DNA. After a 1 min incubation at room temperature, eluted DNA was collected by 

centrifugation at 10,000rpm (9280g) for 1 min and purities checked by 1.2% agarose gel 

electrophoresis. Purified DNA samples showed clear bands at the expected sizes. 

Purified DNA samples were placed into 0.2ml micro tubes at an adequate concentration 

(2ng/100bp/15µl), determined using a NanoDrop (Thermo Scientific). Samples were mixed 

with a primer, and made up to a final volume of 15µl. PCR products were sequenced by the 

Allan Wilson Centre Genome Service (AWCGS) at Massey University in Palmerston North. 

Some samples were affected by factors such as DNA purity, DNA concentration and the 

binding ability of primers leading to weak or noisy signals and yielded no usable sequence 

data. PCR and DNA purifications were repeated until sufficient data were collected. 

Sequences were interpreted using GeneDoc (http://genedoc.software.informer.com) and 

Chromas Lite (Technelysium) to locate positions within the ovine calpain 3 sequence 

(AF087570).  

 

5.3 Results 

 

5.3.1 Amplification of calpain 3 exon-10 from genomic DNA 

PCR was performed across calpain 3 exon-10 to identify allelic variants by SSCP analysis. 

Exon-10 sequences were amplified from genomic DNA extracted from dried blood spots on 

filter paper, or FTA cards. The positions of primers used (F01 and F02) (Zhou et al., 2007) 

were established using GeneDoc. F01 was 1238~1255bp and F02 was 1385~1402bp using the 

numbers from the registered ovine calpain 3 mRNA sequence (AF087570). Reliability of 
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amplification using these primers was confirmed by agarose gel electrophoresis. The expected 

size of the calpain 3 exon-10 PCR amplicons was 164bp and the PCR amplicons showed one 

clear band at around 170bp (Figure 5.2). These results were identical using genomic DNA 

templates extracted from blood samples on filter paper or FTA cards. 

 

 

Figure 5.2 Agarose gel electrophoresis of calpain 3 exon-10 PCR amplicons. 
PCR was performed on three DNA samples extracted from blood spots on the filter paper, 
and calpain 3 exon-10 sequences were amplified (Sample 1, 2 and 3). The expected bp 
size of amplicons is 164bp. On 1.2% agarose gel, three samples and DNA ladder were 
loaded, and the black arrows indicate the positions of 200bp and 100bp standards. 

 

 

5.3.2 SSCP gel electrophoresis 

Specific SSCP band patterns for genotypes (Figure 5.3) were identified by comparison to the 

banding pattern of control samples with known genotypes, AA, AB and AC. Homozygous 

(AA, BB and CC) samples showed two strong bands. Heterozygote (AB, AC and BC) showed 

three or four strong bands, corresponding to mixtures of the banding patterns of the two 

alleles. Homozygous animals (AA, BB and CC) were selected for muscle sampling after 

identifying genotypes.  
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Figure 5.3 SSCP banding patterns for 6 genotypes. 
Images summarise the band patterns of calpain 3 exon-10 amplicons derived from six 
genotypes (AA, BB, CC, AB, AC and BC). Samples were loaded onto 14% 
polyacrylamide gels, and electrophoresis was performed at 300v for 18h in a cold room 
followed by silver-staining. 

 

Genotypes of muscle samples from 19 randomly selected one year old Coopworth lambs were 

determined by SSCP. Results are summarised in Table 5.1, and 9 AA homozygous animals 

were identified, but no BB or CC animals.  

 

Table 5.1 Genotypes identified from 19 muscle samples. 
Calpain 3 exon-10 PCR amplicons were prepared from cDNA derived from RNA 
extracted from each muscle sample from 19 randomly selected lambs. % of genotypes of 
each allele are shown. 

 

 

 

Blood samples were collected from another 44 one year old Coopworth lambs, and genomic 

DNA was extracted and analysed by SSCP. No CC homozygous animals were found in this 

flock, but two BB homozygous ewe lambs were identified, as well as 19 AA homozygous 

lambs (Table 5.2). These two BB homozygous and another two AA homozygous ewe lambs 

were selected for muscle sampling.  

 107 



 

Table 5.2 Genotypes identified from 44 lambs. 
Calpain 3 exon-10 PCR amplicons were prepared from genomic DNA extracted from 
blood samples from 44 lambs. % of genotypes of each allele are shown. 

 

 

 

 

Because of the low frequency of C-alleles, it was difficult to find CC homozygous sheep 

randomly. Therefore blood samples on FTA cards from a farm with a history of CC-genotype 

sheep were analysed. These samples were provided by Dr. Zhou at Lincoln University. Blood 

samples of rams from the farm were processed and their genotypes were identified. One out 

of the 13 rams was identified as a CC-genotype (Table 5.3). Blood samples were collected 

from this ram’s offspring, 43 one year old ewe lambs, and analysed by SSCP to identify 

genotypes. This screening identified six ewe lambs with CC-genotype, along with two BC-

genotype and 35 AC-genotype ewe lambs. Two of the CC homozygous ewe lambs were 

purchased, and sacrificed for muscle samples.  

 

 

Table 5.3 Genotypes identified from 13 rams from the particular farm. 
Genomic DNA was extracted from blood samples on FTA cards of 13 ram from the farm 
with a history of CC-genotype sheep. Calpain 3 exon-10 PCR amplicons were prepared 
from these genomic DNA and genotypes were identified by SSCP. % of genotypes of 
each allele are shown. 
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5.3.3 RNA extraction from skeletal muscle 

No RNA was found after initial attempted extractions from muscle tissue using the general 

tissue protocol provided with the RNeasy mini kits (Qiagen). Therefore the sample disruption 

and cell lysis were enhanced by the addition of a proteinase-K digestion step. Yields of 

extracted RNA were improved by increasing the proteinase-K incubation times from 10 min 

to 20 min. However, when the quality of extracted RNA was tested on agarose gels, traces of 

DNA were detected (result is not shown). These were removed by DNase-1 treatment. 

Subsequently two clear ribosomal RNA bands were observed in agarose gels, indicating high 

integrity RNA extraction (Figure 5.4).  

 

 

Figure 5.4 Agarose gel electrophoresis of RNA extracted from skeletal muscles. 
The typical appearance of total RNA extracts after 1.2% agarose gel electrophoresis. The two 
clear bands are 28s and 18s rRNA. Samples were treated by DNase-1 to remove traces of DNA. 
The clear DNA ladder clarifies the reliability of the agarose gel electrophoresis. 

 

5.3.4 PCR amplification of entire calpain 3 

Primers were designed from the published ovine calpain 3 mRNA sequence (AF087570) and 

PCRs performed with cDNA synthesised from RNA extracted from muscle samples. B09 and 

B10 were designed for PCR amplification of calpain 3 mRNA, the position of B09 being 

29~48bp, which includes the start codon (ATG: methionine), while the position of B10 was 

2512~2531bp, which includes the stop codon (TGA). PCRs were performed with the same 

cycling program as exon-10 PCRs. The expected size of PCR amplicons was 2503bp in 

agreement with a band observed between 2000bp and 3000bp on the agarose gels. However 
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this band was faint and very weak. Therefore, PCR settings were modified to optimise 

conditions. First the annealing temperature was reduced from 55˚C to 50˚C which resulted in 

no band but only a smear on agarose gels. Because of the expected size of PCR amplicon was 

2503bp, the extension time was extended from 1 min to 3 min or 2 min 30 sec, both of which 

yielded very faded unclear bands around 2500bp. More PCRs were performed with freshly 

synthesised cDNA, but the results were similar and clean PCR amplicons were not observed. 

Other sets of primers were designed to amplify calpain 3 mRNA and PCR cycle conditions 

explored. However, none of these primer sets succeeded in amplifying clean cDNA of calpain 

3.  

These difficulties were overcome by a strategy of overlapping the 3’ and 5’ terminal primers 

with the exon-10 F01/F02 primers. The PCR was performed with the primer set of B09 and 

F02, to amplify the sequence from the 5’ beginning of calpain 3 to the end of exon-10, while 

F01 and B10 amplified the sequence from the beginning of exon-10 to the 3’ end of calpain 3. 

This scheme is summarised in Figure 5.5. The expected PCR product size of B09/F02 was 

1374bp and of F01/B10 was 1297bp. These PCR products showed clear strong bands on 

agarose gels, between 1000bp and 1650bp, being the expected sizes of the PCR product from 

F01/B10 and the larger product from B09/F02. 

The PCR products of B09/F02 and F01/B10 were sent for sequencing analysis. The sequence 

result will be discussed in 5.3.5 Calpain 3 mRNA sequence. Sequences were identified from 

both the 5’ and 3’ end of the PCR products. However, the PCR products were too long for 

complete read through sequencing, and the middle part of the sequences were still not 

determined. More primer sets were designed to amplify these middle sections of B09 /F02 

and F01/B10, B07/B08 and B05/B06 respectively. The position of B07 is at 378~403bp and 

B08 is at 844~868. These primers amplified the middle part of B09/F02 and gave a product of 

the expected size, 491bp. Primers B05 (1639~1668bp) and B06 (2061~2090bp) amplified the 

middle part of F01/B10, giving a product of the expected size, 452bp. Both PCR products 

were sent for sequencing analysis. Details of all primers are summarised in Table 5.4. 
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Table 5.4 List of primers used for calpain 3 PCRs. 
F=forward primer, R=reverse primer. Positions of primers are based on the ovine calpain 
3 mRNA sequence (AF087570). 

 
Primers 5'--------------------------------3' Position Expected product size 

(bp) 

F B09 TTCCAAATTTGCCTGCCATG 29 - 48   

R F02* CTGGGAAGTTGCGGCAG 1385 - 1402 1374 

F F01* CTCTCAGGATGTCCTACG 1238 - 1255   

R B10 GATGTGGCCAGCTTGGTTCA 2512 - 2531 1294 

F B07 TATCATTGGTGGAGCCAATAGAACTG 378 - 403   

R B08 CATAGGTCATGTTTGTGCCATCATC 844 - 868 491 

F B05 AAGGCTAGGAGCAGAACCTATATCAACATG 1639 - 1668   

R B06 ACAACTCTGTTAAGGACATTCTTGAGCTCA 2061 - 2090 452 
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Figure 5.5 Schematic diagram of PCR products used to determine the complete calpain 3 
sequence. 
This diagram shows the positions of the PCR products. Forward and reverse primer sets 
are indicated with the same coloured arrows. They overwrap at exon-10. The expected bp 
size for each PCR product is indicated. 1.2% agarose gel electrophoresis determined the 
quality of PCR products and bp size using DNA ladder. Black arrows indicate the sizes of 
1650, 1000, 500 and 400bp. Details of the primers are summarised in Table 5.4. 

 

 

5.3.5 Calpain 3 mRNA sequence 

The sequence data results were converted into Chromas Lite and GeneDoc files and the 

positions of the sequences were identified along the ovine calpain 3 sequence (AF087570). 

The base sequences of calpain 3 exon-10 PCR amplicons of each genotype were identified, 

and they were identical to the genotype sequences which had been reported in GenBank as 

DQ660376~378 (Zhou et al., 2007). The position of obtained sequences was found along 

ovine calpain 3 (AF087570), which was 1238~1402bp.  
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Three base substitutions have been identified at position 1263, 1332, and 1344bp within exon-

10 that correlated with three alleles. The sequence of the AA-genotype at these three positions 

was C/G/C, the BB-genotype was C/T/T and the CC-genotype was T/T/C (Figure 5.6).  

 

 

Figure 5.6 Calpain 3 exon-10 sequence results. 
Sequence results were converted to Chromas Lite to see the sequence determined by the 
peak of each base (top). Positions of the sequence were identified using GeneDoc 
(bottom) based on the ovine calpain 3 sequence (AF087570). Arrows indicate base 
differences among three alleles. A=adenine, T=thymine, G=guanine and C=cytosine. 

 

There were no other base substitutions between AA and BB-genotypes in the complete cDNA 

sequences. However, base differences between AA and CC-genotypes were identified at six 

positions including the two positions within exon-10, at 1263bp and 1332bp, and four others 

at 1491bp, 2127bp, 2331bp and 2433bp (Table 5.5). 
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Table 5.5 Base differences among the three genotypes. 
The positions of base differences between the AA, BB and CC-genotypes were identified. 
Base differences within exon-10 are indicated (Ex10). Positions are based on the ovine 
calpain 3 sequence (AF087570). n=number of sequence results/number of samples 
prepared for sequencing. For example, T n=4/5 means 4 results showed T out of 5 sample 
prepared for sequencing. A=adenine, T=thymine, G=guanine and C=cytosine. 

 

 

 

Because of the low frequency of the C-allele, AC heterozygote samples were also sequenced 

as an alternative way to identify the C haplotype gene sequence. The AC-genotype should 

show a mixture of A and C sequences. Once the AA-genotype sequence was determined, sites 

in AC that had double base pairs could also be used to identify the C sequence as the 

alternative to the A sequence at these positions. To confirm this approach, exon-10 PCR 

products of AA and AC-genotypes were sequenced. The AA-genotype sequence was C/G/C 

and CC-genotype had T/T/C at 1263, 1332, and 1344bp, respectively. The AC-genotype 

showed Y/K/C (code Y means C or T and code K means T or G). When the AC-genotype was 

sequenced, corresponding results were shown at other positions of base substitution between 

AA and CC-genotype, except 2433bp (Table 5.6). At 1491bp, AA-genotype showed C, and 

CC-genotype showed T, while AC-genotype showed Y which means C or T. At 2127bp and 

2331bp, AA-genotype showed G and A, and CC-genotype showed A and G, while AC-

genotype showed R which means A or G. 
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Table 5.6 Base differences between A and C-allele. 
The positions of base differences among the AA, AC and CC-genotypes were identified. 
Base differences within exon-10 are indicated (Ex10). Positions are based on ovine 
calpain 3 sequence (AF087570). n=number of sequence results/number of samples 
prepared for sequencing. A=adenine, T=thymine, G=guanine, C=cytosine, Y=C or T, 
K=T or G, and R=A or G. 

 

 

 

 

None of base substitutions between AA and CC code for amino acid substitutions, so the 

amino acid sequences resulting from the AA, BB and CC-genotypes are identical. 

However there were other consistent differences from the registered calpain 3 mRNA 

sequence (AF087570). There were 15 base substitutions found between genotype samples and 

the registered ovine sequence, at 663, 666, 681, 687, 707, 723, 725, 746, 748, 1761, 1862, 

1963, 1966, 1979, and 1993bp and eight of these substitutions coded for amino acid 

substitutions. These differences do not include the positions of allele variations in exon-10. 

The substitutions at 707bp and 725bp caused substitutions of glycines for alanines. At 1966bp 

and 1993bp, there were substitutions of lysines for glutamic acids. Amino acid substitutions 

of glutamic acid for glycine, leucine for valine, glycine for valine, and isoleucine for 

threonine were determined at 746bp, 748bp, 1862bp, and 1979bp, respectively (Table 5.7). 
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Table 5.7 Base differences between genotype samples and the registered ovine calpain 3 
mRNA sequence (AF087570). 
Obtained sequences were compared with the registered ovine calpain 3 sequence 
(AF087570). The positions of base differences causing amino acid differences are 
indicated with the names of the amino acids. A=adenine, T=thymine, G=guanine and 
C=cytosine. OV=ovine calpain 3 (AF087570). Geno=homozygote samples has been 
tested in this research. 

 

 

 

 

5.4 Discussion 

 

5.4.1 Amplification of calpain 3 exon-10 from genomic DNA 

Calpain 3 exon-10 sequences were amplified for SSCP analyses to identify genotypes using 

genomic DNA extracted from dried blood spots on filter papers as templates. The polymerase 

chain reaction (PCR) is a very commonly used technique to amplify target gene sequences 

(Mullis & Faloona, 1987). It involves three steps; denaturation of template DNA, primer 

annealing and extension to reconstruct the target sequence. 

Traditionally, DNA has been extracted from white blood cells using a phenol-chloroform 

method (Gross-Bellard, Oudet, & Chambon, 1973) or a “salting-out” rapid purification 

procedure (Miller, Dykes, & Polesky, 1988). However, these methods are time consuming 

and expensive, designed to produce far more purified DNA than is necessary for rapid PCR 

diagnosis. The use of dried blood spots on filter paper is a better alternative for PCR-based 
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genetic screening, because of the convenience of handling and storage of large number of 

samples (da Silva, Gontijo, Pacheco Rda, & Brazil, 2004; Majumdar, Rehana, Jumah, & 

Fetaini, 2005; Rock et al., 2005). There are several protocols for extracting DNA from dried 

blood spots on filter paper, such as the methanol method (Caggana, Conroy, & Pass, 1998), 

the protease K method (Panteleeff et al., 1999), the Chelex-100 method (Polski, Kimzey, 

Percival, & Grosso, 1998), and the TE method (Bereczky, Martensson, Gil, & Farnert, 2005). 

However these methods require multiple washing steps which increase the risk of cross 

contamination during multistep pipetting. 

In these experiments, genomic DNA was extracted from blood spots dried onto filter paper, 

using sodium hydroxide (Zhou et al., 2006). This method requires only one incubation step 

followed by a single wash to yield genomic DNA sufficiently pure to be a template for PCR 

amplification (Zhou et al., 2006). 

Calpain 3 exon-10 was amplified using genomic DNA extracted from dried blood samples on 

filter paper within a week, or from blood samples on FTA cards within a year. The expected 

size of the calpain 3 exon-10 PCR amplicons was 164bp. The PCR amplicons showed one 

clear band at around 170bp on the agarose gel (Figure 5.2), indicating that the calpain 3 exon-

10 sequence was successfully amplified, the genomic DNA extracted by the sodium 

hydroxide method was reliable to be used as template, and the method could be applied to the 

fresh or old blood samples on filter paper or FTA cards.  

 

5.4.2 Genotype identification and allele frequency 

Single-strand conformational polymorphism (SSCP) is a technique used to screen for 

mutations caused by single base substitutions. Single stranded DNA fragments fold into 

different conformations under certain conditions, depending on their nucleotide sequence. 

Substitution of a single base can change this conformation and affect the mobility of the 

fragment on a gel during electrophoresis. Consequently, allelic variation can be observed on 

gels as unique SSCP patterns and the sample genotype identified.  

Specific SSCP band patterns were observed on the gels. However these SSCP band patterns 

were not exactly the same as the patterns already published (Zhou et al., 2007). The mobility 

of single stranded DNA fragments during electrophoresis is sensitive to experimental 

conditions, especially temperature. The published SSCP patterns were observed after 

electrophoresis with a continuous water supply cooling system in a cold room at 5˚C, while 
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this experiment was performed at 5˚C in a cold room without a cooling water supply. The 

variations in the unique SSCP band patterns under these slightly different conditions were 

established by comparison with control samples of known genotype. 

The frequency of each allele was also reported as 60% A-allele, 22% B-allele and 18% C-

allele (Zhou et al., 2007). Using the simple calculation of genotype frequency (a2+2ab+b2), 

the homozygote frequency was 36% AA, 5% BB and 3% CC homozygote. No BB or CC 

homozygotes were found in a randomly selected flock of 19 lambs. The frequency of each 

allele from these 19 samples was 74% for A-allele, 18% for B-allele, and 8% for C-allele. 

Two BB homozygote lambs were found from the other flock of 44 lambs. The frequency of 

each allele from these 44 samples was 66% for A-allele, 23% for B-allele, and 11% for C-

allele. These results generally agreed with the reported allele frequency (Zhou et al., 2007), 

which are the high frequency of A-allele and the lowest frequency of C-allele.  

To overcome the difficulties in finding CC homozygote caused by the low frequency of the C-

allele, blood samples of 13 rams from the farm which had a history of a higher frequency of 

CC-genotype sheep were analysed by SSCP analysis. One CC-homozygote and three 

heterozygote rams (2 AC and 1 BC) were identified. CC-homozygote lambs were identified 

from the offspring of this homozygote ram as detailed in Chapter 5.3.2. The frequency of each 

allele in all 13 rams was 69% for A-allele, 12% for B-allele, and 19% for C-allele. However, 

A-allele still showed the highest frequency from this farm. Therefore, it was confirmed that 

the A-allele was dominant in calpain 3 exon-10 in this flock as well.  

 

5.4.3 PCR amplification of calpain 3 to determine the complete mRNA sequence 

PCRs were performed to amplify calpain 3 mRNA to identify the sequence. There were two 

animals of each genotype (AA, BB and CC) and four different muscle samples were collected 

from each; from the Longissimus thoracis et lumborum (LTL), Gracilis (G), 

Semimembranosus (SM), and Semitendinosus (ST). RNA was extracted from each sample and 

cDNA was synthesised as described. 

PCRs performed with the primer set B09 and B10 to amplify entire calpain 3 sequences 

(2503bp), did not succeed. Adjustments to PCR conditions, using more freshly synthesised 

cDNA, and newly designed primers did not improve the PCR outcomes. However, PCRs 

were able to amplify the sequence divided into two overlapping exon-10 primer sets, B09/F02 
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and F01/B10, which means the primers, B09 and B10, were able to bind to the cDNA and 

amplify up to 1400bp, but not the full cDNA template. 

This result also suggested that the calpain 3 sequence could be determined from fragments of 

PCR amplicons, instead of amplifying the entire calpain 3 at once. PCR was performed with 

the primer set B09/F02 to amplify the sequence from the beginning (5’) of calpain 3 to end 

(3’) of exon-10, while the primer set of F01/B10 amplified the sequence from the beginning 

(5’) of exon-10 to the end (3’) of calpain 3. However, these fragments were still too big for 

complete sequence determination. The DNA sequence was determined from both 5’ and 3’-

ends, but the complete read through sequences were not determined as sequence information 

from the middle parts was incomplete. Therefore, additional nested primers B07/B08 and 

B05/B06 were designed to amplify the middle parts of each fragment of the calpain 3 

sequence. The capability of these primers was confirmed by the resultant strong clear bands at 

expected sizes on an agarose gel (Figure 5.5). 

 

5.4.4 Calpain 3 mRNA sequence 

DNA sequence was identified from the binding positions of the sequencing primers. For 

example, one sample tube contained purified DNA (PCR product of B09/F02) and the B09 

primer. Because B09 is forward primer, DNA sequence started at the 5’-end and was readable 

until the signal became too weak. Other sample tubes contained the reverse primer (F02) and 

the sequence was identified from 3’-end. Since there were two animals of each genotype (AA, 

BB and CC) and 4 different muscle samples were collected from each animal, at least 8 

sample tubes were prepared for each fragment of calpain 3 sequence. However, the quality of 

results varied depending on the purity of sample DNA. Therefore, PCR, DNA purification, 

and DNA sample preparation were repeated until confirmed continuous results and overlaps 

were obtained. Positions of the obtained sequences from each fragment were identified along 

the registered calpain 3 mRNA sequence (AF087570), and they matched to the expected 

positions. In this way the complete cDNA sequence of each allele was obtained. 

Reliability of the obtained calpain 3 sequence was supported by previous findings. The 

sequences of three allele variations of calpain 3 exon-10, which has been submitted to 

GenBank as DQ660376~348 (Zhou et al., 2007), were confirmed with the obtained entire 

calpain 3 sequences for each genotype. A calpain 3 specific peptide which is detectable by 

calpain 3 antibody (anti-calpain 3 pIS2) used in this study, named the pK-rich peptide 
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(Sorimachi, Saido, et al., 1993) was also confirmed, the relevant sequence being found at the 

obtained calpain 3 sequences (3.4.3 Calpain 3 antibody specificity). An active site cysteine 

residue at position 129 (Ojima et al., 2010) was also confirmed by the obtained sequences.  

The registered base differences within exon-10 were identified at positions 1263, 1332 and 

1344bp, and the amino acid sequences coded for by the obtained calpain 3 sequences also 

revealed that they were silent mutations. There were no additional base differences between 

the AA and BB-genotypes. Additional base differences were identified for the CC-genotype 

sequence; at four positions, 1491bp, 2127bp, 2331bp and 2433bp. As regards the base 

difference at 1491bp, the A and B-alleles code codon as CTC and C-allele codes CTT, both 

codons for leucine. Other base differences, at 2127bp, 2331bp and 2433bp also did not lead to 

amino acids changes. Thus, additional base differences were identified for CC-genotype, but 

they were all silent mutations. An association between the presence of A or C-allele and meat 

yield has been reported (Bickerstaffe et al., 2008), but these results did not support the effect 

of the presence of specific alleles toward retail meat yields. 

Consistent differences were identified between the calpain 3 sequence obtained in this study 

and the registered sequence (AF087570) summarised in Table 5.8. 15 base differences were 

identified in addition to where allele variations were identified. The base differences at 8 out 

of these 15 positions coded for different amino acids, and the most of these positions were 

either in or adjacent to calpain 3 specific domains, IS1 and IS2.  
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Table 5.8 Summary of base and amino acid substitutions within calpain 3.  
Positions of base differences between the AA and CC-genotypes and between the 
registered ovine calpain 3 (AF087570) and the genotype samples are summarised and 
determined the positions within calpain 3 domains (Beckmann & Spencer, 2008; 
Kawabata et al., 2003; Richard et al., 1995). Ov=Ovine calpain 3 sequence (AF087570). 
Geno=Ovine calpain 3 sequence determined in this research. Exon-10 is highlighted. 
Amino acid substitutions are indicated as red font.  

 
Exon size  Position (bp) Domain AA vs CC Ov vs Geno 

  from  to   (bp) (bp) 

1 309 46 354 NS, I    

2 70 353 424 II-a    

3 119 423 543     

4 134 542 677    663, 666 

5 169 676 846     681, 687, 707, 723, 725, 746, 748 

6 144 845 990 IS-1    

7 84 989 1074 II-b    

8 86 1073 1160     

9 78 1159 1238     

10 161 1237 1399   1263, 1332  

11 170 1398 1569 III 1491  

12 12 1568 1581     

13 209 1580 1790    1761 

14 37 1789 1827      

15 18 1826 1845 IS-2    

16 114 1844 1959     1862 

17 78 1958 2037 IS-2 / IV   1963, 1966, 1979, 1993 

18 58 2036 2095     

19 65 2094 2160  2127  

20 69 2159 2229     

21 79 2228 2308     

22 117 2307 2425  2331  

23 59 2424 2484  2433  

24 27 2483 2511      
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One possibility is that these results could arise from genetic variation among different breeds 

or distribution in certain flocks. Therefore, these 15 base differences were compared with the 

bovine calpain 3 mRNA (GenBank NM174260). At all 15 positions, the bases determined 

here agree with the bovine sequence. Furthermore, these positions were compared with the 

calpain 3 sequences in other species, yak (JX112349), pig (NM214171), rat (NM017117), 

mouse (X92523), human (BC146649), chicken (NM001004405) and rabbit (NM001082059), 

and summarised in Table 5.9 (a). At all 15 positions, the sequences obtained here agree with 

the published sequences of these other species, and several of these species have the same 

bases indicating that they are likely to be conserved. Therefore, these 15 base differences 

between the obtained sequence in this study and the registered ovine calpain 3 sequence 

(AF087570) are unlikely to be caused by variations from different breeds, and the published 

ovine sequence (AF087570) is most unlikely to be that of the common ovine gene. 

General of these discrepancies between the registered calpain 3 sequence (AF087570) and the 

sequence determined here cause changes in the coded amino acids likely to have an effect on 

protein structure and function. While glycine/alanine and isoleucine/valine interchanges are 

unlikely to be of consequence in interchanging and hence neutral residues, as in 

lysine/glutamate and glutamate/glycine changes and substituting a hydroxyl containing 

threonine for isoleucine can have considerable biochemical consequences. 

The seven positions of base differences between three alleles were also compared with ovine 

and other species and summarised in Table 5.9 (b). At positions of 1263bp and 2433bp, the 

sequences of other species supported the sequences of ovine and two other alleles, while the 

allele variation of 1344bp and 2331bp were supported by several species. Others at 1332bp, 

1491bp and 2127bp varied between species, and were not conserved.  
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Table 5.9 Differences between the obtained calpain 3 sequence, the registered sequence 
(AF087570) and sequences of other species. 
(a)=The positions of base differences exclude the allele variations. (b)=The positions of 
base differences where allele variations were identified. Base position (bp) is based on 
ovine calpain 3 mRNA (AF087570). The positions of base differences causing amino 
acid differences are indicated by the name of the amino acids. The bases at these 
determined positions in other species are indicated. OV=ovine calpain 3 (AF087570). 
Geno=homozygote samples in this research. Bos= bovine calpain 3 (NM174260). Yak= 
(JX112349). Pig= (NM214171). Rat= (NM017117). Mouse= (X92523). Human= 
(BC146649). Chicken= (NM001004405). Rabbit= (NM001082059). 
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5.5 Conclusion 

Three different alleles within calpain 3 exon-10 were confirmed by SSCP electrophoresis. The 

sequences of AA, BB and CC-genotypes of calpain 3 were determined and confirmed the 

reported base differences within exon-10. The full calpain 3 sequences of AA and BB-

genotypes were identical elsewhere, but there were other base differences between the CC-

genotype and the AA and BB common sequences. However, these base differences were 

silent mutations, which did not affect the amino acid sequence. This result does not support 

the contention that these allelic variations in calpain 3 could affect retail meat yields. 

However, several inconsistences were found between the complete cDNA sequence 

determined here and the registered AF087570 sequence. Interspecies analyses indicated that 

the sequence here is more likely to be the correct common ovine calpain 3 sequence than the 

reference AF087570. 
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6  

Calpain 3 gene and protein expression among genotypes 

6.1 Introduction 

A correlation between the specific allele variants within calpain 3 exon-10 and the yield of fat 

trimmed meat cuts has been reported (Bickerstaffe et al., 2008). Sequence analysis of calpain 

3 mRNA identified the underlying A, B and C allelic variations in exon-10. These are 

degenerate codons and do not result in changes in the coded amino acids. A possibility 

remained that differences in codon usage may result in differences in the amount of calpain 3 

mRNA expression. Therefore, real time PCR (RT-PCR) was performed to quantify mRNA 

expression from the three homozygote genotypes within exon-10 (AA, BB, and CC-

genotype), and Western blotting was performed to determine the relative amount of calpain 3 

protein from muscle samples of the three genotypes. The optimised procedure of Western 

blotting was explained in Chapter 3. The amount of calpain 3 protein and extent of proteolysis 

were observed as band densities and differences in the band patterns.  

 

6.1.1 Real time PCR (RT-PCR) 

A variety of methods have been used to quantify mRNA expression, including Northern 

blotting, in situ hybridization (Ilian, Morton, Kent, et al., 2001), ribonuclease protection 

assays, cDNA arrays, polymerase chain reactions (PCR) and reverse transcription PCR. The 

early quantitative PCR techniques faced several difficulties, such as ensuring that the PCR 

was within the linear range of amplification, the selection of gels suitable for quantification, 

and working with radioactivity.  

The traditional quantitative PCR technique relied on end-point detection, using agarose gels 

containing ethidium bromide dye for detecting the PCR amplification at the final phase of 

reactions. This end-point detection has low sensitivity and low precision. The results are 

based on the discrimination of the relative band intensities on agarose gels, so the results are 

not expressed as numbers. Post-PCR manipulation may also alter the results.  

PCR amplification can be broken into major phases, the linear ground phase, the early 

exponential phase, the log-linear (also known as the exponential) phase, and the plateau phase 

(Figure 6.1) (Tichopad, Dilger, Schwarz, & Pfaffl, 2003; Wong & Medrano, 2005). No 
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significant amplification occurs during the linear ground phase. In the early exponential 

phase, exact doubling of the target product is accumulated at every cycle (assuming 100% 

reaction efficiency). The reaction is very specific and precise. At the log-linear phase, the 

reaction components are being consumed, the reaction is slowing, and some of the product is 

starting to degrade. Finally, the reaction stops and no more products are made. Thus, 

quantification at the end of PCR is not ideal. While the traditional method detects the PCR 

amplification at the end of the reaction, real time PCR (RT-PCR) is the technique of 

collecting data throughout the whole PCR process as it occurs. Reactions are characterised by 

the point in time or PCR cycle where the target PCR product amplification is first detected 

within the early exponential phase of the reaction, and thus product increase is proportional to 

the original template concentration.  

 

 

 

Figure 6.1 Schematic diagram of a PCR amplification curve. 
The measurement of fluorescent emission reveals the presence of PCR products and is 
proportional to the amount of PCR product. Each phase of amplification is indicated. 
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6.1.2 Detection chemistry 

A range of different detection chemistries are available for RT-PCR. A common way based 

on fluorescence resonance energy transfer (FRET), was used this study. There are a variety of 

probes used for RT-PCR analysis. TaqMan probes (Applied Biosystems, CA, USA) or 

hydrolysis probes are the most common and have been widely used for research as well as 

diagnosis. These probes require a forward and reverse primer, each specific for the target 

sequence and able to bind to it during the annealing phase. The probes are oligonucleotides, 

which carry a reporter dye at the 5’ end and a quencher dye at the 3’ end. In the intact form, 

the quencher dye absorbs the fluorescence of the reporter dye due to the proximity between 

both. This proximity permits FRET, and fluorescence emission does not occur. During the 

extension phase of PCR, the 5’→3’ enzymatic activity of Taq polymerase hydrolyses the 

probes and the reporter dyes are separated from the quencher dye, resulting in an increase in 

fluorescence emission. This increase in fluorescence is measured cycle by cycle and is a direct 

consequence of the amplification process (Giulietti et al., 2001). Molecular beacon and 

scorpions are another type of probes which form a stem-and-loop structure of single stranded 

DNA or oligonucleotides. The fluorophore is on one end and the quencher is on the other. 

This hairpin-like structure keeps the proximity between the fluorophore and the quencher, 

which allows FRET. When the loop form probe anneals to a complementary target sequence, 

a conformational change allows the formation of a linear structure which separates the 

fluorophore and the quencher. FRET no longer occurs and an increase in fluorescence 

emission is detected.  

Hybridisation probes require four oligonucleotides, two primers and two probes specific for 

the target sequence. A donor fluorophore is linked to one probe, and an acceptor fluorophore 

is on another probe. The sequences of these two probes are designed to hybridise to the target 

sequences in a head-to-tail arrangement. This arrangement brings the donor and acceptor 

fluorophores very close to each other, allowing fluorescence emission from the acceptor 

which is activated by emission from the donor.  

SYBR-green (SYBR Green I) is a DNA binding dye that incorporates into double stranded 

DNA (dsDNA) (Zipper, Brunner, Bernhagen, & Vitzthum, 2004). In its free form, SYBR-

green does not emit fluorescence light. When it binds to dsDNA formed from the PCR 

product during amplification, fluorescence emission is detected. A great advantage is that this 

technique can be used with any pair of primers for any target. Unlike other probes, it does not 

have to be custom made for the target sequence which means saving in time and expense. 

However SYBR-green binding is not specific to the target sequence, because it binds to any 
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dsDNA. This detects not only the specific target, but also any other dsDNA which can include 

unwanted PCR products and primer dimers. This is a major disadvantage. However, there are 

ways of overcoming this problem. Melting curve analysis is one technique used to distinguish 

the fluorescence emissions from the target products or primer dimers (Sanchez et al., 2006). 

Careful primer design and optimisation of PCR reaction conditions usually reduces the 

formation of primer dimers and unwanted PCR products (Giulietti et al., 2001). Agarose gel 

electrophoresis can clarify the extent of specificity of primers to produce a single band of the 

expected size.  

In these experiments, SYBR-green was used as a detecting agent for RT-PCR analysis. To 

increase specificity of SYBR-green detection, several primers were designed to amplify 

around 100bp fragments. The quality of the PCR products was determined by agarose gel 

electrophoresis which revealed the presence of clear single bands of the expected size. 

 

6.1.3 Cycle threshold (Ct) 

Using any of the detecting chemistries, the increase in fluorescence emission is detected in 

real time, and the difference of fluorescence emission (ΔRn) is calculated using the equation 

ΔRn=Rn+-Rn-, where Rn+ is the fluorescence emission of the product at each point and Rn- is 

the fluorescence emission of the baseline. The ΔRn values are plotted versus the PCR cycle 

number. In early cycles of the PCR, before amplification has significant occurred, ΔRn values 

are zero. At the early exponential phase, the amount of fluorescence has reached a threshold 

where it is significantly higher than the baseline. The PCR cycle at which this occurs is 

known as the cycle threshold (Ct) (Wong & Medrano, 2005). This Ct-value is inversely 

proportional to the amount of template, because reactions with less template require a greater 

number of amplification cycles to reach the point where the amount of PCR product is 

sufficient for detectable fluorescent emission. This has been confirmed by the RT-PCR 

analysis of human β-actin (ACTB) using serial dilutions of human genomic DNA as the 

templates (Heid, Stevens, Livak, & Williams, 1996). Ct-values decreased linearly with 

increasing template quantity. Thus the Ct-value can be used as a quantitative measurement 

during PCR. 
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6.1.4 Types of quantification 

Quantification can be absolute or relative. Absolute quantification determines the template 

copy number, usually by relating the PCR signal to a standard curve. Relative quantification 

determines the quantity differences in the expression level of a specific target between 

different samples (test and calibrator). Results are normalised to a reference gene, typically a 

housekeeping gene, to correct for variations from differences in the overall input of 

RNA/template, efficiency of reverse transcription, and PCR amplification. Results are 

expressed as a fold-difference of expression (Giulietti et al., 2001) between test and calibrator 

samples.  

Two methods are commonly used for relative quantification, the comparative threshold 

method and the standard curve method. In the standard curve method, a sample of known 

concentration of cDNA is used to construct a standard curve. The quantity of mRNA in each 

sample is determined using the standard curve, and expressed relative to the calibrator sample. 

Because target quantity is divided by calibrator quantity, the standard curve units are 

eliminated, requiring only the relative dilution factors of the standards for quantification. The 

advantage of this method is that amplification efficiency during RT-PCR does not have to be 

equal between samples and the housekeeping gene. Amplification efficiency is the rate at 

which a PCR product is generated. When the PCR product concentration doubles during 

every cycle within the exponential phase of the reaction, the amplification efficiency is 100%. 

A complication is that standard curve method requires that each reaction plate contain 

reactions to create standard curves, which requires more reagents and more space on a 

reaction plate.  

The comparative threshold method uses the same principle as the standard curve method, but 

does not require a standard curve. Instead, this method determines the fold-difference of 

expression levels by calculation. The amount of target RNA within the test sample which is 

relative to the calibrator sample is given by 2-ΔΔCt, where ΔΔCt=ΔCt (test) –ΔCt (calibrator). 

ΔCt is the Ct value of the target gene subtracted from the Ct value of the housekeeping gene. 

The advantage of this method is that serial dilution series of standards are no longer required 

to construct a standard curve, so less reagents are used, and all the wells of the sample plate 

can be fully applied for unknown samples. However, this method assumes that the 

amplification efficiency of target gene is approximately equal to that for the housekeeping 

gene, which may not be the case and does not quantify the number of copies of the cDNA of 

the gene in question in the samples.  
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In this RT-PCR analysis, the relative quantification of RNA for each genotype (AA, BB and 

CC-genotype) was determined by the standard curve method. 

 

 

6.1.5 Normalisation 

Each quantitative RT-PCR method is subject to specific technical errors caused by minor 

differences in input of RNA/template, efficiency of reverse transcription, and PCR 

amplification. Therefore reliable quantification requires correction for these experimental 

variations. Normalisation to a housekeeping gene is the most acceptable method to correct for 

these minor variations between samples in current use (Overbergh et al., 2003). Ideally a 

housekeeping gene should be expressed at a constant level among different tissues of an 

organism, at all stages of development, and should not be affected by the experimental 

treatment itself. Therefore, chosen housekeeping genes often encode the sequence of essential 

proteins. The most common housekeeping genes used code for glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), β-actin (ACTB), and ribosomal RNA (rRNA), which are present in 

most cell types.  

GAPDH is an enzyme in the glycolysis pathway (Garrett & Grisham, 1995). Glyceraldehyde-

3-phosphate is generated in the first phase of glycolysis and then oxidised by GAPDH to 1, 3-

bisphosphoglycerate. ACTB mRNA encodes the cytoskeleton protein, β-actin, which plays an 

important role in the maintenance of muscle structure and the regulation of muscle 

contraction. GAPDH and ACTB mRNA expression levels are stable within skeletal muscle, 

unless experimental treatments such as supplementation and acute exercise change them 

(Mahoney et al., 2004; Murphy, Watt, Cameron-Smith, Gibbons, & Snow, 2003). There are 

two types of rRNA, 18s and 28s. 18s is commonly used as a housekeeping gene, while 28s is 

considered more indicative of mRNA integrity during RNA extraction. As a housekeeping 

gene, rRNA is more invariably expressed in most cell types, while GAPDH and ACTB 

expression require validation under experimental condition (Bustin, 2000). However, rRNA 

cannot be used as a housekeeping gene when oligo-d(T)16 or gene-specific primers are used 

for reverse transcription, as it lacks a poly(A) tail. Determining an optimal housekeeping gene 

is very important for quantitative RT-PCR and there is no single universal housekeeping gene 

for all tissues or cell types. Moreover, certain experimental conditions may alter the 
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expression level of housekeeping genes. Therefore, a suitable housekeeping gene should be 

selected for the specific experiments and sample tissues.  

In this RT-PCR analysis, GAPDH and ACTB were chosen as the housekeeping genes. 

 

 

6.2 Methods 

 

6.2.1 Primer design 

Although several sets of primers have already been designed to amplify ovine calpain 3 

mRNA for gene sequence analysis listed in Chapter 5, their PCR products are too big for RT-

PCR analysis using SYBR-green in dye. Because SYBR-green is able to bind to any double 

stranded DNA (Giulietti et al., 2001), the PCR reaction has to be precise to produce one 

specific product, as described earlier. Therefore primers were prepared to amplify specific 

sequence of less than 100bp.  

Primers were designed based on the ovine calpain 3 mRNA sequence (GenBank AF087570). 

Their suitability was checked with BLAST and DNAMAN to determine the GC content, 

denaturing temperature, self-complementary, and two primers complementarity risks. A list of 

the primers chosen is shown in Table 6.1. 
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Table 6.1 Primers for amplifying fragments of ovine calpain 3 sequence. 
F=forward. R=reverse. Positions are based on the ovine calpain 3 mRNA sequence 
(GenBank AF087570) between 46~2514bp.  

 
Primers  5'--------------------------------3' Position 

(bp) 

Product size 

(bp) 

F R01 ATCAGAGTTTCACCGAAAACT 500~520  

R R02 GTAAGTTGGCAGGCAGTCATC 580~600 100 

F R03 GGAGATCTGCAACCTCACAGC 1281~1301  

R R04 CTCACCCAGCGGCCCTCGT 1349~1367 86 

F R05 CGAGTTCATCCTTCGGGTCTT 1749~1769  

R R06 TTTTTTCTTTTTCACTGGCCG 1822~1842 93 

F R07 CAAAGACAACACAAGCCCTGA 1920~1940  

R R08 AAATATTCCGGAATTGCCGCTG 1999~2020 100 

 

 

These four sets of primers were tested by PCR for their specificity. The reaction mixtures 

contained 2µl of 10x PCR buffer, 4µl of 5x Q-solution, 1µl of dNTP (2.5mM), 10µl of sterile 

dH2O, 0.8µl of MgCl (25mM), 0.2µl of Taq polymerase (Taq DNA polymerase kit, Qiagen), 

0.5µl of forward primer (F01, 5µM), 0.5µl of reverse primer (F02, 5µM), and 1µl of cDNA 

template, which were prepared from AA, BB, or CC-genotype muscle samples. The PCR 

cycle was programmed into a BioRad i-Cycler, and started with initial heating at 94°C for 10 

min, then cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec, and 

extension at 72°C for 1min were carried out 35 times. Reactions were completed at 72°C for 

10min and 20°C for 1min, and the quality of amplicons determined by 1.2% agarose gel 

electrophoresis. PCR products and DNA ladders for size indication were loaded onto agarose 

gels, and electrophoresis performed at 90V for 1 hour. Alternately electrophoresis was 

performed on 2% agarose gels at 90V for 2 hours to separate possible multiple bands. The 

primer sets which produced single specific PCR products were chosen for the RT-PCR 

analysis.  

Selection of an appropriate housekeeping gene is required for the relative quantification of 

RNA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin (ACTB) were 
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selected, since they are commonly used as housekeeping genes for RT-PCR analysis of 

skeletal muscle tissue (Bahar et al., 2007; Garcia-Crespo, Juste, & Hurtado, 2005; Perkins et 

al., 2006). Primer sets for GAPDH and ACTB (Table 6.2), which produced less than 100bp 

PCR product, were prepared and tested for suitability for RT-PCR analysis by PCR and 

agarose gel electrophoresis as above. 

 

Table 6.2 Primers for amplifying housekeeping gene. 
GAPDH and ACTB were selected as housekeeping gene. Three primers for GAPDH and 
two primers for ACTB were selected from each published work. Product sizes were 
indicated. F=forward. R=reverse.  

 
Primers 5'--------------------------------3' Product size 

(bp) 

Ref 

GAPDH F D01 GCATCGTGGAGGGACTTATGA  

67 

 

Bahar et al. (2007) R D02 GGGCCATCCACAGTCTTCTG 

F D03 TGAGTGTCGCTGTTGAAGT  

150 

 

Perkins et al. (2006) R D04 CCTGCCAAGTATGATGAGAT 

F D05 ATGCCTCCTGCACCACCA  

76 

 

Garcia-Crespo et al. (2005) R D06 AGTCCCTCCACGATGCCAA 

ACTB F D07 CTGAGCGCAAGTACTCCGTGT  

125 

 

Garcia-Crespo et al. (2005) R D08 GCATTTGCGGTGGACGAT 

F D13 CGCCATGGATGATGATATTGC  

66 

 

Bahar et al. (2007) R D14 AAGCGGCCTTGCACAT 

 

 

6.2.2 RNA extraction and reverse transcription to synthesize cDNA 

RNA was extracted from ground frozen muscle samples, as explained in Chapter 5.2.5, from 

AA, BB, CC, and AC-genotype muscle samples. Total RNA was extracted from four AA-

genotype animals, two BB and AC-genotype animals and twice from two animals of the CC-

genotype. 
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RNA concentrations were determined by NanoDrop (Thermo Scientific). Copy DNA (cDNA) 

was synthesised from 1µg of extracted RNA, using SuperScript III reverse transcriptase 

(Invitrogen) (Kotewicz, D'Alessio, Driftmier, Blodgett, & Gerard, 1985), as explained in 

Chapter 5.2.6, with slight modifications in reagent volumes. The reaction mixtures contained 

2µl of random primers (oligo-dT 12~18 200~500ng), 2µl of dNTP mix (10mM), 1µg of RNA 

and sterile dH2O to make up a total volume of 26µl. They were incubated at 65°C for 5 min 

and cooled on ice. 8µl of buffer, 2µl of DTT (0.1M), 2µl of RNase inhibitor (RNaseOUT), 

and 2µl of SuperScript III reverse transcriptase were added, and the mixture incubated at 

50°C for 1hour followed by incubation at 70°C for 15 min to terminate the reaction. The 

synthesised cDNA was kept at -20°C. 

 

6.2.3 Dilution series for the relative standard curve method 

AC-genotype samples were used to create the standard curve. cDNA of this genotype was 

diluted with DEPC water from 10-1 to 10-5 to create a standard curve. Because this is relative 

quantification, the units used to express the dilutions are not important. Because the amount 

of input cDNA is crucial for accurate results, the diluted cDNA solutions had to be of a large 

enough volume for the whole series of experiments, 90~100µl. The cDNA of the other test 

samples (AA, BB and CC-genotypes) were diluted to 10-3 to fit within the standard curve. 

 

6.2.4 RT-PCR 

Reaction mixtures contained 10µl of iQ SYBR green supermix (BioRad), 2µl each of F/R-

primer, 5µl of sterile dH2O, and 1µl of cDNA. The SYBR green supermix, primers and water 

were premixed to make bulk solutions for entire reaction sets to cover triplicates of AC 10-1 to 

10-5 dilutions for the standard curve, and 10-3 dilutions of AA, BB, and CC-genotype cDNA. 

20µl of reaction mixtures was transferred into wells of i-Cycler PCR 96-well plates (BioRad). 

Plates were sealed with optical quality sealing tape (BioRad) and placed into the i-Cycler. 

PCR cycling started with an initial heating at 94°C for 10min, then cycles of denaturation at 

94°C for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C for 30 sec, were repeated 

40 times. Plates for each run had a standard curve (10-1 to 10-5 dilution series of AC-

genotype), and triplicate 10-3 dilutions of each of the three genotypes (AA, BB and CC). The 

plate was prepared with either calpain 3 primers or housekeeping gene primers. Each 

experiment was repeated six times for each primer set, additional five times for AA and CC-
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genotypes. The fluorescence emission caused by SYBR-green binding to PCR products was 

monitored and Ct values determined by the i-Cycle data analysis program.  

 

6.2.5 Data analysis 

For the standard graph, Ct values for the dilutions of the AC-genotype were plotted against 

log of concentration (ng of PCR product). Since 1µg of total RNA was reverse transcribed to 

form 1µg of cDNA, assuming 100% efficiency, the 10-1 dilution represents 1/10 of the PCR 

product indicated as 100ng, which is log -2. The 10-2 dilution represents 1/100 of the PCR 

product indicated as 10ng, which is log -1, the 10-3 dilution represents 1/1000 of the PCR 

product indicated as 1ng, which is log 0, and so on. From the Ct values of test samples, the 

relative yields of PCR products were determined from the standard curve. The mean values of 

each genotype were normalised to the mean values of housekeeping genes. Then, the fold-

differences between the test and the calibrator samples, such as AA vs BB or CC, were 

calculated.  

 

6.2.6 Protein expression analysis 

Western blotting was carried out as explained in Chapter 3. Animals used for this experiment 

were one year old Coopworth lambs, which had been used for calpain 3 mRNA sequence 

analysis (Chapter 5) and RT-PCR analysis. Their genotypes had been identified, and ground 

frozen muscle from longissimus thoracis et lumborum (LTL) and Gracilis (leg muscle) 

collected from homozygote animals (AA, BB, and CC-genotype) were used. Total muscle 

protein was extracted in Fritz-buffer with a 1% (w/v) meat content (Chapter 3.2.2). Protein 

concentrations were determined by a TCA assays as in Chapter 3 (3.2.4 Protein concentration 

determination). Primary antibody used was anti calpain 3 pIS2 raised in goat (Ojima et al., 

2010; Sorimachi, Saido, et al., 1993) at 1/2000 dilution. The secondary antibody was anti-goat 

IgG at 1/2000 dilution (Chapter 3.2.6). The membrane was scanned by Gel Doc (BioRad) and 

bands were analysed by Quantity One (BioRad) for molecular weight and band density as 

described in Chapter 3.  
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6.2.7 Statistical analysis 

One-way ANOVA was performed to determine the significant differences of data as p-value. 

The p-value less than 0.05, 0.01 or 0.001 was considered as statistically significant.  

 

 

6.3 Results 

 

6.3.1 PCR amplification of calpain 3, GAPDH and ACTB 

Several primer sets for calpain 3, GAPDH, and ACTB were designed and tested for PCR 

(Table 6.1and Table 6.2). PCR products were tested for their specificity by agarose gel 

electrophoresis with ethidium bromide detection, and sizes determined with a DNA ladder. 

All calpain 3 primer sets gave single bands at the expected sizes, except for R07/08, which 

showed multiple bands. Although the primer set R01/02 gave a single band, the band intensity 

was very weak, indicating poor amplification. The remaining primer sets, R03/04 and R05/06, 

showed strong single bands after 1 hour of electrophoresis (Figure 6.2). These PCR products 

were tested again with extended electrophoresis and still gave a single band, so R03/04 and 

R05/06 were tested for RT-PCR analysis with SYBR green. However, during RT-PCR, 

R03/04 did not show amplification. Therefore, R05/06 was chosen as the calpain 3 primer set 

for the RT-PCR analysis. 

All primer sets for GAPDH and ACTB gave strong single bands, so were appropriate to use 

for RT-PCR analysis with SYBR green. The primer sets D01/02 for GAPDH and D13/14 for 

ACTB were selected. 
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Figure 6.2 Agarose gel electrophoresis of calpain 3 PCR amplicons. 
Calpain 3 PCR was performed with primer sets R03/04 and R05/06. cDNA synthesized 
from RNA extracted from skeletal muscle samples (Sample 1, 2 and 3) was used as 
templates. 10μl of amplicons and a DNA ladder were loaded to determine the size of 
products. The arrow indicates 100bp. 

 

6.3.2 Relative quantification of calpain 3 mRNA 

Calculations for relative quantification of calpain 3 mRNA were adopted from the Applied 

Biosystems support document (Guide to Performing Relative Quantitation of Gene 

Expression Using Real-Time Quantitative PCR, 2008). Results were normalised to a 

housekeeping gene, and expressed as a fold-difference of amount of calpain 3 mRNA 

expression between test and calibrator samples. 

The Ct values of samples (AA, BB and CC-genotypes) were converted to concentrations of 

PCR products (log), which represent expressed calpain 3 mRNA, and the amount of calpain 3 

mRNA (ng) was determined from the anti-log. The averages of the amount of calpain 3 mRNA 

were determined from the Ct values of the AA, BB and CC-genotypes which were 2.15ng 

(n=66), 1.21ng (n=36), and 3.94ng (n=66), respectively. Number of data (n) collected from two 
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animals of BB and CC-genotypes, and four animals of AA-genotype. Several PCRs were 

performed for triplicate of each sample. 

It was found in RT-PCR of the housekeeping genes that the amplification of ACTB was quite 

unstable, and low concentrations of cDNA (10-4 and 10-5) did not result in amplification from 

triplicate samples. Therefore, GAPDH was chosen as the housekeeping gene used to normalise 

the results. The amount of GAPDH mRNA within the AA, BB and CC-genotypes was 2.94ng 

(n=60), 2.50ng (n=30), and 3.95ng (n=60), respectively. The mean normalised values were 

determined by dividing the calpain 3 mRNA results by the GAPDH results. The normalised 

values of the AA, BB and CC-genotypes were 0.73, 0.48, and 1.00 respectively. 

Using the normalised values, the fold-differences between one genotype relative to others 

were calculated by dividing the test values by the calibrator values. The calculated values are 

summarised in Table 6.3. The fold-differences in the amount of calpain 3 mRNA in BB and 

CC-genotype relative to AA-genotype were 0.66 and 1.36 which means that there is 0.66-fold 

less calpain 3 mRNA present in the BB-genotype than in the AA-genotype and 1.36-fold 

more in the CC-genotype. There is 1.51-fold more calpain 3 mRNA present in the AA-

genotype than in the BB-genotype and 2.06-fold more in the CC-genotype. There is 0.73-fold 

less calpain 3 mRNA present in the AA-genotype than in the CC-genotype and 0.49-fold less 

in the BB-genotype. Overall, the order of the apparent amount of calpain 3 mRNA expression 

is CC>AA>BB-genotypes. However statistical analysis of these pair-wise comparisons 

showed that none of the apparent differences were significant (p>0.05). 

 

Table 6.3 The fold-differences of amount of calpain 3 mRNA between genotypes. 
Obtained normalised values were used to determine fold-differences of amount of calpain 
3 mRNA between genotypes. One genotype set as test and others are calibrator samples. 
The fold-differences of the calibrator genotypes relative to the test genotype are shown. 

  
 

 

 

 

 

Test 

Calibrator 

Relative to 

AA 

Relative to 

BB 

Relative to 

CC 

AA --- 1.51 0.73 

BB 0.66 --- 0.49 

CC 1.36 2.06 --- 
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6.3.3 Characterising calpain 3 protein among genotypes 

The separation of muscle proteins from each genotype by SDS-PAGE is shown in Figure 6.3. 

Band intensities were similar for all samples, indicating that similar amounts of protein had 

been loaded. The identical banding pattern for all samples indicated no differences in the 

content of extracted muscle protein among three genotypes. Bands were transferred to PVDF 

membrane for Western blotting for calpain 3. 

 

 

Figure 6.3 SDS-PAGE of protein extracted from skeletal muscles collected from three lamb 
genotypes. 
Muscle proteins extracted from LTL collected from the AA, BB and CC-genotypes lambs 
using Fritz-buffer with 1% (w/v) meat content. Protein concentrations were determined 
by TCA assays, and 8µg of protein was loaded per lane to the 4~12% Bis-Tris Gel 
(Invitrogen) with a molecular marker. 

 

Western blots of ovine LTL from the three genotypes are shown in Figure 6.4. There were 

four bands confirmed for all three genotype samples at 140kDa, 94kDa, 60kDa and 50kDa. 

From previous experiments in Chapter 3 (3.4.4 Characterising calpain 3), the bands at 140kDa 

and 50kDa were designated as unspecific interactions. The intact calpain 3 band at 94kDa was 

the dominant band in all three genotype samples. A fragmented calpain 3 band at 60kDa was 
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also confirmed. Band density of intact calpain 3 band at 94kDa and fragmented band at 

60kDa was identified (Figure 6.5). Band densities of the intact calpain 3 bands were 52.82 

(±1.50) from the AA-genotype, 47.28 (±1.91) from the BB-genotype and 52.03 (±0.65) from 

the CC-genotype. ANOVA revealed no significant differences in band density between the 

three genotypes.  

Band densities of fragmented calpain 3 band at 60kDa were much weaker than the 94kDa 

bands. The density for the AA-genotype was 19.59 (±0.93), the BB-genotype was 14.51 

(±1.57), and the CC-genotype was 17.68 (±1.28). ANOVA revealed that the differences were 

not significant. 

 

 

Figure 6.4 Western blotting using calpain 3 specific antibodies on muscle samples from three 
genotypes. 
The membrane was incubated with calpain 3 specific antibody (anti calpain 3 pIS2). 
Black arrows indicate intact calpain 3 bands at 94kDa and autolysed calpain 3 bands at 
60kDa. White arrows indicate uncharacterised bands at 140kDa and 50kDa. 
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Figure 6.5 Band densities of calpain 3 bands from the three genotypes. 
Bands of the intact form at 94kDa and fragmented form at 60kDa were analysed for three 
genotype animals (n=6 for each genotype). Protein was extracted from ovine LTL. The 
Western blotting image was captured and the band density was determined by Quantity 
One (Bio Rad). SE was indicated (±). 

 

 

Muscle protein was also extracted from ovine leg muscle (Gracilis) from the three genotypes 

and the calpain 3 protein was analysed in the same way as LTL samples. Muscle protein was 

separated on a gel and the band pattern was confirmed as the same for LTL samples, and 

again no significant difference was found between genotypes. Bands were transferred to 

PVDF membrane for Western blotting for calpain 3, and the same banding pattern was 

observed with bands at 140kDa, 94kDa, 60kDa and 50kDa as observed for LTL (Figure 6.6). 

The intact calpain 3 band at 94kDa was the dominant band and the fragmented calpain 3 band 

at 60kDa was weaker.  
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Figure 6.6 Western blotting analysis using calpain 3 specific antibody on ovine LTL and leg 
muscle (Gracilis) samples. 
Protein was extracted from LTL and leg muscle (Gracilis). To compare the band pattern, 
protein samples from LTL and leg muscle were loaded onto the same gel/membrane. The 
membrane was incubated with a calpain 3 specific antibody (anti calpain 3 pIS2). Black 
arrows indicate intact calpain 3 bands at 94kDa and autolysed calpain 3 bands at 60kDa. 
White arrows indicate uncharacterised bands at 140kDa and 50kDa. 

 

 

The leg muscles from the three genotypes were also analysed and band densities for intact and 

fragmented calpain 3 band were compared (Figure 6.7). The density of intact calpain 3 from 

the AA-genotype was 86.62 (±2.89), from the BB-genotype was 81.95 (±2.94), and from the 

CC-genotype was 83.33 (±1.71). Band densities of fragmented calpain 3 for the AA-genotype 

was 62.18 (±1.44), the BB-genotype was 58.41 (±1.40), and the CC-genotype was 61.11 

(±1.15). ANOVA revealed no significant differences between band densities of samples from 

the genotypes.  
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Figure 6.7 Band density of calpain 3 bands form samples of ovine leg muscle from three 
genotypes. 
Bands of the intact form at 94kDa and the fragmented form at 60kDa were analysed for 
three genotypes (n=6 for each genotype). Proteins were extracted from ovine leg muscle 
(Gracilis) and Western blotting images captured and the band density was determined by 
Quantity One (BioRad). SE was indicated (±). 

 

 

The overall mean band densities of the intact form of calpain 3 of LTL (n=18) was 50.71 

(±1.02) and of leg muscle (n=18) was 83.97 (±1.56), indicating more calpain 3 in leg muscle 

(p<0.001). Also the overall mean band densities of the fragmented form of calpain 3 of LTL 

(n=18) was 17.26 (±0.89) and of leg muscle (n=18) was 60.57 (±0.86). The proportion of 

fragmented form of calpain 3 were much higher in the leg muscle than LTL samples 

(p<0.001).   
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6.4 Discussion 

 

6.4.1 Detection chemistry during RT-PCR 

SYBR green is a dye that binds into the minor groove of double stranded DNA in a sequence-

independent way. When it binds to any double stranded DNA, it emits fluorescence. The 

quality of cDNA influences the sensitivity of RT-PCR using SYBR green. Therefore two-step 

RT-PCR was performed in which RNA was reverse transcribed to form cDNA before RT-

PCR. In one-step RT-PCR, PCR and reverse transcription is performed at the same time. 

Furthermore, it has been reported that the diluted cDNA gave better performance with SYBR 

green detection than the original concentrations (Lekanne Deprez, Fijnvandraat, Ruijter, & 

Moorman, 2002). Although the report criticised the usage of dithiothreitol (DTT) for reverse 

transcription, it stated that oligo-dT priming, which was used for this experiment, was 

efficient and accurate for RT-PCR with SYBR green detection (Lekanne Deprez et al., 2002). 

The concentration of SYBR green is also crucial for RT-PCR analysis because excess SYBR 

green inhibits PCR amplification (Espy et al., 2006). This was supported by the experiments 

where amplification stopped after newly prepared SYBR green was added (result not shown). 

Therefore, for these experiments, SYBR green pre-mix PCR reagent (iQ SYBR-green 

Supermix BioRad) was used to supply a consistent amount of SYBR-green. Because SYBR-

green is non-specific, verification of the specificity of the PCR product is required. The 

specificity of PCR products was clarified by agarose gel electrophoresis. Primer sets were 

carefully designed using DNAMAN to check for self-complementation and two primers 

complementation to avoid primer dimerisation. Since the size of PCR product is less than 

100bp, amplification should be very specific. The PCR products detected by SYBR-green in 

these experiments were specific products, allowing the relative quantification of calpain 3 

mRNA between genotypes.  

 

6.4.2 Normalisation with a housekeeping gene 

GAPDH has been widely used as a housekeeping gene for RT-PCR analysis in many studies 

(Garcia-Crespo et al., 2005). However, the use of GAPDH as a universal housekeeping gene 

has been criticised, with evidence that expression changes between tissue types 

(Vandesompele et al., 2002), experimental treatment (Mahoney et al., 2004), and medical 

conditions, for instance in cancer cells (Bustin, 2000; Schmittgen & Zakrajsek, 2000; Suzuki, 
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Higgins, & Crawford, 2000). Although variability of expression of GAPDH has been 

reported, this criticism cannot be applied to this RT-PCR analysis. In this experiment, the 

whole process was done under the same conditions, including sample collection, sample 

storage, RNA extraction, and cDNA synthesis. There was no extra drug treatment of the 

samples. Moreover, the tissues were all skeletal muscle from ovine LTL. GAPDH has shown 

consistently high expression in human skeletal muscle, with no specific effect of either age or 

gender (Barber, Harmer, Coleman, & Clark, 2005). GAPDH has previously been selected as 

the housekeeping gene for quantitative RT-PCR of genes surrounding the callipyge mutation 

using skeletal muscle samples from lambs (Perkins et al., 2006). In the same study the results 

were evaluated to determine if differences in GAPDH mRNA abundance were present. The 

results showed no evidence of significant differences in GAPDH mRNA abundance among 

genotypes of the callipyge mutation or any age. These results indicate that normalisation with 

GAPDH is adequate for the RT-PCR analysis of calpain 3 mRNA expression within skeletal 

muscle samples. 

 

6.4.3 Relative quantification of calpain 3 mRNA within genotypes 

The relative quantity of calpain 3 mRNA within skeletal muscle was determined for each 

genotype. Using the normalised values, the fold-differences between one genotype and others 

were calculated (Table 6.3). The results showed the order of the apparent amount of calpain 3 

mRNA level as: CC>AA>BB, which was that apparently 1.5-fold more calpain 3 mRNA was 

present in the AA-genotype and 2.0-fold more in the CC-genotype relative to the BB-

genotype. There was apparently 1.4-fold more calpain 3 mRNA in the CC-genotype relative 

to the AA-genotype. However, statistical analysis showed that these apparent differences were 

not significant. 

The SYBR green detection was an appropriate method for this RT-PCR analysis, and 

GAPDH was a suitable housekeeping gene for studying calpain 3 mRNA in the skeletal 

muscle. The standard curve method has been effective at determining very discrete expression 

changes (Larionov, Krause, & Miller, 2005), but the possible small differences within the 

amount of mRNA among genotypes may not be detected with this method. However it is 

unlikely that changing methods would greatly improve chances. 

In general differences of less than 2-fold are disregarded in differential display experiments 

such as these. In a study of GAPDH mRNA expression in different human tissue types, the 
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difference between the highest and lowest expression was 15-fold (Barber et al., 2005). In the 

callipyge mutation (CLPG) study with skeletal muscle samples, the expression of some genes 

surrounding the CLPG were analysed in four genotypes (Perkins et al., 2006). The difference 

in the expression of the gene between the callipyge animals was significantly higher than the 

other three genotypes, a 15- and 6-fold higher transcript abundance compared with normal 

lambs at 2 and 8 weeks old respectively. Expression of the other paternally expressed gene 

showed significantly higher transcript abundance than the other three genotypes, which was 

33-fold greater than the normal lambs.  

Compared with these reports, the relative expression difference of calpain 3 mRNA between 

three genotypes was small. The fold-difference between highest (CC) and lowest (BB) 

expression abundance was only 2-fold. Although the correlation between the specific allele 

variants, which are A and C-allele, and the yield of fat trimmed meat cuts has been reported, 

the fold-difference of calpain 3 mRNA in CC-genotype was only 1.4-fold relative to AA-

genotype. Comparing with the CLPG study, the fold-difference of calpan 3 mRNA expression 

level among exon-10 polymorphism was small. There was no significant difference in calpain 

3 mRNA expression abundance among exon-10 polymorphism.  

 

6.4.4 Characterising calpain 3 protein among genotypes 

Calpain 3 protein was analysed for differences in the amount of expression and autolysis 

among the three genotypes (AA, BB and CC) by Western blotting using a calpain 3 specific 

antibody applied to LTL and leg (Gracilis) muscle samples. 

SDS-PAGE confirmed that muscle proteins were successfully extracted and that specific 

alleles within calpain 3 exon-10 had no obvious effect on other protein components in the 

muscle. Because the amount of calpain 3 protein was compared among three genotypes as 

band density on Western blotting membranes, it was important to load the same amount of 

extracted protein into each lane. Bands of protein samples extracted from three genotype 

muscle samples showed similar intensity with Coomassie staining, confirming that similar 

amounts of extracted protein had been loaded.  

Western blotting of ovine LTL revealed a similar banding pattern for all samples from all 

three genotypes, which were bands at 140kDa, 94kDa, 60kDa and 50kDa. Previous 

experiments had confirmed that the bands at 140kDa and 50kDa were uncharacterised bands. 

Every sample showed an intact calpain 3 band at 94kDa and fragmented calpain 3 band at 
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60kDa. It has been reported that calpain 3 autolysis formed fragments of 60kDa, 58kDa, and 

55kDa (Kinbara, Ishiura, et al., 1998). Previous experiments of frozen and thawed muscle 

samples had confirmed that the band at 60kDa was an autolysed form of calpain 3 (refer to 

3.4.4 Characterising calpain 3). The banding pattern was similar for all samples, which 

suggested that the pattern of calpain 3 autolysis was the same for three genotypes. 

Band densities were measured for intact calpain 3 band at 94kDa. ANOVA revealed that there 

was no significant difference in the band densities of intact calpain 3 among three genotypes. 

It could be concluded that specific alleles within exon-10 had no effect on the amount of 

calpain 3 protein. The densities of the autolysed calpain 3 bands at 60kDa were also 

measured. As seen for the intact calpain 3 bands, the BB-genotype showed a slightly lower 

density than the AA and CC-genotypes. However, ANOVA revealed that there was no 

significant difference in band density of autolysed calpain 3 among the three genotypes. Thus, 

the degree of calpain 3 autolysis was same for the three genotypes.  

Ovine leg muscle samples (Gracilis) from all three genotypes were also analysed. The band 

pattern of SDS-PAGE was similar for three genotypes and also similar to LTL samples. The 

band pattern of Western blotting was also similar to the result of LTL, which showed 

uncharacterised bands at 140kDa and 50kDa, intact calpain 3 band at 94kDa and autolysed 

calpain 3 band at 60kDa. Band densities were measured for intact and autolysed calpain 3 and 

the three genotypes compared. As found in LTL, ANOVA revealed that there was no 

significant difference between three genotypes in either the amount of intact calpain 3 or in 

the amount of autolysed calpain 3 among the three genotypes. The result confirmed that 

specific alleles within exon-10 had no effect on the amount of calpain 3 protein and the 

degree of calpain 3 autolysis. The result also suggested that allele difference within exon-10 

had no effect on these muscles.  

Comparing the result of LTL and leg muscle, band density of intact calpain 3 was much 

greater for the leg muscle than the LTL samples (p<0.001), indicating a greater proportion of 

calpain 3 protein in leg muscles. Moreover, the band densities of autolysed calpain 3 were 

also much higher for the leg muscle than the LTL samples, and the difference in the band 

densities between intact and autolysed calpain 3 was much smaller for leg muscle than LTL, 

indicating calpain 3 located in leg muscles has a higher turnover than in the LTL. Further 

research will be required to confirm stability of calpain 3 against autolysis between LTL and 

leg muscle.  
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6.5 Conclusion 

There were no significant differences in calpain 3 mRNA expression between lambs with the 

three different alleles within exon-10, as determined by the relative quantitative RT-PCR 

using the standard curve method. It was also confirmed that there was no significant 

difference within the amount of calpain 3 protein among genotypes. RT-PCR was performed 

for LTL, while calpain 3 protein analysis was performed for LTL and leg muscle. The leg 

muscle showed a higher level of calpain 3 protein than LTL. However, there was no 

significant difference among genotypes. The result did not support the possibility of 

difference within calpain 3 mRNA expression abundance among the three genotypes in leg 

muscle. Also, the allele variation within exon-10 had no significant effect on calpain 3 

autolysis. 
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7  

Overall conclusion and future directions 

Meat quality is defined by several factors which include palatability, water-holding capacity, 

colour, nutritional value, and safety. The palatability is influenced by flavour, juiciness and 

tenderness. Although the ranking of these traits varies, depending on the consumer profile, 

tenderness has been recognised as the most important determinant of palatability (Miller et al., 

2001). The yield of retail cuts obtained from a carcass is also commercially important. This 

will vary according to grade and sex. Mean yields of legs and racks of lamb are 31.7% and 

7.6% of carcass weight, respectively (Kemp & Barton, 1969). Since the market price of racks 

of lamb is higher than legs of lamb, carcasses which yield bigger racks would benefit the meat 

industry. 

The three components of a final tenderness are the background toughness, the toughening 

phase, and the tenderisation phase (Koohmaraie & Geesink, 2006). The tenderisation phase is 

highly variable among individual carcasses, and it has long been known that meat tenderness 

can be improved during post-mortem storage. Several reports have concluded that enzymatic 

proteolysis of key myofibrillar proteins is the principal reason for ultra-structural changes in 

skeletal muscle that are associated with meat tenderisation during post-mortem storage 

(Koohmaraie et al., 2002; Taylor & Koohmaraie, 1998). There is considerable evidence 

suggested that the calpain proteolytic system is principally responsible for degrading the 

myofibrillar proteins involved with post-mortem tenderisation (Koohmaraie, 1992c, 1994; 

Ouali, 1992). As calpains are involved in protein turnover, they may also influence muscle 

growth, with muscle size being determined by the balance between muscle protein synthesis 

and muscle protein degradation. Therefore the regulation of muscle protein degradation will 

alter skeletal muscle growth. Callipyge is a muscle hypertrophy syndrome in sheep and 

provides an example of a single nucleotide substitution which affects muscle size (Freking et 

al., 1998; Murphy, Nolan, et al., 2006). The callipyge mutation results in a phenotype of 

hypertrophic muscle growth around the hindquarters and loins in sheep, and they have less 

total body fat than normal lambs (Freking et al., 1998). Studies of callipyge sheep support an 

involvement of the calpain proteolytic system in muscle growth (Koohmaraie et al., 2002) 

with a decreased rate of protein degradation and an increase in the activity of calpastatin, the 

endogenous inhibitor of calpains in muscle (Lorenzen et al., 2000). Other researchers 

determined that muscles from callipyge sheep are less tender than normal sheep (Field et al., 

1996; Jackson et al., 1997), which suggested that the calpain proteolytic system, involving 
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post-mortem meat tenderisation, has been altered in callipyge sheep. Therefore this muscle 

hypertrophy in callipyge sheep is caused by a decrease in muscle protein degradation and 

inhibition of calpain proteolytic activity. 

The major ubiquitous calpains are calpain 1 (μ-calpain) and calpain 2 (m-calpain). Several 

tissue specific calpains have also been reported, and calpain 3 is a skeletal muscle-specific 

calpain (Sorimachi et al., 1989). Several reports suggested that calpain 1 plays a crucial role 

in post-mortem tenderisation (Geesink & Koohmaraie, 1999; Koohmaraie, 1992a; 

Koohmaraie et al., 1987). In addition, a significant correlation between the rate of 

tenderisation and calpain 3 mRNA levels has been reported (Ilian, Morton, Kent, et al., 2001). 

However, a study of calpain 3 knockout mice revealed that the absence of calpain 3 had no 

effect on the degradation of key myofibrillar proteins in post-mortem muscle (Geesink et al., 

2005).  

An important characteristic of calpain 3 is its rapid autolysis at physiological concentrations 

of calcium (Sorimachi et al., 1989). This rapid autolysis has made the purification and 

characterisation of calpain 3 extremely difficult, and the extraction methods used for calpains 

1 and 2 unsatisfactory. For this study, calpain 3 extraction from muscle samples and Western 

blotting have been optimised, as explained in Chapter 3.  

Many mutations and polymorphisms have been reported within the human calpain 3 gene that 

are related to limb-girdle muscular dystrophy (LGMD) (Richard et al., 1999). LGMD research 

has resulted in many reports analysing and characterising calpain 3 including its structure 

(Sorimachi et al., 1995), physiological functions (Sorimachi et al., 1996), localisation and 

interaction with other muscle proteins (Kinbara et al., 1997), the effects of mutations (Ono et 

al., 1998; Richard et al., 2000) and its autolysis (Kinbara, Ishiura, et al., 1998). Possible 

sodium ion dependency of calpain 3 activation (Ono et al., 2010) and non-proteolytic 

functions in skeletal muscle have also been suggested (Ojima et al., 2011). 

The objective of this PhD project was to investigate the role of calpain 3 in meat quality, 

focusing on tenderness and meat yield. The role of calpain 3 in tenderness was tested by 

muscle stretching which was expected to disrupt calpain 3/titin interactions described in 

Chapter 4 (4.1.2 Calpain 3/titin interactions) and enhance calpain 3 autolysis and proteolytic 

activity.  

The major results of this experiment can be summarised as follows. Sarcomere length 

measurements confirmed that an alternative carcass hanging method, the bar-hanging method, 
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elongated the sarcomeres of lamb LTL (refer to 4.3.2 Sarcomere length). Tenderness was 

measured as the pressure required to shear defined muscle samples (refer to 4.2.4 Tenderness 

measurement), and the obtained shear forces of Day-1and 2 post-mortem samples were 

categorised as tender meat according to tenderness classification based on MIRINZ shear 

force (Table 4.1). The decline of shear forces was rapid up to Day-3, in agreement with 

reports using different tenderness measuring procedures (Wheeler & Koohmaraie, 1994). Up 

to Day-7 post-mortem samples showed a continuous reduction of the shear forces, indicating 

that the muscle samples were getting tenderer over 7 days of post-mortem storage (refer to 

4.3.3 Tenderness). Muscle stretching showed an obvious impact on initial tenderness during 

rigor mortis development. The tenderness of the stretched muscles at Day-1 was equivalent to 

the non-stretched muscles (conventionally hung muscle) after 2 days post-mortem (Figure 

4.9), and between 5 and 6 days post-mortem the stretched muscle reached the same level of 

tenderness of the non-stretched muscles at Day-7. Significant differences within tenderness 

between stretched and non-stretched muscle samples were observed through the 7 days post-

mortem, but became smaller after Day-3 post-mortem. 

The effect of muscle stretching on calpains 1 and 2 was analysed by Western blotting. Bands 

of intact calpains 1 and 2 were identified and the intensities of these bands were not different 

between stretched and non-stretched muscle (Figure 4.11 and Figure 4.12), nor did they 

change significantly during 7 days of storage. Therefore, the amounts of calpains 1 and 2 were 

not affected by muscle stretching. Autolysis during post-mortem storage was characterised by 

the banding patterns on Western blots. Calpain 2 showed a band of the intact form only, while 

calpain 1 immunostaining revealed a strong band of autolysed calpain, which has no 

proteolytic activity (Cong et al., 1989). The intensity of this band did not change during 7 

days of storage. The proteolytic activities of calpains 1 and 2 were determined directly using 

casein zymograms. Calpain 2 showed strong activity at Day-1 and a only slight decrease in 

activity at Day-7, in agreement with the report by Koohmaraie et al (Koohmaraie et al., 1987). 

Calpain 1 had only weak activity in the muscle sample collected directly after slaughtering. 

Although it has been reported that calpain 1 retains activity post-mortem (Koohmaraie, 

Schollmeyer, & Dutson, 1986), a rapid decrease of calpain 1 activity has also been reported 

(Boehm et al., 1998). No differences were found between stretched and non-stretched muscle 

in these experiments, and overall muscle stretching had no effect on the calpains 1 and 2 

proteolytic systems during post-mortem storage.  

Muscle stretching affected titin degradation (refer to 4.3.7 Titin). Titin degradation was higher 

in stretched muscle than in the control after 3 days post-mortem, suggesting that muscle 
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stretching disrupted titin conformation and enhanced degradation. Muscle stretching greatly 

improved initial tenderness one day after the onset of rigor mortis, but at this time titin 

degradation was similar in stretched and non-stretched muscle samples, thus titin degradation 

was not responsible for this improvement. Enhanced titin degradation was observed in the 

stretched muscle compared with the non-stretched muscle after Day-3, and may be involved 

with the proteolytic activity during later post-mortem tenderisation. 

Calpain 3 autolysis was observed as a decreasing band intensity of the intact form at 94kDa 

and an increasing of band intensity of degraded form at 60kDa over time (refer to 4.3.6 

Calpain 3). This autolysis was observed in both stretched and conventionally hung muscle 

samples. An apparent trend of slightly higher calpain 3 autolysis in stretched muscle after 

Day-3 post-mortem, corresponding to the higher titin degradation, was not significant.  

Overall, the enhanced titin degradation in stretched muscles may have been regulated from 

the disruption of the calpain 3/titin interaction. However, strong evidence of enhanced calpain 

3 activation was not obtained from this study. In this research, an effect of stretching on 

tenderness was observed. The shear forces of stretched muscle were continuously lower than 

non-stretched muscle up to 7 days post-mortem. However, samples were collected from lamb, 

and the measured shear forces of samples from conventionally hung carcasses at Day-1 were 

already low as tender meat, and quickly reduced to become very tender after Day-3 post-

mortem. Therefore, it may be difficult to identify differences in calpain 3 with treatment, even 

if it is involved in meat tenderness in stretched muscle. It is possible that an effect of muscle 

stretching may be more obvious if samples from much tougher meat were compared. 

Roles of calpain 3 in muscle yield were analysed on the basis of a calpain 3 gene marker 

study in livestock. Other researchers have investigated the relationship between 

polymorphisms and meat yield based on calpain 3 polymorphism. Several reports have 

suggested a correlation between calpain 3 polymorphisms and muscle growth. In chicken, 

single nucleotide substitutions were identified in calpain 3 intron-8 and exon-10, and 

correlations between these polymorphisms and carcass traits such as body weight, carcass 

weight, and meat yields of breast and leg were identified (Zhang et al., 2009). In sheep, 

another group has reported a correlation between allelic variants within calpain 3 exon-11/12 

and birth weight (Chung et al., 2007). A correlation has also been reported between specific 

allele variants within calpain 3 exon-10 and increased proportion of leg yield (Bickerstaffe et 

al., 2008) and shoulder yield in sheep (Fang et al., 2013). Thus, several reports have proposed 

the correlation between calpain 3 polymorphism and phenotype variations within muscle 
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yields based on some statistical data of muscle traits from a range of mixed genotypes of 

animals. Furthermore these statistical associations were not significant and very weak at best. 

No indications were given as to how genetic variation of calpain 3 could influence muscle 

yields. To clarify the possible utility of calpain 3 as a gene-marker for muscle yields, it was 

necessary to investigate the biochemical aspects of calpain 3 polymorphisms causing 

correlations between specific allele variants and increased meat yield.  

In this research, sequence analysis of ovine calpain 3 confirmed the published allelic variants 

in exon-10 (Zhou et al., 2007) and the positions of three base substitutions distinguished as 

alleles-A, B and C were identified based on the ovine calpain 3 mRNA sequence (GenBank 

AF087570). These base substitutions in exon 10 are in domain II-b (DII-b), which is the 

catalytic domain (Figure 7.1). All are neutral base substitutions which do not cause amino 

acid substitutions. These base substitutions within exon-10 were compared with the sequences 

of other species (Table 5.8). Allele-A has a base substitution at 1332bp which is different 

from alleles-B, C and ovine (AF087570). But the base at this position varies among species, 

so it is not strongly conserved. Allele-B has a different base at 1344bp from alleles-A, C and 

ovine (AF087570). Several other species have the same base as allele-B in this position, but 

not the same base as allele-C at 1263bp but the same base as alleles-A, B and ovine 

(AF087570) in this position. Thus, there was no obvious trend for these three base 

substitutions.  
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Figure 7.1 Schematic diagram of calpain 3 domains and gene organization. 
Diagram is adapted and modified from Kawabata et al. (2003). The numbers of allele-A, 
B and C represent the positions of exon-10 polymorphisms and other base substitutions 
identified in this study. The numbers of Ovine (AF087570) represent the positions of the 
base substitutions compared with the sequence obtained in this study. The red font 
represents amino acid substitutions. Otherwise there are no change in the amino acids. 
Positions (bp) are defined based on calpain 3 ovine mRNA sequence (AF087570). 
Catalytic triads are indicated as Cys (cysteine), His (histidine) and Asn (asparagine).   
 

 

Allelic variants (allele-A, B and C) within calpain 3 exon-10 were analysed to investigate 

possible biochemical mechanisms linking specific allele variants to increased meat yield. 

Although the allelic variants within exon-10 code for the same amino acids, they may be 

linked to other polymorphisms which influence meat yields. Therefore, homozygote samples 

of each allele (AA, BB and CC) were analysed, and calpain 3 mRNA sequences were 

obtained as described in Chapter 5. These sequences confirmed the exon-10 allelic variants 

and other linked base substitutions within calpain 3. The positions of these base substitutions 

were in domain III (DIII), IS-2 and domain IV (DIV) of calpain 3 (Figure 7.1). However, 

none of the base substitutions between genotypes coded for amino acid substitutions, 

therefore they were unlikely to influence calpain 3 protein structure and function. 

To investigate the possible mechanisms of the correlation between the allelic variants and 

meat yield, calpain 3 mRNA expression and calpain 3 protein were analysed in Chapter 6. 

Calpain 3 mRNA expression was analysed by RT-PCR using relative quantification and the 

calpain 3 protein was analysed by Western blotting. The results were then compared with 
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each genotype. There was no significant difference in calpain 3 mRNA expression abundance, 

and also no difference in the amount of calpain 3 protein among genotypes.  

Calpain 3 protein was analysed in LTL and leg muscle (Gracilis). No significant differences 

were found in calpain 3 protein in leg muscle among genotypes. However, there was much 

more calpain 3 protein in the leg muscle than LTL (refer to 6.3.3 Characterising calpain 3 

protein among genotypes), and greater calpain 3 autolysis was also observed, indicating 

higher calpain 3 activity in the leg muscle than LTL. A possible correlation between allelic 

variants and meat yield was reported for shoulder muscle in sheep (Fang et al., 2013). In their 

study it was reported that the presence of calpain 3 exon-10 allele-B may be associated with 

bigger shoulder yields, but confidence in the association was weak. The amount of calpain 3 

and its autolysis was considerably less in LTL than in leg muscle and it may also differ in 

shoulder muscle. However, there was no significant difference in the amount of protein and 

pattern of autolysis among genotypes in LTL and leg muscle, and no biochemical effects of 

the presence of specific alleles were observed. 

The sequence analysis identified base substitutions, but not amino acid substitutions. 

Moreover, there was no significant differences in mRNA expression and amount of calpain 3 

protein among genotypes. No possible relationship between calpain 3 polymorphisms and 

meat yield was established. These results suggest that the reported phenotype variations 

related to specific allele variant within calpain 3 exon-10 were not direct effects of calpain 3 

polymorphisms. Considering the possible correlation between lamb shoulder yields and 

calpain 3 exon-10 allele variations (Fang et al., 2013), the differences in shoulder yields 

among allele variations are small and may not be distinguished from variations of individual 

growth rates during the experiments. Considering the numbers of possible correlates tested, 

and the weak confidence levels obtained would be expected by chance.  

When the full calpain 3 mRNA sequence determined here was compared with the registered 

ovine calpain 3 sequence (AF087570), base differences were found at 15 positions (Table 

5.7). These sequences were compared with calpain 3 sequences of a variety of other species, 

several of which agree with the sequence obtained in this research (Table 5.9). Because 

several different species including sheep samples in this research have same bases at these 15 

positions, they are likely to be conserved. Therefore, these 15 base differences are unlikely to 

have been caused by variation in different breeds of sheep, and the published ovine sequence 

(AF087570) is unlikely to reflect the common ovine gene, which is more likely to be that 

reported here. 
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The statistical studies which identified correlations between calpain 3 polymorphism and 

phenotype variations relating to meat quality propose using calpain 3 polymorphism as gene 

markers. However, no mechanism linking polymorphisms toward the biochemistry of calpain 

3 were identified in this study. There are still possibilities, but strong evidence of involvement 

of calpain 3 proteolytic activities toward meat tenderness was not obtained. The research into 

limb-girdle muscular dystrophy type 2A (LGMD2A) showed that calpain 3 has important 

roles in the maintenance and development of skeletal muscle, but how much it contributes 

toward meat quality is still uncertain. However there are several possible mechanisms that 

require further research.  

In future studies of calpain 3 relating to meat quality, it is necessary to consider the possibility 

that polymorphisms may be linked not only to calpain 3 itself also calpain 3 substrates. 

Calpain 3 may be responsible for proteolysis of MyoD, a protein with a key role in regulating 

muscle differentiation (Stuelsatz et al., 2010). The composition of myofibre type is recognised 

as an important factor responsible for meat quality (Karlsson, Klont, & Fernandez, 1999) and 

the molecular basis of fibre typing is based on isoforms of myosin heavy chains (Larzul et al., 

1997; Lefaucheur, Milan, Ecolan, & Le Callennec, 2004). Some fibre types showed higher 

tenderness than others due to their smaller diameter (Lefaucheur, 2010). MyoD regulates the 

expression pattern of myosin heavy chain isoforms in muscle fibre (Schiaffino & Reggiani, 

1996). MyoD knockout mice have shown changes in myosin heavy chain isoform expression 

toward the isoform with thinner fibres (Hughes, Koishi, Rudnicki, & Maggs, 1997). Thus 

calpain 3 proteolytic activity toward MyoD may affect meat tenderness via muscle 

differentiation.  

Calpain 3 may also alter meat quality through changing Ca2+ transport (Kramerova et al., 

2008). They found Ca2+ release to be significantly reduced in fibres from calpain 3 deficient 

muscles. This Ca2+ transport regulation resulted from recruitment of the substrate to a specific 

location to form a protein complex. It was suggested that calpain 3 activity is necessary for 

the structural integrity of the protein complex related to the Ca2+ transport. 

Calpain 3 is a muscle specific calpain and suggestions about its role in muscle are often based 

on the study of LGMD2A. Non-proteolytic functions for calpain 3 has also been determined 

in skeletal muscle (Ojima et al., 2011). It has been suggested that calpain 3 autolysis may not 

be regulated by Ca2+ but may be regulated by other ions such as Na+ (Ono et al., 2010). 

Overall this research found no evidence that the correlation between calpain 3 polymorphism 

and reported phenotypic variations were direct effects on calpain 3 itself. To elucidate the 
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mechanisms of involvement of calpain 3 toward meat quality, it is necessary to searching for 

potential substrates and interacting partners. Calpain 3 has important roles in the maintenance 

and development of skeletal muscle, but how much it contributes toward meat quality is still 

uncertain.  
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Appendix A 

Calpain 3 mRNA sequences  

Calpain 3 mRNA sequences and coded amino acid sequences of different species were 

summarised. The sequences were obtained from GenBank, except sheep genotype samples 

(AA, BB and CC). Sequences of these genotype samples were obtained in this study and 

details are in Chapter 5. Ovine=ovine calpain 3 mRNA (AF087570). Bostaurus= 

(NM174260). Yak= (JX112349). Pig= (NM214171). Rat= (NM017117). Mouse= (X92523). 

Human= (BC146649). Chicken= (NM001004405). Rabbit= (NM001082059). p- =coded 

amino acid sequence. For example, p-Bos= amino acid sequence coded for Bostaurus 

(NM174260). 

Several key positions, mentioned in this study, are indicated by arrows. Calpain 3 exon-10 is 

located between 1237 and 1399bp, refer to Chapter 5 (5.4.4 Calpain 3 mRNA sequence). 

Cysteine in catalytic site was confirmed at 129 in the amino acid sequence, refer to Chapter 3 

(3.4.3 Calpain 3 antibody specificity). Base differences within genotype samples were 

identified at 1263, 1332, 1344, 1491, 2127, 2331 and 2433bp, refer to Chapter 5 (5.3.5 

Calpain 3 mRNA sequence). Base differences between ovine (AF087570) and genotype 

samples were identified at 663, 666, 681, 687, 707, 723, 725, 746, 748, 1761, 1862, 1963, 

1966, 1979 and 1993bp, refer to Chapter 5 (5.3.5 Calpain 3 mRNA sequence). Peptide 

recognised by antibody used in this study, called pK-rich peptide, was confirmed between 585 

and 607 in the amino acid sequence, refer to Chapter 3 (3.4.3 Calpain 3 antibody specificity). 

  

 

 158 



 

 

 

 

 159 



 

 

 

 

 160 



 

 

 

 

 161 



 

 

 

 

 162 



 

 

 

 

  

 163 



References 

Arthur, G. D., Booker, T. S., & Belcastro, A. N. (1999). Exercise promotes a subcellular 

redistribution of calcium-stimulated protease activity in striated muscle. Canadian 

Journal of Physiology and Pharmacology, 77(1), 42-47. doi:10.1139/y98-140 

Asghar, A., & Bhatti, A. R. (1988). Endogenous proteolytic enzymes in skeletal muscle: Their 

significance in muscle physiology and during postmortem aging events in carcasses. 

In E. M. M. C.O. Chichester & B. S. Schweigert (Eds.), Advances in Food Research 

(Vol. 31, pp. 343-451): Academic Press. Retrieved from 

http://www.sciencedirect.com/science/article/pii/S006526280860169X. 

doi:http://dx.doi.org/10.1016/S0065-2628(08)60169-X 

Avendaño-Reyes, L., Torres-Rodríguez, V., Meraz-Murillo, F. J., Pérez-Linares, C., 

Figueroa-Saavedra, F., & Robinson, P. H. (2006). Effects of two β-adrenergic agonists 

on finishing performance, carcass characteristics, and meat quality of feedlot steers. 

Journal of Animal Science, 84(12), 3259-3265. doi:10.2527/jas.2006-173 

Baghdiguian, S., Richard, I., Martin, M., Coopman, P., Beckmann, J. S., Mangeat, P., & 

Lefranc, G. (2001). Pathophysiology of limb girdle muscular dystrophy type 2A: 

hypothesis and new insights into the IkBa/NF-kB survival pathway in skeletal muscle. 

Journal of Molecular Medicine, 79(5), 254-261. 

Bahar, B., Monahan, F., Moloney, A., Schmidt, O., MacHugh, D., & Sweeney, T. (2007). 

Long-term stability of RNA in post-mortem bovine skeletal muscle, liver and 

subcutaneous adipose tissues. BMC Molecular Biology, 8(1), 108-111. 

Barber, R. D., Harmer, D. W., Coleman, R. A., & Clark, B. J. (2005). GAPDH as a 

housekeeping gene: analysis of GAPDH mRNA expression in a panel of 72 human 

tissues. Physiological Genomics, 21(3), 389-395. 

doi:10.1152/physiolgenomics.00025.2005 

 164 

http://www.sciencedirect.com/science/article/pii/S006526280860169X
http://dx.doi.org/10.1016/S0065-2628(08)60169-X


Barendse, W., Harrison, B., Bunch, R., & Thomas, M. (2008). Variation at the Calpain 3 gene 

is associated with meat tenderness in zebu and composite breeds of cattle. BMC 

Genetics, 9(1), 41. 

Beckmann, J. S., Richard, I., Broux, O., Fougerousse, F., Allamand, V., Chiannilkulchai, N., 

Fardeau, M. (1996). Identification of muscle-specific calpain and β-sarcoglycan genes 

in progressive autosomal recessive muscular dystrophies. Neuromuscular Disorders, 

6(6), 455-462. 

Beckmann, J. S., & Spencer, M. (2008). Calpain 3, the "gatekeeper" of proper sarcomere 

assembly, turnover and maintenance. Neuromuscular Disorders, 18(12), 913-921. 

Belcastro, A. N. (1993). Skeletal muscle calcium-activated neutral protease (calpain) with 

exercise. Journal of Applied Physiology, 74(3), 1381-1386. 

Bendall, J. R. (1951). The shortening of rabbit muscles during rigor mortis: its relation to the 

breakdown of adenosine triphosphate and creatine phosphate and to muscular 

contraction. The Journal of Physiology, 114(1-2), 71-88. 

Bereczky, S., Martensson, A., Gil, J. P., & Farnert, A. (2005). Short report: Rapid DNA 

extraction from archive blood spots on filter paper for genotyping of plasmodium 

falciparum. The American Journal of Tropical Medicine and Hygiene, 72(3), 249-251. 

Bickerstaffe, R., Bekhit, A. E. D., Robertson, L. J., Roberts, N., & Geesink, G. H. (2001). 

Impact of introducing specifications on the tenderness of retail meat. Meat Science, 

59(3), 303-315. 

Bickerstaffe, R., Gately, K., & Morton, J. D. (2008). The association between polymorphic 

variations in calpain 3 with the yield and tenderness of retail lamb meat cuts. 

Symposium conducted at the meeting of the International Congress of Meat Science 

and Technology (ICoMST), Cape Town, South Africa. Retrieved from 

http://www.icomst.helsinki.fi/ICoMST2008/CD%20Papers/General%20speakers+post

ers-3p%20papers/Session4/4.1.Bickerstaffe.pdf 

 165 

http://www.icomst.helsinki.fi/ICoMST2008/CD%20Papers/General%20speakers+posters-3p%20papers/Session4/4.1.Bickerstaffe.pdf
http://www.icomst.helsinki.fi/ICoMST2008/CD%20Papers/General%20speakers+posters-3p%20papers/Session4/4.1.Bickerstaffe.pdf


Boehm, M. L., Kendall, T. L., Thompson, V. F., & Goll, D. E. (1998). Changes in the 

calpains and calpastatin during postmortem storage of bovine muscle. Journal of 

Animal Science, 76(9), 2415-2434. 

Bouton, P. E., Fisher, A. L., Harris, P. V., & Baxter, R. I. (1973). A comparison of the effects 

of some post-slaughter treatments on the tenderness of beef. International Journal of 

Food Science & Technology, 8(1), 39-49. doi:10.1111/j.1365-2621.1973.tb01687.x 

Bouton, P. E., Harris, P. V., Shorthose, W. R., & Smith, M. G. (1974). Evaluation of methods 

affecting mutton tenderness. International Journal of Food Science and Technology, 

9(1), 31-41. 

Boyer-Berri, C., & Greaser, M. L. (1998). Effect of postmortem storage on the Z-line region 

of titin in bovine muscle. Journal of Animal Science, 76(4), 1034-1044. 

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Analytical 

Biochemistry, 72(1–2), 248-254. 

Branca, D., Gugliucci, A., Bano, D., Brini, M., & Carafoli, E. (1999). Expression, partial 

purification and functional properties of themuscle-specific calpain isoform p94. 

European Journal of Biochemistry, 265(2), 839-846. doi:10.1046/j.1432-

1327.1999.00817.x 

Brown, R. E., Jarvis, K. L., & Hyland, K. J. (1989). Protein measurement using bicinchoninic 

acid: elimination of interfering substances. Analytical Biochemistry, 180(1), 136-139. 

Busch, W. A., Stromer, M. H., Goll, D. E., & Suzuki, A. (1972). Ca2+-specific removal of z 

lines from rabbit skeletal muscle. The Journal of Cell Biology, 52(2), 367-381. 

doi:10.1083/jcb.52.2.367 

Bustin, S. A. (2000). Absolute quantification of mRNA using real-time reverse transcription 

polymerase chain reaction assays. Journal of Molecular Endocrinology, 25(2), 169-

193. doi:10.1677/jme.0.0250169 

 166 



Caggana, M., Conroy, J. M., & Pass, K. A. (1998). Rapid, efficient method for multiplex 

amplification from filter paper. Human Mutation, 11(5), 404-409. 

doi:10.1002/(sici)1098-1004(1998)11:5<404::aid-humu8>3.0.co;2-s 

Cai, D., Frantz, J. D., Tawa, N. E., Melendez, P. A., Oh, B. C., Lidov, H. G. W., Shoelson, S. 

E. (2004). Ikkβ/nf-κb activation causes severe muscle wasting in mice. Cell, 119(2), 

285-298. 

Camou, J. P., Marchello, J. A., Thompson, V. F., Mares, S. W., & Goll, D. E. (2007). Effect 

of postmortem storage on activity of μ- and m-calpain in five bovine muscles. Journal 

of Animal Science, 85(10), 2670-2681. doi:10.2527/jas.2007-0164 

Chrystall, B. B., & Devine, C. E. (1991). Quality Assurance for Tenderness: Meat Industry 

Research Institute of New Zealand. Retrieved from 

http://books.google.co.nz/books?id=TKg7HQAACAAJ 

Chung, H., Choi, B., Jang, G., Lee, K., Kim, H., Yoon, S., Hines, H. (2007). Effect of variants 

in the ovine skeletal-muscle-specific calpain gene on body weight. Journal of Applied 

Genetics 48(1), 63-68. doi:http://jag.igr.poznan.pl/2007-Volume-48/1/abstracts.html 

Claeys, E., Uytterhaegen, L., Buts, B., & Demeyer, D. (1995). Quantification of beef 

myofibrillar proteins by SDS-PAGE. Meat Science, 39(2), 177-193. 

Cockett, N. E., Jackson, S. P., Shay, T. L., Nielsen, D., Moore, S. S., Steele, M. R., Georges, 

M. (1994). Chromosomal localization of the callipyge gene in sheep (Ovis aries) using 

bovine DNA markers. Proceedings of the National Academy of Sciences, 91(8), 3019-

3023. doi:10.1073/pnas.91.8.3019 

Cong, J., Goll, D. E., Peterson, A. M., & Kapprell, H. P. (1989). The role of autolysis in 

activity of the Ca2+-dependent proteinases (µ-calpain and m-calpain). The Journal of 

Biological Chemistry, 264(17), 10096-10103. 

 167 

http://books.google.co.nz/books?id=TKg7HQAACAAJ
http://jag.igr.poznan.pl/2007-Volume-48/1/abstracts.html


da Silva, E. S., Gontijo, C. M., Pacheco Rda, S., & Brazil, R. P. (2004). Diagnosis of human 

visceral leishmaniasis by PCR using blood samples spotted on filter paper. Genetics 

and Molecular Research, 3(2), 251-257. doi:0082 [pii] 

Dear, N., Matena, K., Vingron, M., & Boehm, T. (1997). A new subfamily of vertebrate 

calpains lacking a calmodulin-like domain: Implications for calpain regulation and 

evolution. Genomics, 45(1), 175-184. doi:http://dx.doi.org/10.1006/geno.1997.4870 

Devine, C. E., Graafhuis, A. E., Muir, P. D., & Chrystall, B. B. (1993). The effect of growth 

rate and ultimate pH on meat quality of lambs. Meat Science, 35(1), 63-77. 

doi:http://dx.doi.org/10.1016/0309-1740(93)90070-X 

Dransfield, E., Jones, R. C. D., & MacFie, H. J. H. (1981). Tenderising in M. longissimus 

dorsi of beef, veal, rabbit, lamb and pork. Meat Science, 5(2), 139-147. 

Ducastaing, A., Valin, C., Schollmeyer, J., & Cross, R. (1985). Effects of electrical 

stimulation on post-mortem changes in the activities of two Ca dependent neutral 

proteinases and their inhibitor in beef muscle. Meat Science, 15(4), 193-202. 

Dunshea, F. R., D’Souza, D. N., Pethick, D. W., Harper, G. S., & Warner, R. D. (2005). 

Effects of dietary factors and other metabolic modifiers on quality and nutritional 

value of meat. Meat Science, 71(1), 8-38. 

doi:http://dx.doi.org/10.1016/j.meatsci.2005.05.001 

Dutson, T. R. (1983). Relationship of pH and temperature to disruption of specific muscle 

proteins and activity of lysosomal proteases. Journal of Food Biochemistry, 7(4), 223-

245. doi:10.1111/j.1745-4514.1983.tb00800.x 

Edmunds, T., Nagainis, P. A., Sathe, S. K., Thompson, V. F., & Goll, D. E. (1991). 

Comparison of the autolyzed and unautolyzed forms of μ- and m-calpain from bovine 

skeletal muscle. Biochimica et Biophysica Acta - Protein Structure and Molecular 

Enzymology, 1077(2), 197-208. 

 168 

http://dx.doi.org/10.1006/geno.1997.4870
http://dx.doi.org/10.1016/0309-1740(93)90070-X
http://dx.doi.org/10.1016/j.meatsci.2005.05.001


Elce, J. S., Hegadorn, C., & Arthur, J. S. C. (1997). Autolysis, Ca2+ requirement, and 

heterodimer stability in m-calpain. The Journal of Biological Chemistry, 272(17), 

11268-11275. 

Espy, M. J., Uhl, J. R., Sloan, L. M., Buckwalter, S. P., Jones, M. F., Vetter, E. A., Smith, T. 

F. (2006). Real-time PCR in clinical microbiology: Applications for routine laboratory 

testing. Clinical Microbiology Reviews, 19(1), 165-256. doi:10.1128/cmr.19.1.165-

256.2006 

Fang, Q., Forrest, R. H., Zhou, H., Frampton, C. M., & Hickford, J. G. H. (2013). Variation in 

exon 10 of the ovine calpain 3 gene (CAPN3) and its association with meat yield in 

New Zealand Romney sheep. Meat Science, 94(3), 388-390. 

doi:10.1016/j.meatsci.2013.03.015 

Field, R. A., McCormick, R. J., Brown, D. R., Hinds, F. C., & Snowder, G. D. (1996). 

Collagen crosslinks in longissimus muscle from lambs expressing the callipyge gene. 

Journal of Animal Science, 74(12), 2943-2947. 

Freking, B. A., Keele, J. W., Beattie, C. W., Kappes, S. M. (1998). Evaluation of the ovine 

callipyge locus: I. Relative chromosomal position and gene action. Journal of Animal 

Science, 76(8), 2062-2071. 

Freking, B. A., Murphy, S. K., Wylie, A. A., Rhodes, S. J., Keele, J. W., Leymaster, K. A., 

Smith, T. P. L. (2002). Identification of the single base change causing the callipyge 

muscle hypertrophy phenotype, the only known example of polar overdominance in 

mammals. Genome Research, 12(10), 1496-1506. doi:10.1101/gr.571002 

Fritz, J. D., & Greaser, M. L. (1991). Changes in titin and nebulin in postmortem bovine 

muscle revealed by gel electrophoresis, Western blotting and immunofluorescence 

microscopy. Journal of Food Science, 56(3), 607-610. doi:10.1111/j.1365-

2621.1991.tb05340.x 

 169 



Fritz, J. D., Mitchell, M. C., Marsh, B. B., & Greaser, M. L. (1993). Titin content of beef in 

relation to tenderness. Meat Science, 33(1), 41-50. doi:10.1016/0309-1740(93)90092-

v 

Funatsu, T., Higuchi, H., & Ishiwata, S. (1990). Elastic filaments in skeletal muscle revealed 

by selective removal of thin filaments with plasma gelsolin. The Journal of Cell 

Biology, 110(1), 53-62. doi:10.1083/jcb.110.1.53 

Garcia-Crespo, D., Juste, R., & Hurtado, A. (2005). Selection of ovine housekeeping genes 

for normalisation by real-time RT-PCR; analysis of PrP gene expression and genetic 

susceptibility to scrapie. BMC Veterinary Research, 1(3), 1-8. 

García Díaz, B. E., Gauthier, S., & Davies, P. L. (2006). Ca2+ dependency of calpain 3 (p94) 

activation. Biochemistry, 45(11), 3714-3722. doi:10.1021/bi051917j 

Garrett, R. H., & Grisham, C. M. (1995). Biochemistry (2nd ed.). Retrieved from 

http://www.hbcollege.com 

Garvey, S. M., Rajan, C., Lerner, A. P., Frankel, W. N., & Cox, G. A. (2002). The muscular 

dystrophy with myositis (mdm) mouse mutation disrupts a skeletal muscle-specific 

domain of titin. Genomics, 79(2), 146-149. 

Geesink, G. H., & Bickerstaffe, R. (2000). Rigor temperature and meat quality characteristics 

of lamb longissimus muscle. Journal of Animal Science, 78(11), 2842-2848. 

Geesink, G. H., & Koohmaraie, M. (1999). Effect of calpastatin on degradation of 

myofibrillar proteins by µ-calpain under postmortem conditions. Journal of Animal 

Science, 77(10), 2685-2692. 

Geesink, G. H., & Koohmaraie, M. (2000). Ionic strength-induced inactivation of µ-calpain in 

postmortem muscle. Journal of Animal Science, 78(9), 2336-2343. 

 170 

http://www.hbcollege.com/


Geesink, G. H., Kuchay, S., Chishti, A. H., & Koohmaraie, M. (2006). μ-Calpain is essential 

for postmortem proteolysis of muscle proteins1,2. Journal of Animal Science, 84(10), 

2834-2834-2840. 

Geesink, G. H., Taylor, R. G., & Koohmaraie, M. (2005). Calpain 3/p94 is not involved in 

postmortem proteolysis. Journal of Animal Science, 83(7), 1646-1652. 

Giulietti, A., Overbergh, L., Valckx, D., Decallonne, B., Bouillon, R., & Mathieu, C. (2001). 

An overview of real-time quantitative PCR: Applications to quantify cytokine gene 

expression. Methods, 25(4), 386-401. 

Goll, D. E., Otsuka, Y., Nagainis, P. A., Shannon, J. D., Sathe, S. K., & Muguruma, M. 

(1983). Role of muscle proteinases in maintenance of muscle integrity and mass. 

Journal of Food Biochemistry, 7(3), 137-177. doi:10.1111/j.1745-

4514.1983.tb00795.x 

Goll, D. E., Thompson, V. F., Li, H., Wei, W., & Cong, J. (2003). The calpain system. 

Physiological Reviews 83(3), 731(771). 

Gothard, R. H., Mullins, A. M., Boulware, R. F., & Hansard, S. L. (1966). Histological 

studies of post-mortem changes in sarcomere length as related to bovine muscle 

tenderness. Journal of Food Science, 31(6), 825-828. doi:10.1111/j.1365-

2621.1966.tb03256.x 

Gregorio, C. C., Granzier, H., Sorimachi, H., & Labeit, S. (1999). Muscle assembly: a titanic 

achievement? Current Opinion in Cell Biology, 11(1), 18-25. 

Grobet, L., Royo Martin, L. J., Poncelet, D., Pirottin, D., Brouwers, B., Riquet, J., Georges, 

M. (1997). A deletion in the bovine myostatin gene causes the double-muscled 

phenotype in cattle [10.1038/ng0997-71]. Nature Genetics  17(1), 71-74. 

Gross-Bellard, M., Oudet, P., & Chambon, P. (1973). Isolation of high-molecular-weight 

DNA from mammalian cells. European Journal of Biochemistry, 36(1), 32-38. 

doi:10.1111/j.1432-1033.1973.tb02881.x 

 171 



Guide to Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative 

PCR. (2008): Applied Biosystems. Retrieved from 

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldoc

uments/cms_042380.pdf 

Hannula, T., & Puolanne, E. (2004). The effect of cooling rate on beef tenderness: The 

significance of pH at 7 °C. Meat Science, 67(3), 403-408. 

Heid, C. A., Stevens, J., Livak, K. J., & Williams, P. M. (1996). Real time quantitative PCR. 

Genome Research, 6(10), 986-994. doi:10.1101/gr.6.10.986 

Herring, H. K., Cassens, R. G., & Rriskey, E. J. (1965). Further studies on bovine muscle 

tenderness as influenced by carcass position, sarcomere length, and fiber diameter. 

Journal of Food Science, 30(6), 1049-1054. doi:10.1111/j.1365-2621.1965.tb01885.x 

Higgins, J. A., Lasslett, Y. V., Bardsley, R. G., & Buttery, P. J. (1988). The relation between 

dietary restriction or clenbuterol (a selective β2 agonist) treatment on muscle growth 

and calpain proteinase (EC 3.4.22.17) and calpastatin activities in lambs. British 

Journal of Nutrition, 60(3), 645-652. 

Hood, D. A., & Simoneau, J. A. (1989). Rapid isolation of total RNA from small mammal 

and human skeletal muscle. American Journal of Physiology - Cell Physiology, 

256(5), C1092-C1096. 

Hopkins, D. L., & Thompson, J. M. (2001). The relationship between tenderness, proteolysis, 

muscle contraction and dissociation of actomyosin. Meat Science, 57(1), 1-12. 

Hopkins, D. L., & Thompson, J. M. (2002). Factors contributing to proteolysis and disruption 

of myofibrillar proteins and the impact on tenderisation in beef and sheep meat. 

Australian Journal of Agricultural Research, 53(2), 149-166. 

doi:doi:10.1071/AR01079 

 172 

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_042380.pdf
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_042380.pdf


Hostetler, R. L., Link, B. A., Landmann, W. A., & Fitzhugh, H. A. (1972). Effect of carcass 

suspension on sarcomere length and shear force of some major bovine muscles. 

Journal of Food Science, 37(1), 132-135. doi:10.1111/j.1365-2621.1972.tb03402.x 

Houmeida, A., Holt, J., Tskhovrebova, L., & Trinick, J. (1995). Studies of the interaction 

between titin and myosin. The Journal of Cell Biology, 131(6), 1471-1481. 

doi:10.1083/jcb.131.6.1471 

Huff-Lonergan, E., Mitsuhashi, T., Beekman, D. D., Parrish, F. C., Olson, D. G., & Robson, 

R. M. (1996). Proteolysis of specific muscle structural proteins by μ-calpain at low pH 

and temperature is similar to degradation in postmortem bovine muscle. Journal of 

Animal Science, 74(5), 993-1008. 

Huff-Lonergan, E., Mitsuhashi, T., Parrish, F. C., & Robson, R. M. (1996). Sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis and western blotting comparisons of 

purified myofibrils and whole muscle preparations for evaluating titin and nebulin in 

postmortem bovine muscle. Journal of Animal Science, 74(4), 779-785. 

Huffman, K. L., Miller, M. F., Hoover, L. C., Wu, C. K., Brittin, H. C., & Ramsey, C. B. 

(1996). Effect of beef tenderness on consumer satisfaction with steaks consumed in 

the home and restaurant. Journal of Animal Science, 74(1), 91-97. 

Hughes, S. M., Koishi, K., Rudnicki, M., & Maggs, A. M. (1997). MyoD protein is 

differentially accumulated in fast and slow skeletal muscle fibres and required for 

normal fibre type balance in rodents. Mechanisms of Development, 61(1–2), 151-163. 

doi:http://dx.doi.org/10.1016/S0925-4773(96)00631-4 

Huxley, H., & Hanson, J. (1954). Changes in the cross-striations of muscle during contraction 

and stretch and their structural interpretation. Nature, 173(4412), 973-976. 

Huxley, H. E. (1957). The double array of filaments in cross-striated muscle. The Journal of 

Biophysical and Biochemical Cytology, 3(5), 631-648. doi:10.1083/jcb.3.5.631 

 173 

http://dx.doi.org/10.1016/S0925-4773(96)00631-4


Ilian, M. A., Bekhit, A. E.-D., & Bickerstaffe, R. (2004). The relationship between meat 

tenderization, myofibril fragmentation and autolysis of calpain 3 during post-mortem 

aging. Meat Science, 66(2), 387-397. 

Ilian, M. A., Bekhit, A. E.-D. A., Stevenson, B., Morton, J. D., Isherwood, P., & Bickerstaffe, 

R. (2004). Up- and down-regulation of longissimus tenderness parallels changes in the 

myofibril-bound calpain 3 protein. Meat Science, 67(3), 433-445. 

Ilian, M. A., Bickerstaffe, R., & Greaser, M. L. (2004). Postmortem changes in myofibrillar-

bound calpain 3 revealed by immunofluorescence microscopy. Meat Science, 66(1), 

231-240. 

Ilian, M. A., Morton, J. D., Bekhit, A. E., Roberts, N., Palmer, B., Sorimachi, H., & 

Bickerstaffe, R. (2001). Effect of preslaughter feed withdrawal period on longissimus 

tenderness and the expression of calpains in the ovine. Journal of Agricultural and 

Food Chemistry, 49(4), 1990-1998. 

Ilian, M. A., Morton, J. D., Kent, M. P., & Le Couteur, C. E. (2001). Intermuscular variation 

in tenderness: Association with the ubiquitous and muscle-specific calpains. Journal 

of Animal Science, 79(1), 122-132. 

Jackson, S. P., Miller, M. F., & Green, R. D. (1997). Phenotypic characterization of 

Rambouillet sheep expressing the callipyge gene: II. Carcass characteristics and retail 

yield. Journal of Animal Science, 75(1), 125-132. 

Jenne, D. E., Kley, R. A., Vorgerd, M., Schroder, J. M., Weis, J., Reimann, H., Labeit, S. 

(2005). Limb girdle muscular dystrophy in a sibling pair with a homozygous 

Ser606Leu mutation in the alternatively spliced IS2 region of calpain 3. Biological 

Chemistry, 386(1), 61 - 67. 

Jeremiah, L. E., Gibson, L. L., & Cunningham, B. (1999). The influence of mechanical 

tenderization on the palatability of certain bovine muscles. Food Research 

International, 32(8), 585-591. 

 174 



Ji, J. R., & Takahashi, K. (2006). Changes in concentration of sarcoplasmic free calcium 

during post-mortem ageing of meat. Meat Science, 73(3), 395-403. 

doi:http://dx.doi.org/10.1016/j.meatsci.2005.09.010 

Karlsson, A. H., Klont, R. E., & Fernandez, X. (1999). Skeletal muscle fibres as factors for 

pork quality. Livestock Production Science, 60(2–3), 255-269. 

doi:http://dx.doi.org/10.1016/S0301-6226(99)00098-6 

Karlsson, J. O., Ostwald, K., Kabjorn, C., & Andersson, M. (1994). A method for protein 

assay in laemmli buffer. Analytical Biochemistry, 219(1), 144-146. 

Kawabata, Y., Hata, S., Ono, Y., Ito, Y., Suzuki, K., Abe, K., & Sorimachi, H. (2003). Newly 

identified exons encoding novel variants of p94/calpain 3 are expressed ubiquitously 

and overlap the α-glucosidase C gene. FEBS Letters, 555(3), 623-630. 

Keira, Y., Noguchi, S., Minami, N., Hayashi, Y. K., & Nishino, I. (2003). Localization of 

calpain 3 in human skeletal muscle and its alteration in limb-girdle muscular 

dystrophy 2A muscle. Journal of Biochemistry, 133(5), 659-664. 

doi:10.1093/jb/mvg084 

Kemp, C. M., Sensky, P. L., Bardsley, R. G., Buttery, P. J., & Parr, T. (2010). Tenderness – 

An enzymatic view. Meat Science, 84(2), 248-256. 

doi:http://dx.doi.org/10.1016/j.meatsci.2009.06.008 

Kemp, J. D., & Barton, R. A. (1969). Composition of cuts and carcasses of New Zealand 

lamb when graded by united states grade standards. Journal of Animal Science, 28(3), 

324-330. 

Killefer, J., & Koohmaraie, M. (1994). Bovine skeletal muscle calpastatin: cloning, sequence 

analysis, and steady-state mRNA expression. Journal of Animal Science, 72(3), 606-

614. 

 175 

http://dx.doi.org/10.1016/j.meatsci.2005.09.010
http://dx.doi.org/10.1016/S0301-6226(99)00098-6
http://dx.doi.org/10.1016/j.meatsci.2009.06.008


Kinbara, K., Ishiura, S., Tomioka, S., Sorimachi, H., Jeong, S. Y., Amano, S., Suzuki, K. 

(1998). Purification of native p94, a muscle-specific calpain, and characterization of 

its autolysis. Biochemical Journal, 335(3), 589-596. 

Kinbara, K., Sorimachi, H., Ishiura, S., & Suzuki, K. (1997). Muscle-specific calpain, p94, 

interacts with the extreme c-terminal region of connectin, a unique region flanked by 

two immunoglobulin C2 motifs. Archives of Biochemistry and Biophysics, 342(1), 99-

107. 

Kinbara, K., Sorimachi, H., Ishiura, S., & Suzuki, K. (1998). Skeletal muscle-specific calpain, 

p94 : structure and physiological function. Biochemical Pharmacology, 56(4), 415-

420. 

Koohmaraie, M. (1992a). Effect of pH, temperature, and inhibitors on autolysis and catalytic 

activity of bovine skeletal muscle µ-calpain. Journal of Animal Science, 70(10), 3071-

3080. 

Koohmaraie, M. (1992b). Ovine skeletal muscle multicatalytic proteinase complex 

(proteasome): purification, characterization, and comparison of its effects on 

myofibrils with mu-calpains. Journal of Animal Science, 70(12), 3697-3708. 

Koohmaraie, M. (1992c). The role of Ca2+-dependent proteases (calpains) in post mortem 

proteolysis and meat tenderness. Biochimie, 74(3), 239-245. 

Koohmaraie, M. (1994). Muscle proteinases and meat aging. Meat Science, 36(1–2), 93-104. 

doi:http://dx.doi.org/10.1016/0309-1740(94)90036-1 

Koohmaraie, M. (1996). Biochemical factors regulating the toughening and tenderization 

processes of meat. Meat Science, 43, Supplement 1(0), 193-201. 

Koohmaraie, M., Crouse, J. D., & Mersmann, H. J. (1989). Acceleration of postmortem 

tenderization in ovine carcasses through infusion of calcium chloride: Effect of 

concentration and ionic strength. Journal of Animal Science, 67(4), 934-942. 

 176 

http://dx.doi.org/10.1016/0309-1740(94)90036-1


Koohmaraie, M., & Geesink, G. H. (2006). Contribution of postmortem muscle biochemistry 

to the delivery of consistent meat quality with particular focus on the calpain system. 

Meat Science, 74(1), 34-43. 

Koohmaraie, M., Kent, M. P., Shackelford, S. D., Veiseth, E., & Wheeler, T. L. (2002). Meat 

tenderness and muscle growth: is there any relationship? Meat Science, 62(3), 345-

352. 

Koohmaraie, M., Schollmeyer, J. E., & Dutson, T. R. (1986). Effect of low-calcium-requiring 

calcium activated factor on myofibrils under varying ph and temperature conditions. 

Journal of Food Science, 51(1), 28-32. doi:10.1111/j.1365-2621.1986.tb10828.x 

Koohmaraie, M., Seidemann, S. C., Schollmeyer, J. E., Dutson, T. R., & Crouse, J. D. (1987). 

Effect of post-mortem storage on Ca2+-dependent proteases, their inhibitor and 

myofibril fragmentation. Meat Science, 19(3), 187-196. 

Koohmaraie, M., Shackelford, S. D., Wheeler, T. L., Lonergan, S. M., & Doumit, M. E. 

(1995). A muscle hypertrophy condition in lamb (callipyge): characterization of 

effects on muscle growth and meat quality traits. Journal of Animal Science, 73(12), 

3596-3607. 

Koohmaraie, M., Whipple, G., Kretchmar, D. H., Crouse, J. D., & Mersmann, H. J. (1991). 

Postmortem proteolysis in longissimus muscle from beef, lamb and pork carcasses. 

Journal of Animal Science, 69(2), 617-624. 

Kotewicz, M. L., D'Alessio, J. M., Driftmier, K. M., Blodgett, K. P., & Gerard, G. F. (1985). 

Cloning and overexpression of Moloney murine leukemia virus reverse transcriptase 

in Escherichia coli. Gene, 35(3), 249-258. 

Kramerova, I., Beckmann, J. S., & Spencer, M. J. (2007). Molecular and cellular basis of 

calpainopathy (limb girdle muscular dystrophy type 2A). Biochimica et Biophysica 

Acta - Molecular Basis of Disease, 1772(2), 128-144. 

 177 



Kramerova, I., Kudryashova, E., Ermolova, N., Saenz, A., Jaka, O., López de Munain, A., & 

Spencer, M. J. (2012). Impaired calcium calmodulin kinase signaling and muscle 

adaptation response in the absence of calpain 3. Human Molecular Genetics, 21(14), 

3193-3204. doi:10.1093/hmg/dds144 

Kramerova, I., Kudryashova, E., Tidball, J. G., & Spencer, M. J. (2004). Null mutation of 

calpain 3 (p94) in mice causes abnormal sarcomere formation in vivo and in vitro. 

Human Molecular Genetics, 13(13), 1373-1388. doi:10.1093/hmg/ddh153 

Kramerova, I., Kudryashova, E., Wu, B., Ottenheijm, C., Granzier, H., & Spencer, M. J. 

(2008). Novel role of calpain-3 in the triad-associated protein complex regulating 

calcium release in skeletal muscle. Human Molecular Genetics, 17(21), 3271-3280. 

doi:10.1093/hmg/ddn223 

Labeit, S., & Kolmerer, B. (1995). Titins: Giant proteins in charge of muscle ultrastructure 

and elasticity. Science, 270(5234), 293-296. doi:10.1126/science.270.5234.293 

Larionov, A., Krause, A., & Miller, W. (2005). A standard curve based method for relative 

real time PCR data processing. BMC Bioinformatics, 6(1), 62. 

Larzul, C., Lefaucheur, L., Ecolan, P., Gogué, J., Talmant, A., Sellier, P., Monin, G. (1997). 

Phenotypic and genetic parameters for longissimus muscle fiber characteristics in 

relation to growth, carcass, and meat quality traits in large white pigs. Journal of 

Animal Science, 75(12), 3126-3137. 

Lefaucheur, L. (2010). A second look into fibre typing – Relation to meat quality. Meat 

Science, 84(2), 257-270. doi:http://dx.doi.org/10.1016/j.meatsci.2009.05.004 

Lefaucheur, L., Milan, D., Ecolan, P., & Le Callennec, C. (2004). Myosin heavy chain 

composition of different skeletal muscles in Large White and Meishan pigs. Journal of 

Animal Science, 82(7), 1931-1941. 

Lekanne Deprez, R. H., Fijnvandraat, A. C., Ruijter, J. M., & Moorman, A. F. M. (2002). 

Sensitivity and accuracy of quantitative real-time polymerase chain reaction using 

 178 

http://dx.doi.org/10.1016/j.meatsci.2009.05.004


SYBR green I depends on cDNA synthesis conditions. Analytical Biochemistry, 

307(1), 63-69. 

Lobry, J. R., & Gautier, C. (1994). Hydrophobicity, expressivity and aromaticity are the 

major trends of amino-acid usage in 999 Escherichia coli chromosome-encoded genes. 

Nucleic Acids Research, 22(15), 3174-3180. doi:10.1093/nar/22.15.3174 

Locker, R. H. (1960). Degree of muscular contraction as a factor in tenderness of beef. 

Journal of Food Science, 25(2), 304-307. doi:10.1111/j.1365-2621.1960.tb00335.x 

Lorenzen, C. L., Koohmaraie, M., Shackelford, S. D., Jahoor, F., Freetly, H. C., Wheeler, T. 

L., Fiorotto, M. L. (2000). Protein kinetics in callipyge lambs. Journal of Animal 

Science, 78(1), 78-87. 

Ludwig, C. J., Claus, J. R., Marriott, N. G., Johnson, J., & Wang, H. (1997). Skeletal 

alteration to improve beef longissimus muscle tenderness. Journal of Animal Science, 

75(9), 2404-2410. 

Lusby, M. L., Ridpath, J. F., Parrish, F. C., & Robson, R. M. (1983). Effect of postmortem 

storage on degradation of the myofibrillar protein titin in bovine longissimus muscle. 

Journal of Food Science, 48(6), 1787-1790. doi:10.1111/j.1365-2621.1983.tb05085.x 

Ma, H., Shih, M., Hata, I., Fukiage, C., Azuma, M., & Shearer, T. R. (1998). Protein for lp82 

calpain is expressed and enzymatically active in young rat lens. Experimental Eye 

Research, 67(2), 221-229. 

Mahoney, D. J., Carey, K., Fu, M.-H., Snow, R., Cameron-Smith, D., Parise, G., & 

Tarnopolsky, M. A. (2004). Real-time RT-PCR analysis of housekeeping genes in 

human skeletal muscle following acute exercise. Physiological Genomics, 18(2), 226-

231. doi:10.1152/physiolgenomics.00067.2004 

Majumdar, R., Rehana, Z., Jumah, M. A., & Fetaini, N. (2005). Spinal muscular atrophy 

carrier screening by multiplex polymerase chain reaction using dried blood spot on 

 179 



filter paper. Annals of Human Genetics, 69(2), 216-221. doi:10.1046/j.1469-

1809.2004.00149.x 

Marsh, B. B., & Leet, N. G. (1966). Studies in meat tenderness. III. The effects of cold 

shortening on tenderness. Journal of Food Science, 31(3), 450-459. 

doi:10.1111/j.1365-2621.1966.tb00520.x 

Miller, M. F., Carr, M. A., Ramsey, C. B., Crockett, K. L., & Hoover, L. C. (2001). Consumer 

thresholds for establishing the value of beef tenderness. Journal of Animal Science, 

79(12), 3062-2068. 

Miller, M. F., Huffman, K. L., Gilbert, S. Y., Hamman, L. L., & Ramsey, C. B. (1995). Retail 

consumer acceptance of beef tenderized with calcium chloride. Journal of Animal 

Science, 73(8), 2308-2314. 

Miller, S. A., Dykes, D. D., & Polesky, H. F. (1988). A simple salting out procedure for 

extracting DNA from human nucleated cells. Nucleic Acids Research, 16(3), 1215. 

doi:10.1093/nar/16.3.1215 

Moldoveanu, T., Hosfield, C. M., Lim, D., Elce, J. S., Jia, Z., & Davies, P. L. (2002). A Ca2+ 

switch aligns the active site of calpain. Cell, 108(5), 649-660. 

Moretti, D., Del Bello, B., Cosci, E., Biagioli, M., Miracco, C., & Maellaro, E. (2009). Novel 

variants of muscle calpain 3 identified in human melanoma cells: cisplatin-induced 

changes in vitro and differential expression in melanocytic lesions. Carcinogenesis, 

30(6), 960-967. doi:10.1093/carcin/bgp098 

Morgan, J. B., Savell, J. W., Hale, D. S., Miller, R. K., Griffin, D. B., Cross, H. R., & 

Shackelford, S. D. (1991). National beef tenderness survey. Journal of Animal 

Science, 69(8), 3274-3283. 

Morton, J. D., Bickerstaffe, R., Kent, M. P., Dransfield, E., & Keeley, G. M. (1999). Calpain-

calpastatin and toughness in M. longissimus from electrically stimulated lamb and 

beef carcasses. Meat Science, 52(1), 71-79. 

 180 



Mullis, K. B., & Faloona, F. A. (1987). Specific synthesis of DNA in vitro via a polymerase-

catalyzed chain reaction. Methods in Enzymology, 155, 335-350. 

Murphy, R. M., Snow, R. J., & Lamb, G. D. (2006). µ-Calpain and calpain-3 are not 

autolyzed with exhaustive exercise in humans. American Journal of Physiology - Cell 

Physiology, 290(1), C116-122. doi:10.1152/ajpcell.00291.2005 

Murphy, R. M., Vissing, K., Latchman, H., Lamboley, C., McKenna, M. J., Overgaard, K., & 

Lamb, G. D. (2011). Activation of skeletal muscle calpain-3 by eccentric exercise in 

humans does not result in its translocation to the nucleus or cytosol. Journal of 

Applied Physiology, 111(5), 1448-1458. doi:10.1152/japplphysiol.00441.2011 

Murphy, R. M., Watt, K. K. O., Cameron-Smith, D., Gibbons, C. J., & Snow, R. J. (2003). 

Effects of creatine supplementation on housekeeping genes in human skeletal muscle 

using real-time RT-PCR. Physiological Genomics, 12(2), 163-174. 

doi:10.1152/physiolgenomics.00060.2002 

Murphy, S. K., Nolan, C. M., Huang, Z., Kucera, K. S., Freking, B. A., Smith, T. P. L., Jirtle, 

R. L. (2006). Callipyge mutation affects gene expression in cis: A potential role for 

chromatin structure. Genome Research, 16(3), 340-346. doi:10.1101/gr.4389306 

Nakamura, R. (1973). Estimation of water-extractable Ca in chicken breast muscle by atomic 

absorption. Analytical Biochemistry, 53(2), 531-537. 

doi:http://dx.doi.org/10.1016/0003-2697(73)90103-6 

O'Halloran, G. R., Troy, D. J., & Buckley, D. J. (1997). The relationship between early post-

mortem pH and the tenderisation of beef muscles. Meat Science, 45(2), 239-251. 

Ojima, K., Kawabata, Y., Nakao, H., Nakao, K., Doi, N., Kitamura, F., Sorimachi, H. (2010). 

Dynamic distribution of muscle-specific calpain in mice has a key role in physical-

stress adaptation and is impaired in muscular dystrophy. Journal of Clinical 

Investigation 120(8), 2672-2683. 

 181 

http://dx.doi.org/10.1016/0003-2697(73)90103-6


Ojima, K., Ono, Y., Doi, N., Yoshioka, K., Kawabata, Y., Labeit, S., & Sorimachi, H. (2007). 

Myogenic stage, sarcomere length, and protease activity modulate localization of 

muscle-specific calpain. The Journal of Biological Chemistry, 282(19), 14493-14504. 

doi:10.1074/jbc.M610806200 

Ojima, K., Ono, Y., Hata, S., Koyama, S., Doi, N., & Sorimachi, H. (2005). Possible 

functions of p94 in connectin-mediated signaling pathways in skeletal muscle cells. 

Journal of Muscle Research and Cell Motility, 26(6), 409-417. 

Ojima, K., Ono, Y., Ottenheijm, C., Hata, S., Suzuki, H., Granzier, H., & Sorimachi, H. 

(2011). Non-proteolytic functions of calpain-3 in sarcoplasmic reticulum in skeletal 

muscles. Journal of Molecular Biology, 407(3), 439-449. 

Olson, D. G., Parrish, F. C., Dayton, W. R., & Goll, D. E. (1977). Effect of postmortem 

storage and calcium activated factor on the myofibrillar proteins of bovine skeletal 

muscle. Journal of Food Science, 42(1), 117-124. doi:10.1111/j.1365-

2621.1977.tb01233.x 

Olson, D. G., Parrish Jr, F. C., & Stromer, M. H. (1976). Myofibril fragmentation and shear 

resistance of three bovine muscles during postmortem storage. Journal of Food 

Science, 41(5), 1036-1041. 

Ono, Y., Ojima, K., Torii, F., Takaya, E., Doi, N., Nakagawa, K., Sorimachi, H. (2010). 

Skeletal muscle-specific calpain is an intracellular Na+-dependent protease. The 

Journal of Biological Chemistry, 285(30), 22986-22998. 

doi:10.1074/jbc.M110.126946 

Ono, Y., Shimada, H., Sorimachi, H., Richard, I., Saido, T. C., Beckmann, J. S., Suzuki, K. 

(1998). Functional defects of a muscle-specific calpain, p94, caused by mutations 

associated with limb-girdle muscular dystrophy type 2A. The Journal of Biological 

Chemistry, 273(27), 17073-17078. doi:10.1074/jbc.273.27.17073 

Ono, Y., Torii, F., Ojima, K., Doi, N., Yoshioka, K., Kawabata, Y., Sorimachi, H. (2006). 

Suppressed disassembly of autolyzing p94/capn3 by N2a connectin/titin in a genetic 

 182 



reporter system. The Journal of Biological Chemistry, 281(27), 18519-18531. 

doi:10.1074/jbc.M601029200 

Ottenheijm, C. A. C., & Granzier, H. (2010). Lifting the nebula: Novel insights into skeletal 

muscle contractility. Physiology, 25(5), 304-310. doi:10.1152/physiol.00016.2010 

Ouali, A. (1990). Meat tenderization: Possible causes and mechanisms. A review. Journal of 

Muscle Foods, 1(2), 129-165. doi:10.1111/j.1745-4573.1990.tb00360.x 

Ouali, A. (1992). Proteolytic and physicocohemical mechanisms involved in meat texture 

development. Biochimie, 74(3), 251-265. 

Overbergh, L., Giulietti, A., Valckx, D., Decallonne, B., Bouillon, R., & Mathieu, C. (2003). 

The use of real-time reverse transcriptase PCR for the quantification of cytokine gene 

expression. Journal of Biomolecular Techniques, 14(1), 33-43. 

Pal, G. P., Elce, J. S., & Jia, Z. (2001). Dissociation and aggregation of calpain in the 

presence of calcium. The Journal of Biological Chemistry, 276(50), 47233-47238. 

doi:10.1074/jbc.M105149200 

Panteleeff, D. D., John, G., Nduati, R., Mbori-Ngacha, D., Richardson, B., Kreiss, J., & 

Overbaugh, J. (1999). Rapid method for screening dried blood samples on filter paper 

for human immunodeficiency virus type 1 DNA. Journal of Clinical Microbiology, 

37(2), 350-353. 

Parr, T., Sensky, P. L., Scothern, G. P., & Bardsley, R. G. (1999). Relationship between 

skeletal muscle-specific calpain and tenderness of conditioned porcine longissimus 

muscle. Journal of Animal Science, 77(3), 661-668. 

Paul, D. M., Morris, E. P., Kensler, R. W., & Squire, J. M. (2009). Structure and orientation 

of troponin in the thin filament. The Journal of Biological Chemistry, 284(22), 15007-

15015. doi:10.1074/jbc.M808615200 

 183 



Pearson, A. M., Wolzak, A. M., & Gray, J. L. (1983). Possible role of muscle proteins in 

flavor and tenderness of meat. Journal of Food Biochemistry, 7(4), 189-210. 

doi:10.1111/j.1745-4514.1983.tb00798.x 

Perkins, A. C., Kramer, L. N., Spurlock, D. M., Hadfield, T. S., Cockett, N. E., & Bidwell, C. 

A. (2006). Postnatal changes in the expression of genes located in the callipyge region 

in sheep skeletal muscle. Animal Genetics, 37(6), 535-542. doi:doi:10.1111/j.1365-

2052.2006.01518.x 

Person, V., Kostin, S., Suzuki, K., Labeit, S., & Schaper, J. (2000). Antisense oligonucleotide 

experiments elucidate the essential role of titin in sarcomerogenesis in adult rat 

cardiomyocytes in long-term culture. Journal of Cell Science, 113(21), 3851-3859. 

Polski, J. M., Kimzey, S., Percival, R. W., & Grosso, L. E. (1998). Rapid and effective 

processing of blood specimens for diagnostic PCR using filter paper and Chelex-100. 

Molecular Pathology 51(4), 215-217. 

Raser, K. J., Posner, A., & Wang, K. K. W. (1995). Casein zymography: A method to study 

µ-calpain, m-calpain, and their inhibitory agents. Archives of Biochemistry and 

Biophysics, 319(1), 211-216. 

Reverter, D., Strobl S, Fernandez-Catalan C, Sorimachi H, Suzuki K, & W, B. (2001). 

Structural basis for possible calcium-induced activation mechanisms of calpains. 

Biological Chemistry, 382(5), 753-766. doi:http://www.atypon-

link.com.ezproxy.canterbury.ac.nz/WDG/doi/abs/10.1515/BC.2001.091 

Richard, I., Broux, O., Allamand, V., Fougerousse, F., Chiannilkulchai, N., Bourg, N., 

Beckmann, J. S. (1995). Mutations in the proteolytic enzyme calpain 3 cause limb-

girdle muscular dystrophy type 2A. Cell, 81(1), 27-40. 

Richard, I., Roudaut, C., Marchand, S., Baghdiguian, S., Herasse, M., Stockholm, D., 

Beckmann, J. S. (2000). Loss of calpain 3 proteolytic activity leads to muscular 

dystrophy and to apoptosis-associated ikba/nuclear factor kb pathway perturbation in 

mice. The Journal of Cell Biology, 151(7), 1583-1590. doi:10.1083/jcb.151.7.1583 

 184 

http://www.atypon-link.com.ezproxy.canterbury.ac.nz/WDG/doi/abs/10.1515/BC.2001.091
http://www.atypon-link.com.ezproxy.canterbury.ac.nz/WDG/doi/abs/10.1515/BC.2001.091


Richard, I., Roudaut, C., Saenz, A., Pogue, R., Grimbergen, J. E., Anderson, L. V., 

Beckmann, J. S. (1999). Calpainopathy-a survey of mutations and polymorphisms. 

The American Journal of Human Genetics 64(6), 1524-1540. 

Rock, M. J., Hoffman, G., Laessig, R. H., Kopish, G. J., Litsheim, T. J., & Farrell, P. M. 

(2005). Newborn screening for cystic fibrosis in Wisconsin: nine-year experience with 

routine trypsinogen/DNA testing. The Journal of Pediatrics, 147(3, Supplement 1), 

S73-S77. 

Salm, C. P., Forrest, J. C., Aberle, E. D., Mills, E. W., Snyder, A. C., & Judge, M. D. (1983). 

Bovine muscle shortening and protein degradation after electrical stimulation, excision 

and chilling. Meat Science, 8(3), 163-183. 

Sanchez, H., Chapot, R., Banzet, S., Koulmann, N., Birot, O., Bigard, A. X., & Peinnequin, 

A. (2006). Quantification by real-time PCR of developmental and adult myosin 

mRNA in rat muscles. Biochemical and Biophysical Research Communications, 

340(1), 165-174. 

Sanderson, J., Marcantonio, J. M., & Duncan, G. (1996). Calcium ionophore induced 

proteolysis and cataract: Inhibition by cell permeable calpain antagonists. Biochemical 

and Biophysical Research Communications, 218(3), 893-901. 

Sanguinetti, C. J., Dias Neto, E., & Simpson, A. J. G. (1994). Rapid silver staining and 

recovery of PCR products separated on polyacrylamide gels 

BioTechniques, 17(5), 914-921. 

Savell, J. W., Mueller, S. L., & Baird, B. E. (2005). The chilling of carcasses. Meat Science, 

70(3), 449-459. 

Sazili, A. Q., Noor Azihan, M. Z., Shuhaimi, M., Hilmi, M., & Panandam, J., M. (2010). The 

effectiveness of soluble protein extractability under the effect of pH, molarity and type 

of buffers of three different major skeletal muscles in cattle. Asian Journal of 

Biological Sciences, 3(3), 134-138. doi:10.3923/ajbs.2010.134.138 

 185 



Schiaffino, S., & Reggiani, C. (1996). Molecular diversity of myofibrillar proteins: gene 

regulation and functional significance. Physiological Reviews, 76(2), 371-423. 

Schmittgen, T. D., & Zakrajsek, B. A. (2000). Effect of experimental treatment on 

housekeeping gene expression: validation by real-time, quantitative RT-PCR. Journal 

of Biochemical and Biophysical Methods, 46(1-2), 69-81. 

Seevaratnam, R., Patel, B. P., & Hamadeh, M. J. (2009). Comparison of total protein 

concentration in skeletal muscle as measured by the bradford and lowry assays. 

Journal of Biochemistry, 145(6), 791-797. doi:10.1093/jb/mvp037 

Sentandreu, M. A., Coulis, G., & Ouali, A. (2002). Role of muscle endopeptidases and their 

inhibitors in meat tenderness. Trends in Food Science & Technology, 13(12), 400-421. 

doi:http://dx.doi.org/10.1016/S0924-2244(02)00188-7 

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano, M. 

D., Klenk, D. C. (1985). Measurement of protein using bicinchoninic acid. Analytical 

Biochemistry, 150(1), 76-85. 

Sorimachi, H., Imajoh-Ohmi, S., Emori, Y., Kawasaki, H., Ohno, S., Minami, Y., & Suzuki, 

K. (1989). Molecular cloning of a novel mammalian calcium-dependent protease 

distinct from both m- and µ-types. Specific expression of the mRNA in skeletal 

muscle. The Journal of Biological Chemistry, 264(33), 20106-20111. 

Sorimachi, H., Ishiura, S., & Suzuki, K. (1993). A novel tissue-specific calpain species 

expressed predominantly in the stomach comprises two alternative splicing products 

with and without Ca2+-binding domain. The Journal of Biological Chemistry, 268(26), 

19476-19482. 

Sorimachi, H., Kimura, S., Kinbara, K., Kazama, J., Takahashi, M., Yajima, H., Suzuki, K. 

(1996). Structure and physiological functions of ubiquitous and tissue-specific calpain 

species: Muscle-specific calpain, p94, interacts with connectin/titin. Advances in 

Biophysics, 33(0), 101-122. 

 186 

http://dx.doi.org/10.1016/S0924-2244(02)00188-7


Sorimachi, H., Kinbara, K., Kimura, S., Takahashi, M., Ishiura, S., Sasagawa, N., Suzuki, K. 

(1995). Muscle-specific calpain, p94, responsible for limb girdle muscular dystrophy 

type 2A, associates with connectin through IS2, a p94-specific sequence. The Journal 

of Biological Chemistry, 270(52), 31158-31162. doi:10.1074/jbc.270.52.31158 

Sorimachi, H., Saido, T. C., & Suzuki, K. (1994). New era of calpain research : Discovery of 

tissue-specific calpains. FEBS Letters, 343(1), 1-5. 

Sorimachi, H., Saido, T. C., Toyama-Sorimachi, N., Kawasaki, H., Sugita, H., Miyasaka, M., 

Suzuki, K. (1993). Muscle-specific calpain, p94, is degraded by autolysis immediately 

after translation, resulting in disappearance from muscle. The Journal of Biological 

Chemistry, 268(14), 10593-10605. 

Strobl, S., Fernandez-Catalan, C., Braun, M., Huber, R., Masumoto, H., Nakagawa, K., Bode, 

W. (2000). The crystal structure of calcium-free human m-calpain suggests an 

electrostatic switch mechanism for activation by calcium. Proceedings of the National 

Academy of Sciences of the United States of America 97(2), 588-592. 

doi:10.1073/pnas.97.2.588 

Stuelsatz, P., Pouzoulet, F., Lamarre, Y., Dargelos, E., Poussard, S., Leibovitch, S., 

Veschambre, P. (2010). Down-regulation of MyoD by Calpain 3 Promotes Generation 

of Reserve Cells in C2C12 Myoblasts. Journal of Biological Chemistry, 285(17), 

12670-12683. doi:10.1074/jbc.M109.063966 

Suzuki, K., Hata, S., Kawabata, Y., & Sorimachi, H. (2004). Structure, activation, and 

biology of calpain. Diabetes, 53(suppl 1), S12-S18. doi:10.2337/diabetes.53.2007.S12 

Suzuki, T., Higgins, P. J., & Crawford, D. R. (2000). Control selection for RNA quantitation. 

BioTechniques, 29, 332-337. 

Takahashi, G., Lochnert, J. V., & Marsh, B. B. (1984). Effects of low-frequency electrical 

stimulation on beef tenderness. Meat Science, 11(3), 207-225. 

 187 



Tamada, Y., Fukiage, C., Nakamura, Y., Azuma, M., Kim, Y. H., & Shearer, T. R. (2000). 

Evidence for apoptosis in the selenite rat model of cataract. Biochemical and 

Biophysical Research Communications, 275(2), 300-306. 

Taylor, R. G., Geesink, G. H., Thompson, V. F., Koohmaraie, M., & Goll, D. E. (1995). Is Z-

disk degradation responsible for postmortem tenderization? Journal of Animal 

Science, 73(5), 1351-1367. 

Taylor, R. G., & Koohmaraie, M. (1998). Effects of postmortem storage on the ultrastructure 

of the endomysium and myofibrils in normal and callipyge longissimus. Journal of 

Animal Science, 76(11), 2811-2817. 

Tichopad, A., Dilger, M., Schwarz, G., & Pfaffl, M. W. (2003). Standardized determination of 

real-time PCR efficiency from a single reaction set-up. Nucleic Acids Research, 

31(20), e122-. doi:10.1093/nar/gng122 

Tskhovrebova, L., Trinick, J., Sleep, J. A., & Simmons, R. M. (1997). Elasticity and 

unfolding of single molecules of the giant muscle protein titin. Nature, 387(6630), 

308-312. 

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., & 

Speleman, F. (2002). Accurate normalization of real-time quantitative RT-PCR data 

by geometric averaging of multiple internal control genes. Genome Biology, 3(7), 

0034.0031 -0011. 

Wang, H., Claus, J. R., & Marriott, N. G. (1994). Selected skeletal alterations to improve 

tenderness of beef round muscles. Journal of Muscle Foods, 5(2), 137-147. 

doi:10.1111/j.1745-4573.1994.tb00526.x 

Warriss, P. D. (2010). Meat Science: An Introductory Text: CABI. Retrieved from 

http://books.google.co.nz/books?id=ExEOboVw_KUC 

Weber, A., & Murray, J. M. (1973). Molecular control mechanisms in muscle contraction. 

Physiological Reviews, 53(3), 612-673. 

 188 

http://books.google.co.nz/books?id=ExEOboVw_KUC


Wheeler, T. L., & Koohmaraie, M. (1994). Prerigor and postrigor changes in tenderness of 

ovine longissimus muscle. Journal of Animal Science, 72(5), 1232-1238. 

Wheeler, T. L., Shackelford, S. D., Casas, E., Cundiff, L. V., & Koohmaraie, M. (2001). The 

effects of Piedmontese inheritance and myostatin genotype on the palatability of 

longissimus thoracis, gluteus medius, semimembranosus, and biceps femoris. Journal 

of Animal Science, 79(12), 3069-3074. 

Wong, M., L., & Medrano, J., F. (2005). Real-time PCR for mRNA quantitation. 

BioTechniques, 39, 75-85. 

Yu, L. P., & Lee, Y. B. (1986). Effects of postmortem pH and temperature muscle structure 

and meat tenderness. Journal of Food Science, 51(3), 774-780. doi:10.1111/j.1365-

2621.1986.tb13931.x 

Zhang, Z., Liu, Y., Yao, Y., Jiang, X., Du, H., & Zhu, Q. (2009). Identification and 

association of the single nucleotide polymorphisms in calpain3 (CAPN3) gene with 

carcass traits in chickens. BMC Genetics C7 - 10, 10(1), 1-7. doi:10.1186/1471-2156-

10-10 

Zhou, H., Hickford, J. G. H., & Fang, Q. (2006). A two-step procedure for extracting genomic 

DNA from dried blood spots on filter paper for polymerase chain reaction 

amplification. Analytical Biochemistry, 354(1), 159-161. 

Zhou, H., Hickford, J. G. H., & Fang, Q. (2007). Single nucleotide polymorphisms of the 

ovine calpain 3 (CAPN3) gene. Molecular and Cellular Probes, 21(1), 78-79. 

Zipper, H., Brunner, H., Bernhagen, J., & Vitzthum, F. (2004). Investigations on DNA 

intercalation and surface binding by SYBR Green I, its structure determination and 

methodological implications. Nucleic Acids Research, 32(12), e103-. 

doi:10.1093/nar/gnh101 

 189 



Zot, A. S., & Potter, J. D. (1987). Structural aspects of troponin-tropomyosin regulation of 

skeletal muscle contraction. Annual Review of Biophysics and Biophysical Chemistry, 

16(1), 535-559. doi:doi:10.1146/annurev.bb.16.060187.002535 

 

 190 


	Abstract
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	1 Introduction
	2 Literature Review
	2.1 Introduction
	2.2 Calpain
	2.3 Calpain 3
	2.3.1 Calpain 3 autolysis
	2.3.2 Calpain 3 gene mutation
	2.3.3 Calpain 3 polymorphism
	2.3.4 Calpain 3 exon-10

	2.4 Conversion of muscle to meat
	2.4.1 Microscopic structure of skeletal muscle
	2.4.2 Myofibrillar proteins
	2.4.3 Transition of skeletal muscle to meat
	2.4.3.1 Acidification of muscle
	2.4.3.2 Rigor mortis development
	2.4.3.3 Cold shortening


	2.5 Involvement of calpains in meat quality
	2.5.1 Calpains and meat tenderness
	2.5.2 Calpains and muscle growth


	3 Detecting calpain 3 in post-mortem skeletal muscle
	3.1 Introduction
	3.1.1 Calpain 3 autolysis
	3.1.2 Extraction of intact calpain 3

	3.2 Methods
	3.2.1 Sample preparation
	3.2.2 Protein extraction buffers
	3.2.3 Protein extraction methods
	3.2.4 Protein concentration determination
	3.2.5 SDS-PAGE
	3.2.6 Gel staining
	3.2.7 Western blotting
	3.2.8 Statistical analysis

	3.3 Results
	3.3.1 Protein extraction from skeletal muscle
	3.3.2 Separation of extracted protein
	3.3.3 Characterisation of calpain 3
	3.3.3.1 Calpain 3 antibodies
	3.3.3.2 Banding patterns of the three different protein extracts
	3.3.3.3 Confirmation of calpain 3 bands
	3.3.3.4 Effect of Ca2+ 


	3.4 Discussion
	3.4.1 Protein concentration determination
	3.4.2 Separation of extracted muscle protein
	3.4.3 Calpain 3 antibody specificity
	3.4.4 Characterising calpain 3

	3.5 Conclusion

	4 Characterisation of calpain 3 during post-mortem muscle extension 
	4.1 Introduction
	4.1.1 Sarcomere length and meat tenderness
	4.1.2 Calpain 3/titin interactions

	4.2 Methods
	4.2.1 Carcass preparation
	4.2.2 Muscle sampling
	4.2.3 Sarcomere length measurements
	4.2.4 Tenderness measurements
	4.2.5 Protein sample preparation
	4.2.6 SDS-PAGE
	4.2.7 Western blotting
	4.2.8 Casein zymography
	4.2.9 Statistic analysis

	4.3 Results
	4.3.1 Post-mortem changes in temperature and pH
	4.3.2 Sarcomere length
	4.3.3 Tenderness
	4.3.4 Calpains 1 and 2
	4.3.5 Activities of calpains 1 and 2
	4.3.6 Calpain 3
	4.3.7 Titin

	4.4 Discussion
	4.4.1 Post-mortem temperature and pH changes
	4.4.2 Sarcomere length
	4.4.3 Tenderness
	4.4.4 Titin degradation
	4.4.5 Calpains 1 and 2
	4.4.6 Calpain 3

	4.5 Conclusion

	5 Calpain 3 mRNA sequence
	5.1 Introduction
	5.2 Methods
	5.2.1 Genomic DNA extraction
	5.2.2 PCR amplification of calpain 3 exon-10
	5.2.3 SSCP gel electrophoresis
	5.2.4 Muscle sample collection
	5.2.5 RNA extraction from skeletal muscle
	5.2.6 cDNA synthesis
	5.2.7 Primer design
	5.2.8 PCR amplification of calpain 3
	5.2.9 DNA purification and sample preparation for sequencing

	5.3 Results
	5.3.1 Amplification of calpain 3 exon-10 from genomic DNA
	5.3.2 SSCP gel electrophoresis
	5.3.3 RNA extraction from skeletal muscle
	5.3.4 PCR amplification of entire calpain 3
	5.3.5 Calpain 3 mRNA sequence

	5.4 Discussion
	5.4.1 Amplification of calpain 3 exon-10 from genomic DNA
	5.4.2 Genotype identification and allele frequency
	5.4.3 PCR amplification of calpain 3 to determine the complete mRNA sequence
	5.4.4 Calpain 3 mRNA sequence

	5.5 Conclusion

	6 Calpain 3 gene and protein expression among genotypes
	6.1 Introduction
	6.1.1 Real time PCR (RT-PCR)
	6.1.2 Detection chemistry
	6.1.3 Cycle threshold (Ct)
	6.1.4 Types of quantification
	6.1.5 Normalisation

	6.2 Methods
	6.2.1 Primer design
	6.2.2 RNA extraction and reverse transcription to synthesize cDNA
	6.2.3 Dilution series for the relative standard curve method
	6.2.4 RT-PCR
	6.2.5 Data analysis
	6.2.6 Protein expression analysis
	6.2.7 Statistical analysis

	6.3 Results
	6.3.1 PCR amplification of calpain 3, GAPDH and ACTB
	6.3.2 Relative quantification of calpain 3 mRNA
	6.3.3 Characterising calpain 3 protein among genotypes

	6.4 Discussion
	6.4.1 Detection chemistry during RT-PCR
	6.4.2 Normalisation with a housekeeping gene
	6.4.3 Relative quantification of calpain 3 mRNA within genotypes
	6.4.4 Characterising calpain 3 protein among genotypes

	6.5 Conclusion

	7 Overall conclusion and future directions
	References

