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ABSTRACT 

In an attempt to further our understanding of the 

relationship between the calpain system and postmortem 

tenderization, three muscles [biceps femoris (BF), 

infraspinatus (IS), and longissimus (LD)] from normal (N=6) 

and callipyge (N=6) sheep were studied. Callipyge is a 

genetic phenomenon where carriers of the callipyge gene 

present a hypertrophy of pelvic and torso muscles, such that 

BF and LD are affected while IS is not. It has been observed 

characteristically that calpastatin and m-calpain activities 

are increased in muscles of animals affected by the 

callipyge phenotype. Soluble calpain and calpastatin, and 

myofibril-bound n-calpain activities, and myofibrillar 

fragmentation index (MFI) were determined at death. Id, 3d 

and lOd postmortem. Sarcomere length was determined at Id 

and lOd postmortem. Shear force of the longissimus muscle 

was determined at Id, 3d and lOd postmortem. Western blots 

for calpastatin, |i-calpain, desmin, nebulin, titin, 

troponin-T and a-actinin were performed to follow the 

degradation pattern of those proteins. The calpastatin and 

m-calpain activities were more than two-fold greater in BF 

and LD muscles from callipyge than in the same muscles from 
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normal animals. Calpastatin activities in infraspinatus 

muscle from normal animals were higher than in the other two 

muscles of this phenotype. Soluble ji-calpain activities were 

higher at death for normal phenotype in BF and IS muscles 

and it decreased rapidly during postmortem storage. However, 

the rate of this decrease in that activity was faster in 

normal than in callipyge phenotype. Myofibrils contained 

calcium dependent protease activity and this activity was 

inhibited by cysteine proteases inhibitors and by 

calpastatin to some degree. There was no difference in the 

jiyofibril-calcium dependent protease activity between 

phenotypes at any time postmortem, presenting lower activity 

at death. The magnitude of protein degradation and 

tenderization were assessed by MFI and shear force, 

respectively. Neither the MFI nor shear force changed 

appreciably during storage of the callipyge affected 

muscles. Calpastatin level seems to determine the rate of 

postmortem tenderization. 
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Chapter I 

IMTRODUCTION 

It is obvious that the emphasis given to meat tenderness 

is directly related to its importance to consumer 

satisfaction, and consequently its economical impact on the 

meat industry (Savell and Shackelford, 1992) . As a result, 

meat scientists have long been trying to develop methodology 

that would predict tenderness and enable the industry to 

decrease the variability of this parameter particularly in 

beef and lamb, due to their predominant merchandise as fresh 

and non-processed meat. To this purpose, research aimed at 

understanding the mechanisms of meat tenderization has 

received considerable attention during the last decade (for 

reviews see Ouali, 1990; Goll, 1991; Koohmaraie, 1992b; 

1994; 1996). 

As pointed out almost two decades ago by Penny (1980), 

the proteolytic enzymes are responsible for the changes 

during conditioning (postmortem storage). 

Extensive research has demonstrated that postmortem 

proteolysis results in specific structural changes in the 

myofibrils (see Goll et al., 1992a), which appear to be 

related to tenderization. Those changes have been shown to 

be mimicked by calpains (Penny et al., 1974; Olson et al., 

1977; Koohmaraie et al., 1986, 1988a; Zeece et al., 1986), 

which would point to this system as the agent mainly 
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responsible for the so called 'short term' tenderization 

(proteolysis in the first 7 to 10 days postmortem) . 

Calpain, is believed to be the agent that causes the 

tenderization induced by calciiam infusion, injectin or 

marination of pre-rigor and post-rigor muscle (Koohmaraie et 

al., 1988b; Wheeler et al., 1992; 1993; Whipple and 

Koohmaraie, 1992) . The utilization of methods like these, 

that are acceptable to consumers (Miller et al., 1995b), has 

maintained a high interest in determining the calpain 

system's mode of action. 

Moreover, the use of calpastatin activity determined at 

24 hours postmortem, as a biochemical marker of tenderness 

for animal breeding programs has been proposed by 

Shackelford et al. (1994). Selection based upon postrigor 

calpastatin activity was suggested by those authors, due to 

the high heritability of this trait, its positive 

association with Wamer-Bratzler Shear force (mechanical 

assessment of tenderness) and its negative association with 

average daily gain. Therefore, selecting for low postrigor 

calpastatin activity would simultaneously select for 

increased tenderness and improved growth rate. Nonetheless, 

several studies have reported greater lean growth with high 

calpastatin activity at death in steers (Wheeler and 

Koohmaraie, 1992), bulls (Morgan et al., 1993a), callipyge 

Icunb (Koohmaraie et al., 1995) and p-adrenergic agonist 
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(BAA) treated wethers (Koohmaraie et al., 1991). The effect 

of selecting for low postrigor calpastatin activity in the 

prerigor calpastatin activity are unknown, showing that 

there is some properties of the system that needs to be 

studied in order to use the information already obtained in 

long term programs of improvement through breeding. 

Recent findings have shown that a considereible aunount of 

potentially active myof ibril-bound ji-calpain (Boehm et al., 

1998) exists in postmortem muscle. This brings a new factor 

to be considered in the calpain systemis role in postmortem 

muscle. 

The aim of this project was to determine the changes in 

activities of the calpain system and its relation to the 

degradation of myofibrillar proteins and tenderization of 

meat during postmortem storage, as well as to define the 

role and/or relevance of myof ibril-bound n-calpain in these 

processes. Those objectives were carried out using an animal 

model, callipyge, that presents a contrast in both 

tenderization and calpain system activities compared with 

non-callipyge sheep. 
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Chapter II 

LITERATURE REVIEW 

1 - Ultrastructure of muscle and its relation to meat 

texture 

Texture is determined by the way in which the structural 

components are arranged in a micro and macro structure and 

the external manifestations of this structure (de Han, 

1976). The nature of the particles and structures 

constituting a food are considered in this definition, as 

well as the behavior of foods in mechanical testing machines 

and when eaten (sensory aspects). 

Food texture is a direct consequence of microstructure. 

This structure is determined by a complex organization of 

chemical components under the influence of external and 

internal physical forces (Stanley and Tung, 1976). The 

influence of muscle structure upon meat texture has been the 

subject of extensive research. 

1.1 - Muscle structure 

Meat is composed mainly of skeletal muscle although 

connective and vascular tissues are also present. The 

structural hierarchy of a muscle is comprised of the 

following: 1) whole muscle is surrounded by a connective 



19 

tissue sheet called the epimysium; 2) the cell membrane, 

called sarcolemma, is surrounded by another type of 

connective tissue caled the endomysium; 3) the skeletal 

muscle fibers are collected into bundles, where a third type 

of connective tissue, called perimysixim, envelopes the fiber 

bundle (Toniberg, 1996). 

A detailed description of the structure of skeletal 

muscle can be found elsewhere (Craig, 1994). Briefly, 

skeletal muscle fibers are single, multinucleate, membrane-

bounded cells, typically 10 to 100 nm in disuneter and 

several centimeters long. The fibers are packed with 

numerous myofibrils, about 1 to 3 /xm in diameter, each 

running parallel to the fiber axis. The fibrils present a 

regular pattern of transverse stripes, and due to their 

formation they produce a striated appearance in the fiber. 

The striation pattern of the myofibril repeats with a 

periodicity of about 2 to 3 /itm. This repeating unit, known 

as a sarcomere, is bordered at each end by a dark, narrow 

line, known as the Z-disk. Each Z-disk bisects a lighter 1 

fim long zone called I-band. At the center of the sarcomere 

is a dark zone, 1.6 ^m long, called A-band. This in turn is 

bisected by a less dense zone (H zone) . In the middle of the 

H zone is a lighter region often called the pseudo H zone, 

or bare zone, and this contains a region of higher density 

called the M line (may show three or more stripes) . 
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In the complex structural endosarcomeric lattice, there 

are filaments that maintain lateral linkages of sarcomeres 

and to the cell membrane at the level of the Z-disk, called 

intermediate filaments (Lazarides 1980). 

Another sarcomeric structure reported as fileimentous 

structures that link myofibrils to the sarcolemma are called 

costcimeres (Craig and Pardo, 1983; Pardo et al., 1983). 

1.2 - Myofibrillar proteins and their role in the 

sarcomere structure 

Muscle proteins are distributed in three different 

categories: 1) the sarcoplasmic proteins, which are soluble 

at low ionic strength, representing 35% (by weight) of the 

muscle proteins; 2) the myofibrillar proteins, most of them 

soluble at high ionic strength (eibove 0.2), which constitute 

the myofibril in striated muscle cells and contribute 50-55% 

of total muscle protein. The myofibrillar proteins are 

subdivided in contractile, regulatory and cytoskeletal 

proteins according to their function; 3) the stroma 

proteins, insoluble in neutral aqueous solvents, which are 

composed mainly of collagen and elastin (extracellular 

proteins) and contribute to 15-20% of muscle protein (Goll 

et al., 1984). 
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The myofibrillar or contractile proteins are the major 

class of proteins both physiologically and in the use of 

muscle as meat (Goll et al., 1976). 

The thick fileiment, observed in the A-band of the 

sarcomeres, is composed mainly of polymers of myosin. Myosin 

consists of two heavy chains and two pairs of light chain 

myosin molecules. The major component of the thin filament 

(I-band of the sarcomeres) is actin. The globular actin 

monomers (G-actin) are associated to form a double-helical 

filciment (F-actin) . 

The thick and thin fileunents are involved in the sliding 

filament mechanism of contraction. Myosin heavy chains and 

actin, corresponding to 43% and 22% of the myofibril protein 

mass, respectively (Yates and Greaser, 1983), are the major 

contractile proteins. 

Other major components of the thin filcunent, troponin and 

tropomyosin, constitute the calcium-sensitive switch with a 

regulatory role in the contraction of muscle fibers. The 

troponin complex consists of three subunits: TnC, the Ca^^-

binding subunit, Tnl, the inhibitory subunit, and TnT, the 

tropomyosin-binding subunit (Greaser and Gergely, 1971; 

1973) . 

Titin (Wang et al., 1979) or connectin (Maruyama et al., 

1977) is a large protein, with each molecule extending as a 

long filament (~ l pm) from the Z-disk to the M line (Furst 
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et al., 1988). This cytoskeletal protein represents about 10 

% of the myofibrillar proteins (Robson et al., 1984; 

Maruyeima, 1985) . The A-band portion of titin has been 

considered to function as a molecular ruler that regulates 

the assembly of myosin and specifies the length of the thick 

filcunent (Trinick, 1994). The alignment of thick filaments 

in the A-band is lost when titin is degraded (Cossu and 

Molinaro, 1987). 

Another major cytoskeletal protein is called nebulin (~ 

700-900 kOa) , which extends along the thin filaunent as a 

single polypeptide from the Z-disk to the free end of the 

thin filament. It is also considered a molecular ruler, 

specifying the length of the thin filament (Trinick, 1994). 

Desmin is the primary intermediate filament protein of 

mature muscle cells. However, other proteins such as 

vimentin (see Small et al., 1992), synemin (Granger and 

Lazarides, 1980) and paranemin (Breckler and Lazarides, 

1982) are also present in skeletal muscle cells (Lazarides, 

1982) . 

It is widely assumed that the cross-links between the 

actin filaments within the Z-disk are composed mainly of a-

actinin. This protein is eOsundant in muscle, specifically 

localized into the Z-disk (Masaki et al., 1967). There is a 

coincidental loss of Z-fileiments and a-actinin from 
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myofibrils subjected to specific extraction procedures 

(Reedy et al., 1975; Goll et al., 1991). 

2 - Myofibrillar protein degradation - intracellular 

proteinases 

There are three major intracellular proteinase systems 

that could be involved in myofibrillar protein degradation; 

1) calpains; 2) lysosomal cathepsins; and 3) multicatalytic 

proteinase (also called the proteasome). 

2.1 - The calpain system 

The properties of four of the known proteins in the 

calpain system are described in details in review articles 

(Suzuki, 1990; Croall and DeMartino, 1991; Goll et al., 

1992b) . 

Briefly, fi- and m-calpain molecules are dimers composed 

of a small sxibunit of 28 kDa (identical for both calpains 

being encoded by a single gene) and a 80 kDa subunit that 

shares a 50% sequence homology between the two calpains. 

Both subunits contain a calmodulin-like domain having four 

sets of sequences that predict E-F-hand structures related 

to Ca^'^-binding sites in many other proteins. The 80 kDa 
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sxobunit has a domain (II) with a cysteine residue that 

presumcibly is at the active site of the calpains and, a 

histidine and an asparagine residue similar to that found in 

other cysteine proteases. There is a third Ca^ *-dependent 

proteinase, skm-calpain, which is poorly characterized 

(Sorimachi et al., 1994). The skm-calpain mRNAs from rat and 

human skeletal muscle encode for a protein with molecular 

mass of 94,084 daltons, with significant homology with the 

80 kDa subunits of n- and m- calpain. 

Calpastatin, a specific inhibitor of the calpains, exists 

in vertebrates in at least three forms. The prevailing type 

is found in all tissues but erythrocytes and heart. It has a 

molecular mass between 73 to 77 kDa depending on species, 

but migrates anomalously on SDS-PAGE with a molecular mass 

of 107 to 125 kDa. It has four repeats of mutually 

homologous sequences at the interval of edaout 140 amino acid 

residues. A unique N-terminal region is referred to as L 

domain, and the internally repetitive regions of 

approximately 140 residues are called domains 1, 2, 3, and 

4. Each of these domains has 3 siobdomains (A, B anc C) able 

to bind (A and C) the calmodulin-like domain of calpains and 

inhibit (B) these proteinases. 

In the presence of calcium, both ji- and m-calpain 

autolyze rapidly in vitro. Brief autolysis lowers the Ca^"^ 

concentration required for half-maximal proteolytic 
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activity. For (i-calpain the calcium requirement drops from 

3-50 nM to 0.6-0.8 jiM, and for m-calpain from 200-1000 nM to 

50-150 pM (DeMartino et al., 1986; Imajoh et al., 1986 a, b; 

Cong et al., 1989; Edmunds et al., 1991). Autolysis reduces 

the mass of the 80 kDa subunit to 76 kDa with a transient 78 

kDa intermediate for ji-calpain. For m-calpain, 78 kDa is the 

final form after the autolysis. The 28 IcDa siibunit is 

autolyzed to a 18 kDa product in both calpains. 

2.2 - Lysosomal cathepsins 

Only few lysosomal enzymes (a large number of acid 

hydrolases packed in membrane-bound organelles called 

lysosomes) have been shown to be of significance to muscle 

protein degradation (Goll et al., 1989; Zeece et al., 1992). 

The best characterized and most relevant, due to their 

possible action in meat conditioning, are the cysteine 

proteinases called cathepsins B, H and L and the aspartyl 

proteinase, cathepsin D. 

Skeletal muscle cells contain sufficient levels of 

catheptic proteases to degrade all muscle protein in 6-9 

days (Schwartz and Bird, 1977). The proteolytic action of 

this system has to be restricted inside the lysosomes in 

order to prevent an inappropriate degradation of proteins. 

The low pH (4-6) required by the cathepsins and the presence 
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of cytoplasmatic protease inhibitors control cathepsin 

activity in vivo (Bond and Butler, 1987). 

Members of naturally occurring inhibitors of cysteine 

proteinases, the cystatin family are reversible, tight-

binding inhibitors of papain-like cysteine proteinases (Turk 

and Bode, 1991). 

For recent reviews on gene structure, expression, 

processing and enzymatic properties of lysosomal proteinases 

and their inhibitors cystatin see Troen, 1995; Skurat and 

Dice, 1995; Komineimi and Ishidoh, 1995; and Turk et al., 

1995. 

It is important at this point to say that cathepsins are 

very active proteases that degrade Z-disks, and also rapidly 

degrade myosin, actin and a-actinin (Goll et al., 1989). 

However, those proteins are not degraded in muscle stored in 

refrigerated conditions. 

2.3 - Multicatalytic Proteinase(MCP) 

This is a high molecular mass (~ 700 kDa) cylinder-shaped 

protein complex. It presents at least five different types 

of catalytic components capaible of degrading proteins to 

small peptides (Rivett, 1993; Dahlmann et al., 1995). It has 

been shown to be optimally active at pH 9-10 and activated 
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by SDS or vuisaturated fatty acids such as linoleic or oleic 

acids (the MCP has been neuned ingensin by Ishiura et al., 

1985; DcQilmann et al., 1985a). 

The 26S (sedimentation coefficient) form of proteasome 

consists of a catalytic core of one 2OS proteasome and 

additional units with regulatory roles for degrading 

proteins covalently attached to ubiquitin (used as a 

degradation signal). A physiological role of the proteasome 

has been proposed in both ubiquitin-dependent and ubiquitin-

independent non-lysosomal pathways of protein degradation 

(Rivett, 1993). The multicatalytic proteinase has very 

little proteolytic activity in vitro unless it is stimulated 

by SDS or lipids (Dahlmann et al., 1985b), and the effects 

of this proteinase on the myofibrillar proteins is still 

unknown. 

Even though ovine skeletal muscle contains MCP, only 

troponin-C and myosin light chains-2 and -3 were degraded by 

it (Koohmaraie, 1992a). Furthermore, MCP had no detectable 

morphological effect on myofibrils. 

Solomon and Goldberg (1996) also observed degradation of 

purified myosin, actin, troponin and tropomyosin by 

ubiquitin-proteasome pathway in extracts of rabbit psoas 

muscle. However, when myosin, actin and troponin were added 

as actomyosin or intact myofibrils, they were not hydrolyzed 

at a significant rate. Moreover, actin was found to inhibit 

ubiquitin conjugation to myosin. Therefore, it was suggested 
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that specific interactions between the myofibrillar proteins 

protect them from ubiquitin dependent degradation, and the 

rate limiting step in their degradation is probsibly their 

dissociation from the myofibril. 

3 - The process of aiming for meat tenderness and the 

calpain system 

Several sensorial aspects are relevant to acceptance of 

meat by consiimers, tenderness being the most important when 

consToming meat (Stanley, 1976; Morgan et al. , 1991; Savell 

and Shackelford, 1992; Miller et al., 1995a; Warkup et al., 

1995) . As a consequence, the price difference between 

subprimal cuts is a reflection of expected tenderness 

(Savell and Shackelford, 1992). 

The USDA quality grade is based on the premise of a 

greater market value associated with production of more 

palatable meat (Koohmaraie et al., 1998). This idea is 

substantiated by the positive impact of taste and/or 

tenderness on consumer attitudes towards beef (Savell et 

al., 1989; Boleman et al., 1997). 

For slaughter-age (young) animals, the USDA quality grade 

emphasizes intramuscular fat (marbling) as a factor to 

classify carcasses into different expected palatability 

groups. However, within the same muscle there is a 

considerable variability in tenderness between meat 
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containing the scune cunount of intreunuscular fat. Differences 

in marbling explained 23.3 to 27.9% of the variation in 

tenderness of loin steaks evaluated by sensory panelists, 

but only 2.8 to 5% of the top round from carcasses of 

maturity A (Smith et al., 1984; Smith et al., 1986). 

According to Koohmaraie (1992b), marbling accounts only 

for a small part (up to 15%) of the variance in tenderness 

from meat of slaughter-age animals. 

Therefore, there are different major components related 

to tenderness besides aunount of intrcunuscular fat. These 

components are sarcomere length, collagen content and 

solubility, size and type of muscle fibers, proteolytic 

activity involved in postmortem tenderization, rate of pH 

drop and rate of muscle chilling (which is related to fat 

thickness), and osmolarity (for review see Ouali, 1990). 

Postmortem meat tenderization is a process recognized 

since the beginning of this century (Lehman, 1907). 

Subsequent reports of an increase in free cunino acids or 

non-protein nitrogen during postmortem storage led to the 

conclusions that postmortem tenderization was the result of 

proteolysis, most likely due to the action of cathepsins 

(Hoagland et al., 1917; Bate-Smith, 1948). 

However, the relatively small increase in free eimino 

acids or non-protein nitrogen (Locker, 1960; Ma et al., 

1961), and a lack of synchronism between the increase in 

free eimino acids and tenderization (Parish et al., 1969), 
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suggested that the cathepsins may have a much smaller role 

in postmortem proteolysis than first assumed. 

Only after the advent of gel electrophoresis and Western 

blotting was it possible to determine the nature of limited 

changes in specific muscle proteins during postmortem 

storage (Koohmaraie, 1994). The postmortem degradation of 

specific proteins such as titin, nebulin and desmin have 

been implicated as having a significant impact on the ease 

of fragmentation of myofibrils upon homogenization, and in 

meat tenderization (see Robson et al., 1984).Therefore, 

postmortem proteolysis has a major role in meat 

tenderization (for review see Goll, 1991; Koohmaraie, 1991, 

1992b, 1994, 1996). 

In the bovine longissimus, degradation of myofibrillar 

proteins could account for up to 85% of the variation in 

meat tenderness (Koohmaraie, 1992b). According to Goll 

(1991) , the overall evidence suggest that 90% or more of the 

tenderization that occurs during postmortem storage at 2" to 

4" C can be attributed to the calpains. 

Ultrastructural studies have shown Z-disk alterations 

(density gaps) (Davey and Gilbert, 1969; Henderson et al., 

1970; Davey and Dickson, 1970; Sayre 1970; Gann and Merkel, 

1978; Penny, 1980), along with similar M-line alterations 

(Henderson et al., 1970), transversal gaps between adjacent 

myofibrils (Sayre, 1970; Gann and Merkel, 1978; Penny, 1980; 

Taylor et al., 1995), longitudinal splitting of the 
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myofibers, fragmentation of titin "gap* filaments, and 

breaks at the junction between the A-band and I-bands in the 

sarcomeres during postmortem storage of muscle (Taylor et 

al., 1995). 

These changes in the ultrastructure would disrupt the 

structural integrity of the myofibril and would affect the 

myofibrillar register. The register of the myofibril 

structure seems to contribute to the myofibrillar toughness 

(i.e., component of meat tenderness attributed to the 

myofibrillar structure including the cytoskeletal 

framework). 

In fact, myofibrils prepared from muscles after 3 to 20 d 

of postmortem storage at low temperature were easily broken 

into short segments of four to seven sarcomeres by 

homogenization, which led to the hypothesis that loss of Z-

disk integrity would contribute to increased tenderness 

(Davey and Gilbert, 1969; Henderson et al., 1970). The 

former authors observed that EDTA inhibited the weakening 

and disappearance of Z-disks, and speculate that EDTA would 

act by chelating calcium. 

The reports of existence of a ' calciiom activated factor' 

(CAF) capable of removing Z-disks from sarcomeres (Busch et 

al., 1972; Goll et al., 1974), and its positive effect on 

meat tenderization (Goll et al., 1974), led to purification 

of m-calpain (then called CAF). Characterization of the 

calpain system followed those efforts, fueled by a vast 
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ajrray of different cellular functions attributed to the 

calpains. 

It was shown that incubation of myofibrils with purified 

CAF caused structural changes and protein degradation 

similar to those observed in stored meat (Olson et al., 

1976; Olson et al., 1977; Huff-Lonergan et al., 1994). More 

specifically, the appearance of 30 kDa polypeptides in 

postmortem muscle (Hay et al., 1973) was also caused by CAF 

treatment. Those polypeptides were identified as resulting 

from Troponin-T degradation (Olson et al., 1977; Ho et al., 

1994), and were related to ultimate tenderness (McBride and 

Parrish, 1977). 

More recently Taylor et al. (1995) found that costsimeres 

(filamentous structures that link myofibrils to the 

sarcolemma) are lost during the first 24 to 72 hours 

postmortem, which parallels loss of N2 lines in postmortem 

muscle. Both these structural changes can be mimicked by 

calpain treatment of muscle strips (Yamaguchi et al., 1983; 

Taylor et al., 1995). Moreover, there are indications that 

costameres are robust structures and sites of force 

transduction to the substratum (Street, 1983; Oanowski et 

al., 1992). Hence, degradation of those filaments might 

significantly weaken muscle structure. 

In summary, calpains are cible to degrade a number of 

myofibrillar proteins, whose breakdown is associated with 
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meat: tender! z at ion (troponin-T and desmin) or to have 

important role in the myofiber structure, such as: nebulin 

and tit in (N2 lines) ; vinculin, desmin and dystrophin (some 

of the costeuneres' proteins); desmin (intermediate 

filcunents) (Taylor et al., 1995). 

Furthermore, calpains can produce the 30 kDa peptide when 

incubated with myofibrils, which is also observed in stored 

meat (Ouali, 1992) . They are unique in that they do not 

degrade native myosin, actin, or a-actinin (Goll et al., 

1991), which are not degraded during postmortem storage at 

refrigerated temperatures (Bandman and Zdanis, 1988). 

4 - Postmortem metabolism l rigor mortis and meat toughening 

It is important to keep in mind that tenderness is 

determined by the different muscle structure components and 

their interactions, which in total confer the mechanical 

properties unique to meat (Bamier, 1995) . 

After slaughter of the animal, with cessation of supply 

of metabolisable fuels (e.g., glucose) and oxygen by the 

circulatory system, muscles cells have to rely on anaerobic 

metabolism. The postmortem muscle cell attempts to maintain 

its adenosine triphosphate (ATP) levels at all costs, due to 

its essential role in cell metabolism. As a result, 

intracellular fuel is continually hydrolyzed to power the 
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various energy-consuming activities such as ion transport 

and muscle contraction. Hence, during the conversion of 

muscle to meat, the energy sources (e.g., ATP, creatine-

phosphate and glycogen) availeible in the tissue are depleted 

(for review see Greaser, 1986) . 

When the energy reserves are depleted, calciiam 

concentration rises as a consequence of a drastic decrease 

in the cibility of the sarcoplasmic reticulum to accximulate 

calcium (Greaser, 1986). Sarcoplasmic reticulum Ca-ATPase 

activity, which is responsible for regulation of cytosolic 

calcium concentration, stops upon ATP depletion. High 

calcium levels trigger the binding (cross-bridges) of myosin 

heads firmly to actin filaments. There is a decrease in 

width of the H-zones and I-bands in the sarcomere, due to 

free sliding of thick filaments past the thin ones. 

In postmortem muscle, this is noticed as a transformation 

from a soft, stretchable to a more rigid and inextensible 

state called rigor mortis. 

In a coBimercial scenario, the onset of rigor mortis in 

the carcass causes shortening of sarcomeres in the 

commercially valuable muscles that are not stretched or 

constrained when hung during chilling (Herring et al., 1965; 

Hostetler et al., 1972). 

Meat becomes tougher in parallel with the decrease in 

sarcomere length (Wheeler and Koohmaraie, 1994; Koohmaraie 

et al., 1996a). It has been suggested that this shortening 
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accompanies a change in the nature of the actin/myosin 

interaction from a weak to a strong binding state (Goll et 

al., 1995). This supposedly will exacerbate the toughness 

due to the number of cross-bridges in the strong binding 

state. 

The proteolysis that seems to overcome this toughening 

phase occurs mostly in the first 3 or 4 days postmortem 

(Davey and Gilbert, 1966; Parrish et al., 1973; Wheeler and 

Koohmaraie, 1994) . 

5 - Calpain system i evidences for a major role in meat 

tenderization 

Results of in vitro experiments have demonstrated that fi-

calpain is sufficient to mimic changes observed in 

myofibrils during postmortem storage, even at pH and 

temperatures as low as observed in post-rigor muscle (Dayton 

et al., 1981; Zeece et al., 1986; Koohmaraie et al., 1986). 

In addition, infusion of muscle slices with calcium, 

calcium chelators (e.g., EDTA, EGTA) or a calpain inhibitor 

showed calcium- and calpain-dependent changes in proteolysis 

and tenderness (Alarcon-Rojo and Dransfield, 1989; 

Koohmaraie et al., I988a; 1988b; Uytterhaegen et al., 1994). 

Although differences in calpain activity can not account 

for variable tenderization rates among livestock species or 
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muscle type, the ratio of calpain to calpastatin is 

associated with those rates (Ouali and Talmant, 1990; 

Koohmaraie et al., 1991b; Singh et al, 1996). 

There is a negative relationship between calpastatin 

activity and tenderness cuaong animal species (Koohmaraie et 

al., 1991b), bovine breeds (Johnson et al., 1990; Wheeler et 

al., 1990; Whipple et al., 1990; Shackelford et al., 1991), 

P-adrenergic agonist treated animals (Fiems et al., 1990; 

Kretchmar et al., 1990; Koohmaraie et al., 1991a; Koohmaraie 

and Shackelford, 1991; Wheeler and Koohmaraie, 1992), and 

sex condition (Morgan et al., 1993 a, b) . 

The callipyge phenotype in sheep (a genetic condition 

that causes muscle hypertrophy mainly in muscles from the 

torso and pelvic areas of the animal) includes many of the 

same muscle characteristics as those observed in muscles 

from animals fed 3-adrenergic agonist, with high calpastatin 

activity and tough meat (Kerth et al., 1996; Koohmaraie et 

al., 1995; 1996b). 

Even though the mechanism(s) by which calcium chloride 

accelerates postmortem proteolysis and tenderization are not 

known, the primary mode of action is suggested to be through 

activation of |i- and m-calpain (Koohmaraie, 1994) . Calcivim 

chloride infusion of whole carcasses or injection of cuts of 

meat has been very effective in producing uniformly tender 

meat from lamb carcasses (Koohmaraie et al., 1988b, 1989; 
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St. Angelo &t al., 1991); Bos indicus carcasses (Koohmaraie 

et al., 1990); beef round muscles (Wheeler et al., 1991); 

mature cow carcasses (Morgan et al., 1991); beef lionaissimus 

dorsi (Wheeler et al., 1992) and marinated beef steaks 

(Whipple and Koohmaraie, 1992). 

6 - The calpain system l What is still missing regarding its 

role in tenderization? 

The calpains cleave a limited number of specific sites in 

many cytoskeletal proteins. The resultcint polypeptide 

fragments frequently have lost their ability to cross-link 

or bind to proteins with which they are normally associated 

(Goll et al., 1992b). It is through such a specific mode of 

action that calpains in skeletal muscle cells are 

hypothesized to initiate myofibrillar degradation and 

protein turnover (Dayton et al., 1976 a, b) . 

Calpains' calcium requirements still are a puzzle in 

defining the mechanism of control of calpain activity in 

living cells since the intracellular concentration of free 

calcium is only 200 to 800 nM (Becker et al., 1989; Yagi et 

al., 1988), reaching concentrations slightly greater than 1 

fxM at the peak of a calcivun wave in cardiac cells (Takeimatsu 

and Wier, 1990). However, in postmortem muscle after the 

onset of rigor, there is a large increase in intracellular 
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free to more than 10"* M, presumably as a result of 

decline in the ATP concentration within the cell and 

therefore failure of sarcoplasmic reticulum Ca-ATPase pump 

(Jeacocke, 1993). These levels are enough to activate m-

calpain, if it has been autolyzed. 

Evidence suggests that the regulation of calpain activity 

involves specific responses to Ca^^-binding to one or more 

of the Ca^'^-binding sites on the calpain molecule. The 

calpains have four known Ca^"^-dependent properties: 1) 

binding to subcellular organelles/plasma membrane; 2) 

binding to calpastatin; 3) proteolytic activity; and 4) 

autolysis; each with an increasing calcium requirement 

(Kapprell and Goll, 1989; Inomata et al., 1990). 

At calciiam concentrations that initiate autolysis, the 

proteolytic cleavage of an exogenous substrate would also be 

observed, since calpains require less calcium to be 

proteolytic active than to start autolysis. 

However, the difference in calcium requirement for 

autolysis is just slightly higher than that for proteolytic 

activity (Cong et al., 1989), which cause the in vitro 

measurements of proteolytic activity to be accompanied by 

autolysis. There are, however, reports of autolysis 

preceding proteolysis of substrate (Saido et al., 1992; 

Saido et al., 1994). 
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Based on the theory of existence of a proenzyme that 

needs to be activated through autolysis, the membrane-

activation hypothesis was proposed (Mellgren, 1987; Suziiki 

et al, 1987). The observation that calpain association with 

phospholipids caused autolysis, and subsequently lowered 

calcium requirement of the enzyme, prompted the hypothesis 

of activation of calpains by association with phospholipids 

in the cell membrane in living cells. 

Experiments in vitro showed that, if calcium 

concentration is maintained at a level high enough to 

initiate autolysis, the calpains will continue to autolyze 

(in the cQssence of calpastatin) until they lose activity 

(Edmunds et al., 1991). 

The paradox of this regulatory system is that Ca^"^-

binding sites for binding to calpastatin will already have 

bound calcium when this ion concentration is high enough to 

induce binding to the calcium proteolytic site. 

There is presumably a reversible competitive type tight-

binding inhibition of calpains by calpastatin, which 

suggests that calpastatin interacts with the catalytic 

region of calpains (Maki et al., 1988; Kawasaki et al., 

1989) . Therefore, if calpastatin is present, it will be 

bound to calpain when calcium initiates proteolysis, 

resulting in calpastatin binding to the active site and 

inhibition of calpains. 
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According to Kapprell and Goll (1989) the half maximal 

binding of autolyzed m-calpain to calpastatin occurs at 24 

HM Ca.^*, but half maximal proteolytic activity of autolyzed 

m-calpain requires 94 pM Ca^"^. For unautolyzed m-calpain, 

the half maximal binding to calpastatin requires 400 pM 

while activity requires 760 nM Ca^"^. In the presence of 

calpastatin, unautolyzed ji-calpain would be the only calpain 

active due to its lower requirement for half maximal 

activity (34 nM Ca^^) than for half maximal binding to 

calpastatin (42 nM Ca.^*) . Autolyzed p,-calpain requires 42 nM 

and 600 nM Ca^"" for half maximal binding to calpastatin and 

activity, respectively. 

Various hypotheses have been proposed as how the calpain 

system is activated. Most of the hypotheses are based in 

lowering calpains Ca.^* requirement, which would also 

explains how they can be active in the presence of 

calpastatin. 

Heterolysis (an intermolecular proteolysis reaction) of 

m-calpain by p-calpain, is suggested as a cascade mechanism 

for activation of m-calpain (Tompa et al., 1996). Hence, at 

calcium levels lower than required to elicite m-calpain 

activity, n-calpain would heterolyze m-calpain decreasing 

its calcium requirements to be proteolytic active. 
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Another possible mechanism that would allow calpain to be 

active in cells containing calpastatin is for the calpains 

to be localized in a different area than calpastatin which 

would allow the calpain proteinases to be active at the 

calpastatin levels that exist in cells. Different studies 

have shown that jilcalpain, m-calpain and calpastatin, are 

either localized in close proximity to each other on the 

myofibrils (Kumamoto et al., 1992) of skeletal and heart 

muscle (see Hellgren and Lane, 1990} or that calpains 

localized at regions of low calpastatin content in non-

muscle cells (Lane et al., 1992). 

Several reports have described the presence of endogenous 

activators (low molecular weight polypeptides) in the 

particulate fraction of cells from various tissues (De 

Martino and Blumenthal, 1982; Pontremoli et al., 1988; 

Pontremoli et al., 1990; Michetti et al., 1991; Shiba et 

al., 1992; Salamino et al., 1993; Melloni et al., 1998). In 

rat skeletal muscle, binding of an isolated activator to 

calpain was reported to cause a reduction in the Ca^ 

required for autolysis and activity (Pontremoli et al., 

1990; Melloni et al., 1998). The latter report indicated 

that an activator purified from bovine brain caused more 

than 10-fold decrease in Ca^^ requirement of the ̂ -calpain 

without affecting m-calpain. 
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It was shown that an antibody to the 30 IcDa siibunit 

increases the calcitim sensitivity of m-calpain (Cong et al., 

1993) . This result reinforces the idea that some type of 

endogenous protein interaction might result in activation of 

calpains at very low calcium concentration. 

All these reports of activators lowering Ca^ * requirement 

would be relevant to the tenderization process only the 

calcium inside the cell does not increase sharply during the 

onset of rigor mortis. 

It has been reported that calpains bound to subcellular 

structures do not bind to calpastatin and therefore are not 

inhibited; this phenomenon has been observed in erythrocyte 

membrane associated calpain (Hatanaka et al., 1984) or 

calpain bound to particulate fraction in different tissues 

homogenates (Gopalakrishna and Barsky, 1986) . Most of the 

calpain in cells is bound to subcellular structures, 

possibly to their in vivo substrates, and is not free in the 

cell cytoplasm (Kumamoto et al., 1992). The calcium required 

by n-calpain to bind to subcellular organelles seems to be 

around 0.5 to 2 |iM in erythrocytes (Inomata et al., 1989; 

Kuboki et al., 1990; Inomata et al., 1990). 

The association with the substrate could hinder the 

inhibition by calpastatin, as observed by the lack of 

inhibition of myofibril-bound [i-calpain, which is active 
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(Boehm et al., 1998). This myofibril-bound n-calpain is not 

extracteible even vinder stringent conditions, and is 

estimated to be over 50% of total ji-calpain after 7 days 

postmortem. 

Moreover, recently it was shown that the pattern of 

calpastatin degradation products in post-mortem muscle was 

only mimicked by digestion of calpastatin with purified 

calpains suggesting that calpastatin is probzQjly degraded by 

calpains (Doumit and Koohmaraie, 1998). Although those 

observations are confirmed by the experiments showing the 

fragmentation of purified calpastatin by both calpains 

(i.e., n- and m-) (Murachi et al, 1981; Mellgren et al., 

1986; NaJcamura et al, 1989), the cleavage caused by calpains 

resulted in little or no loss of calpastatin inhibitory 

function in vitro. 

The activity of extractable ji-calpain and calpastatin 

decreases during postmortem storage, while m-calpain shows 

an almost constant activity (Vidalenc et al., 1983; 

Ducastaing et al., 1985; Koohmaraie et al., 1987). The 

decrease observed in ^i-calpain activity is drastic, so that 

at 24 hours postmortem 20-65% of at-death activity remains. 

After a more prolonged postmortem storage, |i-calpain 

activity is decreased to very low levels. Considering that 

activation by calcium would lead to autolysis and subsequent 
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inactivation, ji-calpain seems to be likely the candidate 

responsible for postmortem tenderization through proteolysis 

of myofibrillar proteins. 
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Clxap-ter III 

MATERIALS AMD METHODS 

Experimental Animals. The Roman L. Hruska U.S. Meat 

Animal Research Center Animal Care and Use Committee 

approved the use of animals in this study. Twelve Dorset 

sheep (11 ewes and 1 ram), 6 of them carriers and 6 non-

carriers of the callipyge phenotype (assessed by leg score), 

averaging 3 years of age were slaughtered in pairs (1 animal 

of each phenotype) at 2 week intervals. The carcasses were 

eviscerated and hot carcass weight was determined. The 

carcasses were chilled at 4°C for 24 h. 

Muscle Dissection. At death, the longissimus dorsi, 

biceps femoris and infraspinatus muscles were excised from 

the left side of the carcass. 

At 24 h postmortem, the entire longissimus dorsi, biceps 

femoris and infraspinatus muscles of the right side of each 

carcass were dissected and individual weights were recorded. 

Muscle nomenclature was based on Tucker et al. (1952). 

Muscle preparation for analyses. After dissection from 

the carcass (24 h postmortem), each muscle was divided in 3 

regions (rostral, medial and caudal) and randomly assigned 

to three different times postmortem (1, 3, and 10 days). The 

longissimus was cut into 3 chops (2.54 cm thick) for 

determination of Warner-Bratzler shear force. The chops were 

assigned for days 3 and 10 were vacuum-packaged and stored 
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at 4*C. Longissimus scunples taken at day 1 postmortem for 

Wamer-Bratzler shear force determination were placed at -

30"C until shear force determination. After storage at 4" C 

for 3 or 10 days postmortem longissimus samples were also 

placed at -30" C until Wamer-Bratzler shear force was 

determined. 

Muscle samples (10-15 grams) removed at death, 1, 3, and 

10 days postmortem were minced and frozen in liquid nitrogen 

and stored at -70° C for analysis of myofibril-bound n-

calpain. 

Extraction of Calpains and Calpastatin. Calpains and 

calpastatin were extracted from 25 g samples of each of the 

three different muscles (i.e., longissimus, biceps femoris 

and infraspinatus) that had been taken at 30 min. of 

slaughter and after 1, 3 and 10 days postmortem according to 

Koohmaraie (1990). Muscles, trimmed free from visible fat 

and connective tissue, were homogenized in 3 volumes of 

homogenizing buffer (100 mM Tris-HCl, pH 8.3 at 4" C, 10 mM 

EDTA and 10 mM 2-mercaptoethanol (MCE); and a cocktail of 

proteases inhibitors: leupeptin = 6mg/L, ovomucoid = 

lOOmg/L, and phenylmethylsulfonyl fluoride-PMSF = 2 mM). 

Minced tissue was homogenized with a Waring Blender, three 

times at high speed, each for 30 sec., with a 30 sec. 

cooling period interspersed between bursts. This homogenate 

was centrifuged at 37,500 x gnax for 120 min. The volume was 
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recorded, and the seunple was put in dialysis tubing and 

dialyzed overnight in dialysis buffer (40 mM Tris-HCl, pH 

7.35 at 4*C, 5 mM EDTA, 10 mM 2-mercaptoethanol) . The 

supernatant was then filtered through four layers of 

Miracloth (Calbiochem) and loaded onto a 1.6 x 20cm column 

of DEAE-Sephacel (Bio Rad). After loading, the column was 

washed (3 column voliimes) with equilibrating buffer (50 mM 

Tris-HCl, pH 7.5 at 4"C; 0.5 mM EDTA and 10 mM MCE) to 

remove unadsorbed proteins. The bound proteins were eluted 

with a linear gradient from 25 to 400 mM NaCl (250 ml of 

each) in equilibrating buffer. Fractions were assayed for p.-

calpain, m-calpain, and calpastatin. 

Assavs of Calpains and Calpastatin Activities. The 

activities of ji-calpain and m-calpain were determined using 

casein as a substrate (Dayton et al., 1976). The reaction 

mixture consisted of 100 mM Tris-acetate, pH 7.5; 10 mM MCE 

and 7 mg/ml casein (Hammersten, U.S. Biochem.) . The reaction 

contained equal volumes of the calpain fractions and the 

reaction mixture described cibove, and a final concentration 

of 5 mM CaCla. This reaction was stopped by adding equal 

voliune of 5% trichloro-acetic acid (TCA) . After 

centrifugation at 2,000 gma* for 30 min., eibsorbance of the 

supernatant at 278 nm wavelength (A278) was determined. All 

fractions containing calpain activity were pooled, and 

calpain activity was assayed as eUaove. Total activity was 
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calculated by multiplying Ca^^-dependent proteolytic 

activity by a dilution factor. One unit of activity is 

defined as the cimount of enzyme that catalyzes an increase 

of 1.0 eUssorbance unit at 278 nm in 60 min. at 25 "C. 

Calpastatin activity was determined by incubating the 

calpastatin fractions with partially purified m-calpain 

using the same reaction mixture as in the calpain assay. The 

reaction was stopped with TCA and centrifuged as before. We 

incubated the protease alone (m-calpain; positives) and 

protease + inhibitor fraction in a reaction mixture 

containing 5 mM CaCla. The fractions containing inhibitory 

effect were pooled and assayed as above. Total inhibitory 

activity was calculated by svibtracting the value of the 

tubes containing pooled calpastatin from the positives and 

multiplying it by a dilution factor. One unit of inhibitory 

activity was defined as the eunount of the inhibitor that 

inhibits one unit of m-calpain activity. 

Mvofibril Fragmentation Index - MFI. MFI was determined 

on fresh biceps femoris, infraspinatus, and longissimus 

muscle samples that had been removed immediately after death 

and after 1, 3 and 10 d postmortem storage. MFI 

determination was done according to the procedure of Olson 

et al. (1976) and consisted of taking 2 g muscle seunples 

with no visible connective tissue and fat, and homogenizing 

it for 30 seconds in 20X volume (v/w) of MFI buffer (100 mM 
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KCl, 20 mM K-phosphate, pH 7; 1 mM EGTA, 1 mM MgCla, and 1 

mM NaNs) at 4"C. Centrifugation at 1000 x gnax for 15 min. 

at 2°C followed, with siibsequent discarding of the 

supernatant. The pellet was resuspended with a stirring rod 

in the Seime MFI buffer voliame as before. The centrifugation 

step was repeated, and the pellet was resuspended by 

vortexing in 5 vol of the MFI buffer. This myofibril 

suspension was filtered through a strainer to remove 

connective tissue. The strainer was rinsed with the scime 

volume (5 vol) of MFI buffer used to resuspend the pellet in 

the prior step. The protein concentration of the myofibril 

solution was determined with biuret method (Gomall et al., 

1949). The myofibril suspension was diluted to 0.5 mg of 

protein/ml in a final volume of 8 ml. The samples were 

vortexed and the absorbance at 540 nM was measured in a B & 

L Spectrophotometer with a large slit width. The absorbance 

readings were multiplied by 200. This constant expands the 

absorbance units to range from 30 - 100, which is termed the 

MFI. 

Sarcomere Length - SL. Sarcomere length was determined on 

the longissimus, biceps and infraspinatus muscles at 1 and 

10 d postmortem by using the laser diffraction method 

described by Koolmees et al. (1986). 

Thin transverse sections (0.5 - 1 cm) were cut from the 

muscle samples. Subsamples were obtained by randomly 
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excising 3 pieces (3 cm long) (parallel to the fiber length) 

at lateral, central and medial locations of the muscle 

transversal section. 

Those subsamples were placed in vials and fixed in a 5% 

glutaraldehyde solution containing 0.1 M Na2HP04 buffer at 

pH 7.2 and 10" C for approximately 4 hours. After fixation, 

samples were transferred to a 0.2 M sucrose solution 

buffered as the prior solution, and were stored in the 

refrigerator, for no more than 4 days. 

Three fiber biindles were teased from saunples in each 

vial, and several fibers were pinced from those bundles. 

Then they were mounted between a slide and a glass cover-

slip in a drop of sucrose solution. 

The diffraction pattern was assessed by exposing the 

slides to a 2.0 mW monochromatic beeim of light with a 

wavelength (X) of 632.8 nm generated by a helivim-neon gas 

laser tube. The diffraction values of 6 measurements were 

averaged for each of the three different locations. The mean 

SL was calculated by averaging the mean of those three 

locations. 

Warner-Bratzler Shear Force - WBS. Chops (three 2.54-cm 

thick) from the longissimus muscle were taken from the - 30° 

C cooler and thawed in refrigerated conditions. Those chops 

were broiled from the frozen (-5' C) state on Feiberware Open 

Hearth electrical broilers (Faberware, Bronx, NY) to an 
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internal temperature of 40' C, turned, and broiled to an 

internal temperature of 75' C. Chops were cooled (4* C) for 

24 h before removal of six (two per chop) cores (1.27 cm 

dicimeter) parallel to the longitudinal orientation of the 

muscle fibers. Each core was sheared once with a Wamer-

Bratzler shear attachment using an Instron Universal Testing 

Machine (Instron, Canton, MA) with a 100 kg load cell and 

crosshead speed of 20 cm/min. 

Assay for myofibril-bound calpain activitv. Proteolytic 

activity of myofibril-bound calpain was measured in seunples 

that had been frozen at - 70" C for 8-10 months by using a 

^'c-lcibeled casein assay (Koohmaraie et al., 1994). 

The radiolabeling of casein was performed by reductive 

alkylation with [ ̂ * C ] formaldehyde and sodium 

cyanoborohydride as described by Dottavio-Martin and Ravel 

(1978). Briefly, Hammersten casein was dissolved in 50 mM 

Tris-HCl buffer (pH 7) to make 20 ml of a 10 mg of 

protein/ml solution. The protein concentration was 

determined by the BCA assay (Smith et al, 1985) . For the 

radiolabeling, 250 nl of [ ̂^C] formaldehyde (1 mCi/ml) was 

added to 3 ml of casein solution, followed by addition of 1 

ml of 150 mg/ml sodium cyanoborohydride freshly prepared in 

the Scime buffer used to dissolve casein. This solution was 

incubated for 6 hours at 25" C in a water bath, with shaking 

at 20 min. intervals. After 6 h, the volume was adjusted to 
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12.5 ml with the 50 mM Tris-HCl buffer (pH 7). The IcUseled 

casein was dialyzed against a 100-fold (v/v) of 50 mM Tris-

HCl (pH 7.5) and 1 mM HeOIs for approximately 48 hours with 2 

changes per day (until dialysate had constant readings -

under 140 counts per minute/ml) . The final volume after 

dialysis was recorded, and 5 aliquots of 10 nl were read in 

5 ml of scintillation fluid (ScintiVerse, Fisher) to 

calculate the amount of [^^C] Icibel incorporated into casein 

in counts per minute (cpm) per /ig of protein. The ̂ ^C-

Icibeled casein (1.64 mg /ml of protein) was stored in 1 ml 

aliquots at -30° C until its use in calpain assays. 

The myofibrils for incubation with ^^C-leibeled casein 

were prepared by homogenization of 2 g of frozen longissimus 

muscle that had been taken from 10 animals (5 normal and 5 

callipyge) at 0, 1, 3, and 10 days of postmortem storage at 

4» C. The homogenization buffer, homogenization and 

centrifugation procedures were as previously described for 

calpain extraction. After the centrifugation, the pellet 

fraction was resuspended in 10 vol. (v/w) of standard saline 

solution (100 mM KCl, 20 mM phosphate buffer, 2 mg MgCla, 2 

mM EGTA, 1 mM NeiNs; pH 5.8) by a 10 sec. polytron burst 

(mediiam speed - set 6 in Brinkman polytron PT 10-35) . The 

suspension was centrifuged at 1,000 x gmajc for 10 min, and 

the whole process of washing myofibrils was repeated two 

more times. 



53 

For determination of myofibril-boimd calpain caseinolytic 

activity the inciibations were done in microcentrifuge tubes 

with total voliome of 168 jil. The incubation suspension was 

composed of: 92.5 ̂ 1 of myofibril suspension (4 mg/ml of 

protein)(see Appendix E for determination of protein 

concentration of the myofibril suspension), 33.7 jil of 

standard salt saline solution (5 fxl MCE/ml, added just 

before use), 25 ^1 of radiolabeled casein (1.64 mg /ml of 

protein), and 16.8 (il of 100 mM CaCla solution. 

SDS-PAGE of myofibrils used seunples from incubations that 

had a total volume of 672 m-1. The incubation suspension was 

composed of: 470 jil of myofibril suspension (8 mg/ml of 

protein), 134.8 ^1 of standard saline solution (5 /il MCE/ml, 

added just before use), and 67.2 ^il of 100 mM CaCla 

solution. 

After incubation in a water bath at 15° C for 48 hours, 

the myofibril suspensions used for determination of 

caseinolytic activity were sedimented at 16,000 x gmax for 5 

minutes. Three different controls were used during these 

assays. First, two basal controls consisted of myofibrils 

suspended in the incubation solution and sedimented without 

being incubated for the 48 h (i.e., immediately after 

preparation). These basal controls included scimples with and 
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without calcium and were designed to determine the basal 

level of readings. Secondly, as an internal control, 

duplicate seuoples of myofibrils were incubated for 48 h in 

standard salt saline solution containing 2 mM E6TA instead 

of calciiim solution. Finally, as a positive control, 

purified ji-calpain was diluted in equilibrating buffer 

(final concentration - 30 ng protein/ml) . This diluted n-

calpain (5 ^il) was incubated alone for 48 hours at 15» C and 

incubation volume of 168 p.1). The volume of this control was 

adjusted to the final volume of 168 nl by using standard 

salt saline solution. Activity of diluted, purified calpain 

was verified in standard casein assay before it was used in 

the incubation. For determination of ^i-calpain activity, the 

supernatant (155 nl) was transferred to another tube, and 50 

^ll of bovine serum albumin (10 mg/ml protein concentration) 

and 205 jil of 10% cold TCA were added. The undigested casein 

was sedimented by centrifugation at 16,000 x ga»x for 10 

minutes. The supernatant was transferred to a scintillation 

vial and 5 ml of scintillation fluid (ScintiVerse, Fisher) 

was added. The radioactivity of hydrolyzed radioleUseled 

casein was measured with a P-counter (Packard 460, Packard 

Instruments Co.) for 5 minutes. 
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The scunples for SDS-PAGE (inctibation of the myofibril 

suspension with 672 nl total volume solution) were also 

centrifuged at 16,000 gmax for 5 min. Two volumes of the 

supernatant was mixed with one volume of protein denaturing 

buffer-PDB (62.5 mM Tris, pH 6.8; 2% sodium dodecyl sulphate 

(SDS); 10% glycerol; 0.02 % bromophenol blue; and 0.5 % 

mercaptoethanol) and the sedimented pellet was resuspended 

in standard salt saline solution by using a glass rod and 

this mixture was also mixed with PDB at two volumes of 

suspension to 1 volume of PDB buffer. The protein 

concentration in the pellet fraction was determined by TCA 

precipitation in Laemmli buffer (Karlsson et al., 1994). 

Inhibition of sedimented mvofibril-bound u-calpain 

activity. Incubations of myofibrils with different cysteine 

proteinase inhibitors and calpastatin was performed in 

microcentrifuge tubes. Myofibrils were obtained from frozen 

samples of day 1 postmortem of 6 animals (3 normal and 3 

callipyge) . The assays used the same conditions as those 

used for determination of the calpain activity by ^Re

labeled casein hydrolysates, except for the inclusion of 

epoxysuccinyl-L-leucylamido-(4-guanidino) butane - E64 

(Peptide Institute, Inc.,), leupeptin (Peptide Institute, 

Inc.), iodoacetic acid (sodiiom salt- Sigma Chemical), and 

purified calpastatin, at final concentrations in the 

incubation solutions of: 0.33 mM, 1.50 mM, 0.41 mM and 0.4 
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U/ttibe (2.4 U/ml), respectively, and inctabation at two 

different ionic strength, 0.1 and 0.3 M KCl. The standard 

salt saline solution was used to incubate myofibrils at 0.1 

M KCl, while the 0.3 M KCl solution just contained KCl and 

K-phosphate concentrations that were increased in relation 

to the standard salt saline solution (300 mM and 25 mM, 

respectively) . It was estimated that the myofibrils from day 

1 postmortem frozen samples contained 0.13 /ig/mg of 

myofibrillar protein. The inhibitors were pre-incubated with 

the myofibrils without calcium at 5" C for 42 h on a rocking 

platform (Red Rocker, Hoefer Scientific Instruments, San 

Francisco). Calcium was added to a final concentration of 10 

mM, and the tubes were incxibated at 15° C for additional 48 

h. Controls were the same as described for determination of 

protease activity in the sedimented myofibril-bound calpain. 

Two basal controls were obtained by preparing the myofibril 

suspension into the incubation solution, and immediately 

proceeding to sedimentation of myofibrils and reading of the 

basal level without the pre-incubation period (42 h at 5® 

C) , or with the pre-incxibation but without the incubation 

period (48 hours at 15» C) . Internal controls consisted of 

myofibril suspensions pre-incubated for 42 h at 5® C as 

described before and the incubated in a standard salt saline 

solution containing 2 mM EGTA instead of lOmM calcium. 

Positive controls used purified ji-calpain diluted in 
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equilibrating buffer (final concentration - 30 tig 

protein/ml). Before starting the incubation with ^^C-laibeled 

casein, 500 ^il of the diluted (i-calpain was assayed in the 

standard assay. The amount of the inhibitors used in the 

^C-laJaeled assay were also assayed in duplicates in the 

standard assay for diluted ji—calpain (500 jii) to verify 

inhibition of the ji-calpain activity by the cunount of 

inhibitor used. Then, diluted ^-calpain (5 ^il) was pre-

incubated (42 h at 5" C) followed by addition of calcium to 

10 mM and then incubation for 48 h at 15" C. 

Samples for SDS-PAGE were prepared from incubation 

conditions as described for those seimples destined for SDS-

PAGE analysis in the myofibril-bound calpain activity assay 

(i.e. the seune volume and myofibril concentrations, 672 nl 

and 470 Hi at 8 mg protein/ml of myofibril suspension and 

incubating for 48 h at 15" C) . However, these samples were 

also pre-incubated (42 h at 5" C) with the seune ratio 

inhibitors concentration to myofibril protein concentration 

as used in the experiment for determination of inhibition of 

caseinolytic activity by ^^C-labeled assay. Therefore, the 

inhibitors concentrations in these incubation solutions 

were: 0.83 mM, 3.75 mM and 1.04 mM for E-64, leupeptin and 

iodoacetic acid, respectively. The procedure to prepare the 
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supernatant: and pellet of these seunples followed the same 

steps as described above in the seunples for SDS-PAGE of 

myofibril-bound calpain. 

SDS-PAGE and Western blotting. The effect of postmortem 

storage on the integrity of myofibrillar proteins was 

determined by using SDS-PAGE and Western blotting. Western 

blots for calpastatin and fi-calpain were done on both the 

supernatant and pellet of the homogenates obtained from the 

scimples taken at 0, 1, 3, and 10 days postmortem and used to 

determine the calpain and calpastatin activities in the 

soluble fraction (see Extraction of calpains and calpastatin 

for details of the procedures to obtain the supernatant and 

pellet fractions). 

The supernatant fraction from initial homogenate (after 

the first homogenization) was aliquoted for preparation of 

samples for SDS-PAGE. The protein concentration of that 

fraction was determined using by biuret method, and the 

protein concentration diluted to a final concentration of 2 

mg/ml in PDB. The pellet from that initial homogenate was 

resuspended in 2 vol. (w/v) of a saline solution (100 mM 

NaCl, 1 mM NaNa) , and an aliquot of this suspension was 

washed 3 times in 8 vol. (w/v) of saline solution, before it 

was sampled to determine the protein concentration by the 

biuret method. The resuspension of the pellet during those 3 

washing steps was accomplished by using 30 sec. bursts with 
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a polytron. After each resuspension, the seunples were 

centrifuged for 15 minutes at 11,000 x gmax- They were 

diluted to the same final protein concentration (2mg/ml) as 

the supernatant fraction in PDB. Scimples were heated at 95" 

C for 5 minutes. The protein concentration of the pellet 

fraction was verified by using the TCA assay described by 

Karlsson et al. (1994). For electrophoresis, 60 ng of 

protein/lane were loaded on the polyaery1amide gels (mini-

gels for calpastain and large gels for ji-calpain) . 

Calpastatin was separated on 10 % mini-gels (8x10 cm) 

(37.5:1), and n-calpain was separated on 8 % gels (14x17.7 

cm) (37.5:1) with 4 % (37.5:1) stacking gels. Gels were run 

at 200 V iintil the dye front reached the bottom of the gel 

for calpastatin. For n-calpain, 10 mA per gel was used for 

the dye front to reach the separating gel and thereafter 20 

mA per gel was applied until 20 minutes after the exit of 

the dye front from the gel. This procedure for ji-calpain was 

due to the use of large gels. 

Supernatant and pellet samples obtained after incubation 

of myofibrils (at 0.1 M KCl, except for a-actinin involved 

seunples incubated at either 0.1 or 0.3 M KCl) and 

sedimentation experiments at 11,000 x go a* for 5 min. After 

resuspension of the sedimented fractions and dilution of 

both fractions in PDB buffer, they were loaded onto the gels 
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as follows: 1 - for p.-calpain, 150 ^ig of total protein/lane 

of pellet saunples on 8% gels; 2- for desmin and troponin~T, 

20 Jig of total protein/lane of pellet ssunples, and for a-

actinin, 18 jig of the supernatant samples on 10% mini-gels; 

3- for nebulin, 20 jig of total protein/lane of pellet 

scunples on 6% mini-gels, 4- for titin degradation products, 

18 iig of the supernatant samples on 12.5% mini-gels. 

Proteins in the gels were transferred (Western blots) in 

buffer containing 25 mM Tris-HCl, pH 8.2, 193 mM glycine, 

and 15 % methanol to either Hybond-C nitrocellulose or 

Hybond-P polyvinyl idine fluoride (PVDF) membranes (Amershaun) 

for 2.5 h at cold room temperature (4" C) and at 200 to 300 

mA using a wet-transfer apparatus (Hoefer Scientific 

Instruments). 

To prevent nonspecific antibody binding during the 

immunoblotting, membranes were blocked for an hour with 2.5% 

filtered sheep serxim (Sigma Chemical, St. Louis, MO) in 

Tris-buffer saline (25 mM Tris-HCl, 500 mM NaCl, pH 7.5) 

containing .05% Tween 20 (TTBS) . Antibody incubations were 

performed in blocking buffers (1% BSA and 4% non-fat diry 

milk in TTBS) at room temperature, and membranes were washed 

three times with TTBS after each incubation. Membranes were 

incubated for 60 min with primary antibody as follows: anti-

a-actinin 1:1,000 (clone EA-53; Sigma Chemical), anti-
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calpastatin 1:500 (polyclonal; MARC - USDA), anti- ^-calpain 

1:5 (clone B2F9; MARC - USDA), anti-desmin 1:2 (clone D3; 

Hybridoma bank), anti-nebulin 1:250 (clone NB2; Sigma 

Chemical), anti-titin 1:100 (clone 9D10; Hybridoma bank), 

and anti-troponin-T 1:1,000 (clone CT3; Hybridoma bank). The 

secondary antibody was alkaline phosphatase conjugated anti-

mouse IgG diluted 1:1,000 (A-5153, Sigma Chemical) for all 

proteins, but for calpastatin blots that used anti-mouse IgG 

diluted 1:1,000 (Fcib specific / A - 2179, Sigma Chemical) . 

Antibody binding was visualized by exposure to BCIP/NBT 

(Bio-Rad, Richmond, CA). Lanes containing molecular weight 

markers (Bio Had) were stained with cunido black (Bio Rad) . 

The Western blot analyses were conducted on samples from 

all animals, except for the inhibition experiment where 

frozen samples of only 6 animals were used. For all proteins 

except calpastatin, only the blots of seimples from the 

animal whose calpain activity values were closest to the 

mean for the experiment were photographed. For calpastatin, 

blots of samples from animals whose calpastatin activity 

values were closest to the mean for the experiment were 

photographed. 

Chemicals Used. Acryleunide; Ammonium persulfate (APS); 

N,N*- methylene-bis-acrylamide (BIS); and N,N,N'N*-tetra-

methylethylenediamine (TEMED) were purchased from Bio Rad 

Lciboratories, Hercules, California. Bovine serum albumin 
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(BSA) ; ethylenedicuaine-tetraacetic acid (EDTA) ; 

[ethyleneglycol-bis-(B-aminoethyl ether) N,N•-tetraacetic 

acid (EGTA) ; iodoacetic acid - sodium salt (XAA) ; 2-

mercaptoethanol (MCE) ; phenylmethylsulfonyl fluoride (PMSF); 

sodium azide; sodiiim dodecyl sulfate (SDS) ; and tris 

(hydroxymethyl)-aminomethcuie (Tris) were purchased from 

Sigma Chemical, St. Louis, Missouri. Calcivim chloride was 

purchased from J.T. Baker, Phillipsburg, New Jersey. Casein 

Hcunmersten was purchased from the United States Biochemical 

Corporation, Cleveland, Ohio. Epoxysuccinyl-L-leucyleunido-

(4-guanidino)butane (E64) and leupeptin were purchased from 

Peptides International, Louisville, Kentucky. All other 

chemicals were of analytical reagent grade or purer. 

Statistical Analysis. Data for calpastatin, m- and ji-

calpain activities, and MFI were analyzed using an analysis 

of variance with the mixed model procedure of SAS (1996) for 

a split-split-split plot design. The whole plot was 

phenotype, the split plot was muscle, the split-split plot 

was days postmortem and the split-split-split plot were the 

interactions between muscle days postmortem and the three 

way interaction among phenotype, muscle and days postmortem. 

The whole plot error term was animal within phenotype, the 

split-plot error term was the interaction between muscle and 

animal within phenotype, the split-split plot error term was 

the interaction between days postmortem and animal within 
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phenotype, and the split-split split plot error term was the 

residual error. Data for WBS, sarcomere length, and activity 

of myofibril-bound |i-calpain were analyzed using analysis of 

variance with the GLM procedure of SAS (1996) for a split-

plot design. The whole plot was phenotype and the split-plot 

was days postmortem and location. The whole plot error term 

was animal within phenotype and the split-plot error term 

was the residual error. Data for the inhibition of 

myof ibril-bound ji-calpain by calpastatin was analyzed using 

analysis of variance for a completely randomized design. 

Least squares means were computed and mean separation for a 

significant (P<0.05) main effect was accomplished with the 

PDIFF option of the least sc[uares procedures (a pairwise t-

test). 
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Chapter IV 

RESULTS 

The results will be divided in four sections: 

1)activities of the extractcible components of calpain 

system; 2)data eibout degradation of calpastatin and ji-

calpain; 3)the relationship to postmortem proteolysis (MFI) 

and mechanical assessments (WBS) of tenderization during 

postmortem storage; 4)the calcium dependent protease 

activity in the myofibril and its inhibition. 

The averaged hot carcass and muscle weights for the 

animals of different phenotypes are presented in Teible 1. 

Tcible 1. Hot carcass weight (HCW) , muscle weights"^ and 
percentage from normal and callipyge sheep. 

Trait Normal Callipyge 

Hot carcass wt, kg 33. 5 (±9. 2)' 30.8 (±8 .7) 

Muscle 

Biceps femoris 

weight, kg 0.82 1 .18 

% of the carcass 2. 5 (±0. 4) 3.8 (±0. 4) 

Infraspinatus 

weight, kg 0.50 0 .48 

% of the carcass 1. 5 (±0. 2) 1.6 (±0. 2) 

Longissimus 

weight, kg 1.64 2 .08 

% of the carcass 4. 8 (±1. 2) 6.7 (±0. 1) 

® Values within parentheses indicate standard deviation. 
 ̂ Weights were obtained by weighting muscle from one side of the carcass, 
and multiplying the results by 2. 
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The animals assigned to the callipyge group had 

significantly heavier biceps femoris and longissimus dorsi. 

This confirmed that those animals indeed had the callipyge 

phenotype (Table 1). The contribution of the biceps femoris 

and longissimus to hot carcass weight was 52% and 39.6% 

greater, respectively, in the callipyge than in the normal 

animals. Jackson et al. (1997) reported that the 

longissimus weight was 51% greater on callipyge carcasses, 

but there was no difference in the size of the infraspinatus 

from those animals. This seune pattern was obtained by 

Koohmaraie et al. (1995) where the BF and LD were heavier in 

callipyge carcasses than in carcasses from normal animals 

(42 and 32%, respectively), while infraspinatus muscle in 

those groups of animals had the same size. 

1 - Changes in extractable ^i-calpain, m-calpain and 

calpastatin activities during postmortem storage of normal 

and callipyge sheep meat 

The increase in calpastatin activity that was reported 

for muscles affected by callipyge phenotype (Koohmaraie et 

al., 1995; Leymaster et al., 1996) was also observed in 

biceps femoris and longissimus muscles in this study at all 

days postmortem (Table 2). The infraspinatus muscle on the 

other hand had the seune average calpastatin activities in 
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both normal and callipyge leimbs (Table 2), but the 

calpastatin activity of the infraspinatus from normal 

animals was higher than in either of the other two muscles 

studied from normal animals (P<0.05), except for biceps 

femoris at day 0 (P=0.057). 

It has been reported that muscles not hypertrophied in 

carcasses from callipyge phenotype, such as supraspinatus, 

did not present changes in calpastatin activity when 

comparing to the same muscle from normal carcasses 

(Koohmaraie et al., 1995). 

There were no differences between phenotypes in the 

pattern of changes in calpastatin's activity during 

postmortem storage, with a slow decrease occurring during 

the first three days of postmortem storage in both 

phenotypes (Table 2). 

Calpastatin activity in longissimus muscle from callipyge 

Icimbs had 114, 115, 158 and 383% higher calpastatin activity 

at death, 1, 3 and 10 d postmortem than calpastatin activity 

in longissimus from normal lambs. 

Koohmaraie et al. (1995) found that at days 1, 7 and 21 

postmortem calpastatin activity in the longissimus of the 

callipyge was 82, 86 and 108% higher than in LD from normal 

animals, respectively. Similarly, Leymaster et al. (1996) 

have reported an increase in calpastatin activity in muscle 

from callipyge of 51 and 85% at day 1 and 7 postmortem, 

respectively. 
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Calpastatin activity in BF muscle from callipyge was 61, 62, 

124 and 251% higher than in BF from normal leunbs at death, 

1, 3, and 10 days postmortem, respectively (Teible 2) . 

m-Calpain activity in biceps femoris and longissimus was 

higher in callipyge sheep than in normal sheep, but m-

calpain activity of infraspinatus muscle was approximately 

the Seime in callipyge and normal leunbs (TeUale 2) . 

This pattern of increased m-calpain and calpastatin in 

muscles affected by callipyge phenotype has been previously 

reported (Kerth et al., 1996; Koohmaraie et al., 1995). 

As described previously (Vidalenc et al., 1983; 

Ducastaing et al., 1985; Koohmaraie et al., 1987), m-calpain 

activity did not decrease significantly during postmortem 

storage. However, higher m-calpain activity (P<0.05), at 

death in longissimus muscle was observed. In that case, the 

activity dropped to a stable level at day 1 postmortem in 

callipyge muscle, and had a slower drop in normal muscle. In 

both cases, m-calpain activity at day 10 postmortem 

decreased to 76% of at-death activity. 
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TcJsle 2. Least square means for the activities of m-calpain 
and calpastatin in biceps femoris(BF) , infraspinatus (IS) 
emd longissimus (LD) muscles of callipyge amd normal leunbs 
at four different times of postmortem storage (DPM) . 

Phenotype 

m-Calpain Calpastatin ̂ ̂  

Phenotype BF IS LD BF IS LD 

Callipyge 

Od 1.80* 1.38 2.47*' 5.55*" 4. 69" 6.01*" 

Id 1.74* 1.20 1.89*" 4.40*" 4.11" 5.24*" 

3d 1.63* 1.19 1.96*" 3.72*" 2.80" 4.56*" 

lOd 1. 62* 1.21 1.88*" 2.81*"= 2.07*= 2.56*= 

Normal 

Od 1.12 1. 29 1.32® 3.45" 4.15" 2.81" 

Id 1.05 1.14 1.13"" N>
 

• to
 or
 

3.58" 2.44"" 

3d 1. 02 1.11 1.22" 1.66*= 2.85" 1.77" 

lOd 1.19 1.18 l.Ol" o
 

• 00
 
o
 a.
 

2.11 = 0.53"= 

SE 0.16 0.16 0.16 0.40 0.40 0.40 

Probability 

P® X 0.02 0.01 

DPM 0.01 0.01 

X DPM 0.01 ns 

Total caseinolytic activity/g of muscle. 
Inhibition of casein hydrolysis by m-calpain. Total activity/g of 

muscle. 
Differences between phenotypes within postmortem time were significant 

(P<0.05). 
a , b, c, d ĵ ggjjg different letters within phenotype and muscle were 
significantly different (P<0.05). 
® P = Phenotype; ' M = Muscle. 
ns = non-significant 

At-death p.-calpain activity was higher (P<0.05) in biceps 

femoris (27%) and infraspinatus (30%) muscles of normal 

sheep that in these scime muscles from callipyge Icunbs (Tcdale 

3 )  .  
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It has been reported that at-death ji-calpain activity in 

longissimus from lambs fed P-adrenergic agonist (Ij6 4 4 , 9 S9) 

was lower than in normal lambs (Kretchmar et al., 1989, 

1990; Koohmaraie and Shackelford, 1991; Pringle et al., 

1993). 

Table 3. Least square means for the activity"^ of ji-calpain 
in biceps femoris (BF), infraspinatus (IS) and longissimus 
(LD) muscles of callipyge and normal leunbs at four different 
times of postmortem storage (DPM). 

ITEM BF IS LD 

Callipyge 

Od 0.827*" 0.999*" 0.944" 

Id 0.528" 0.598" 0.305" 

3d 0.260= 0.252"= 0.262" 

lOd 0.043"^ 0. 005"^ 0.045= 

Normal 

Od 1.047" 1.235" 1.055" 

Id 0.533" 0.577" 0.449" 

3d 0.143"= 0.152= 0.200= 

lOd ND^ ND^ ND= 

SE 

Probability 

DPM 

M X DPM 

0.08 0.08 

0.01 

0.01 

0.08 

+ Total caseinolytic activity/g of muscle. 
* Differences between phenotypes within postmortem time were significant 
(P < 0.05). 
a, b, c, d different letters within phenotype and muscle were 
significantly different (P < 0.05). 
® P = Phenotype. 
ND - Non-detected, hence a null value was used for statistical analysis. 
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Wang and Beerman (1988) showed a decrease of 55% to 70% 

(depending on duration of treatment) in at-death ji-calpain 

activity for lambs fed cimaterol (BAA), while Higgins et al. 

(1988) found a 25% drop in at-death n-calpain activity 

expressed in units/g of extractcible protein for leunbs fed 

clenbuterol (BAA). At-death calpastatin and m-calpain 

activities in muscle from lambs fed BAA were higher than 

those activities in lambs not fed BAA. Those increased 

activities are as those observed in callipyge animals. 

Although the at-death n-calpain activity in callipyge 

longissimus was also higher than the at-death |i-calpain 

activity in longissimus from normal Icunbs, this difference 

was not statistically significant. This result agrees with 

that reported by Wheeler and Koohmaraie (1992) in steers fed 

with BAA, which showed only an increase in calpastatin 

activity. 

ji-Calpain activity in longissimus remained the same 

(P>0.05) between days 1 and 3 in callipyge phenotype, but 

decreased significantly in muscles from normal leunbs. 

Between days 3 and 10 of postmortem storage however, n-

calpain activity decreased significantly (P<0.05) in 

callipyge longissimus muscle. No n-calpain activity could be 

detected in any of the three muscles from normal lambs after 

10 days of postmortem storage (Table 3). Furthermore, there 
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was no detectcJale differences (P>0.05) between day 3 and 10 

in muscles from normal phenotype, except for a tendency in 

longissimus (P=0.07). 

Figure 1 confirms that the rate of decrease in n-calpain 

activity during postmortem storage was slower in muscles 

from callipyge leunbs than from normal leunbs. 

100 -I 100 

76 

60 

Day 3 

BF 
Muscle 

IS 
Muscle 

LO 

Figure 1. Changes in ji-caipain activity (percentage of at death 
activity) in biceps femoris (BF), infraspinatus (IS) and longissimus (LD) 
muscles from callipyge (!) and normal (•) phenotypes at days 1 and 3 
postmortem. 

2 - Calpastatin and ^i-calpain degradation patterns in normal 

and callipyge muscle seimples during storage 

Western blot analysis for calpastatin of the 

supernatant from the extraction homogenate showed that rate 

of degradation of calpastatin during postmortem storage was 
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slower in muscles from callipyge launbs than in muscles from 

normal leunbs; undegraded calpastatin was detected vmtil day 

3 postmortem in muscles from callipyge leunbs, whereas there 

was no undegraded calpastatin after day 1 in muscles from 

normal animals (Figure 2). The differences in rate of 

postmortem calpastatin degradation between muscles of 

callipyge and normal lambs was greatest in the biceps 

femoris and longissimus muscles. Rate of degradation of 

calpastatin in infraspinatus muscle was the seime in 

callipyge and normal leunbs, largely because the rate of 

calpastatin degradation in the infraspinatus muscle from 

normal lambs was slower than that in the biceps femoris and 

longissimus muscles from these leimbs. 

The 80 kDa subunit of ji-calpain is gradually degraded to 

78- and 76- forms during postmortem storage (Figures 3 and 

4) . The rate of this degradation is slower in the 

longissimus muscle from callipyge lambs than normal lambs 

but occurs at approximately the same rate in the 

infraspinatus muscle from these two phenotypes. 
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ire 
97 

45 

A 

Figure 2. 
10 Western blots of 
M| calpastatin from 

the homogenate 
supernatant at 
different times of 
postmortem storage 
(pm) of biceps 
femoris (A), 
infraspinatus (B), 
and longissimus 
(C) muscles from 
normal and 
callipyge 
phenotypes. Lanes 
1 and 10, purified 
calpastatin; lanes 
2 and 6, day 0 pm; 
lanes 3 and 7, day 
1 pm; lanes 4 and 
8, day 3 pm; lanes 
5 and 9, day 10 
{M. Load was 60 ]ig 
protein/lane. 
Arrows indicate 
approximate 
molecular weight. 

HORMU. CAU.ISTGB 
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74 

Supegnafeaante geXXite 

1 2 3 4 5  6 7 8  9  10 

B 

Figure 3. Western blots for ji-calpain in the supernatant and in the 
pellet after centrifugation of the extraction homogenate from longissimus 
muscles of normal (A) and callipyge (B) carcasses at different times of 
postmortem storage (pm). Lanes 1 and 10, purified ji-calpain as standard; 
lanes 2 and 6, day 0 pm; lanes 3 and 7, day 1 pm; lanes 4 and 8, day 3 pm; 
and lanes 5 and 9, day 10 pm. Load was 60 jig protein/lane. Arrows indicate 
approximate molecular weight. 
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Figure 4. Western blots for p-calpain in the supernatant and in the 
pellet after centrifugation of the extraction homogenate from 
infraspinatus muscles of normal (A) and callipyge (B) carcasses at 
different times of postmortem storage (pm). lanes 1 and 10, purified ]i-
calpain as standard; lanes 2 and 6, day 0 pm; lanes 3 and 7, day 1 pm; 
lanes 4 and 8, day 3 pm; and lanes 5 and 9, day 10 pm. Load was 60 pg 
protein/lane. Arrows indicate approximate molecular weight. 
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As described earlier (Geesink and Goll, 1995; Boehm et al., 

1998) , a significant cunount of the ji-calpain in skeletal 

muscle becomes associated with the myofibrillar fraction 

during postmortem storage (Figures 3 euid 4). The greatest 

increase in myofibril association seems to occur during the 

first day postmortem and most of the 80 kDa subunit 

associated with the myofibril seems to be in the degraded 

78- and 76-kDa forms. It was estimated by dot blot that 50-

60% of total ti-calpain would be bound to myofibril at day 1 

postmortem (Appendix C). 

3 - Assessment of meat tenderness by WBS, myofibril 

degradation by MFI, and sarcomere length 

WB shear force values revealed that the longissimus 

muscle from callipyge leimbs were significantly less tender 

than the longissimus muscle from normal leunbs, and the 

longissimus muscle from callipyge lambs did not tenderize 

during postmortem storage in contrast to the same muscle 

from normal lambs (Figure 5). This differences are similar 

to those reported earlier (Koohmaraie et al., 1995; Field et 

al., 1996; Shackelford et al., 1997; Koohmaraie et al., 

1998) . WBS force values differed significantly cunong the 

different locations (P<0.05); the center of the muscle was 
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less tender than the origin and insertion in both callipyge 

and normal muscle samples. 

8 • 

7 • 

6 -

5 • 
m 

CO  ̂
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g 
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Figure 5. Least square means for Warner-Bratzler shear force in 
longissimus (LD) muscle from callipyge and normal phenotypes at different 
days postmortem. 
®''' Means followed by the same letter within phenotype are not different 
(P>0.05). * Differences between phenotypes are significant at all times 
postmortem (P<0.05). Standard Error = 0.27. 

The myofibril fragmentation index for all muscles did not 

change significantly during the first day postmortem 

(P>0.05), and no differences in MFI values were observed 

between phenotypes either at-death or 1 d postmortem (Figure 

6). At day 3 postmortem, the MFI was higher (P<0.05) than at 

day 1 for all three muscles from the normal phenotype, but 

there was no significant difference in the MFI between day 1 

and 3 for the muscles from callipyge phenotype. The MFI for 
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the infraspinatus muscle from callipyge, and for biceps 

femorls and longlsslmus muscles from normal phenotype 

Increased significantly from day 3 to 10. Furthermore, the 

MFI of callipyge longlsslmus muscle was significantly lower 

at both days 3 and 10 than the MFI from this muscle from 

normal leimbs. The MFI of callipyge biceps femorls muscle was 

also lower at day 10 postmortem than the MFI from this 

muscle from normal leimbs. At day 3 postmortem, the MFI of 

callipyge biceps femorls muscle possessed a tendency to 

lower MFI (P=0.07) than the MFI from this muscle from normal 

leunbs. 
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Figure 6. Least Square means for MFI in biceps femoris 
(BF)/infraspinatus (IS) and longissimus (LD) muscles from callipyge (CPG) 
and normal (N) phenotypes at different days postmortem. 
® M e a n s  f o l l o w e d  b y  t h e  s a m e  l e t t e r  w i t h i n  p h e n o t y p e  a n d  m u s c l e  a r e  
not different (P>0.05). * Differences between phenotypes for LD day 3, LD 
and BF day 10 are significant (P<0.05). Standard Error =5.3. 

Koohmaraie et al. (1995) reported that the MFIs of 

longissimus muscle at day 1 postmortem were 59.5 and 43.4 

for normal and callipyge, respectively, and were 

significantly different, whereas the MFIs from longissimus 

in the present study were 52.8 and 46 for normal and 

callipyge, respectively, and did not differ significantly. 

At day 10 postmortem, the MFI for the longissimus muscle 

from normal animals was higher (94.4) than that reported for 

21 d (82.4) in longissimus muscle from normal carcasses 

(Koohmaraie et al., 1995). 



80 

The calpastiat:!]! activities reported by Koohmaraie et al. 

(1996b) for callipyge longissimus were lower at day 1 (3.9) 

and day 7 (2.0) postmortem, than the 5.2 and 2.6 units per 

gram of muscle terms found for callipyge longissimus in the 

present study. The MFI values obtained for the callipyge 

longissimus in the previous study (Koohmaraie et al., 

1996b); (44.3 and 52.7, respectively) were similar to those 

obtained at days 1 and 10 postmortem (42.5 and 49.4, 

respectively) in the present study. 

There were no significant differences (P>0.05) in 

sarcomere length between phenotypes within muscle (Tcible 4) . 

The only significant change in sarcomere length observed in 

this experiment was a longer average sarcomere length 

(P<0.01) for infraspinatus muscle as compared to the other 

two muscles. The average sarcomere lengths in longissimus 

muscle at 1 d postmortem (1.71 jum) are similar to the 1.69 

/im reported previously for lamb LD at 1 day postmortem 

(Wheeler and Koohmaraie, 1994). Koohmaraie et al. (1995) 

reported sarcomere lengths of 1.62 and 1.61 /im for LD muscle 

from normal and callipyge lambs, respectively. Koohmaraie et 

al. (1998) have reported that the sarcomere lengths for LD 

muscle from callipyge and normal lambs do not differ 

significantly (1.63 fixa for both phenotypes in conventionally 

chilled carcasses). Sarcomere lengths of 1.62 to 1.66 /xm 

were reported for BAA-treated and non-treated callipyge lamb 

(Koohmaraie et al., 1996b). 
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TcJsle 4. Least: square means for sarcomere length"^ of biceps 
femoris (BF) , infraspinatus (IS) emd longissimus (LD) 
muscles from noirmal and callipyge lambs at different times 
of postmortem storage (DPM) . 

ITEM BF IS LD 

Callipyge 

Id 1.76' 2.10" 1.64' 

lOd 1.75' 2.23" 1.76' 

Normal 

Id 1.69' 2.16" 1.76' 

lOd 1.68' 2.11" 1.70' 

SE 0.05 

Probability 

Muscle 0.01 

" Sarcomere length in jiM measured by laser difraction. 
''" Means followed by different letters within days postmortem and 
phenotype were significantly different (P<0.01). 

4 - Myofibril-bound ji-calpain activity and its inhibition by 

calpastatin and cysteine-proteinase inhibitors 

Myofibril-bound (i-calpain from the longissimus muscle was 

active at each of the four times postmortem assayed in this 

study (Table 5) . The activities in were obtained by using 

^*C-lcibeled casein assay after 48 hours of incubation and 

cannot be compared directly with the ^.-calpain activities 

reported in Table 3. It can be estimated that these ̂ *C-

casein activities represent approximately 1 to 4% of total 

^-calpain activity in the muscle at day 1 and 3 postmortem 
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(Appendix H). Myofibril-bound n-calpain activity increased 

significantly (P<0.01) between day 0 to day 1, in both 

phenotypes. This increase in myofibril-bound ji-calpain 

activity parallels the increase in myofibril-bound ji-calpain 

during this period (Figure 4) . No further changes in 

myofibril-bound fi-calpain activity were observed at 

different times postmortem. There was no difference (P>0.05) 

between phenotypes within days postmortem. 

TcdDle 5. Least square means for myofibril-bound ji-calpain 
activity"^ in Longissimus (LD) muscle separated by phenotype 
and days postmortem (DPM). 

ITEM 

Time Postmortem (days) 

ITEM 0 1 3 10 

Callipyge 10.25* 17.88 16.52 17.22 

Normal 11.76* 18.41 17.44 14.01 

SE 1.2 

Probcibility 

DPM 0.01 

T̂otal caseinolytic activity in ^̂ C-labeled casein. 
Days postmortem within phenotype are significantly different (P<0,01). 

Western blot analyses of desmin (Figure 7A) and tit in 

degradation products (Figure 8A) , showed that these two 

proteins were degraded when myofibrils were incubated in the 

presence of 10 mM Ca^"^ for 48 hours at 15" C. Degradation of 

both titin and desmin was greatest in the myofibrils from 

day 1, 3 and 10 postmortem. On the other hand, nebulin from 
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day 0 seemed to be completely degraded after incubation with 

calcium (Figure 7B) . (i-Calpain associated with the 

myofibrils underwent autolysis in a manner similar to that 

observed for degradation of desmin and tit in, where a 

decreased cunount of 80- eind 78- isoforms are observed after 

incvibation of myofibrils with calcium (Figure 8B) . 

To further characterize the involvement of calpain in 

this activity, samples from day 1 (highest activity) were 

used to verify the inhibition of these proteases by 

cysteine-proteinase inhibitors, by different salt 

concentrations, and by calpastatin. 
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Figiire 7. Western blots of desmin (A) and nebulin (B) of the washed 
myofibrils sedimented from longissimus muscle at different times of 
postmortem storage (pm). The incubation was done for 48 hours at 15° C. 
Lanes 1, 5 and 9, day 0 pm; lanes 2, 6 and 10, day 1 fm; lanes 3, 7, and 
11, day 3 pm; and lanes 4, 8 and 12, day 10 pm. Load was 20 ]ig 
protein/lane. Arrows indicate approximate molecular weight. 
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Figure 8. Western blots of titin (A) and la-calpain (B) of the washed 
myofibrils sedimented from longissimus muscle at different times of 
postmortem storage (pm). The incubation was done for 48 hours at 15" C. 
Lanes 1, 5 and 9, day 0 pm; lanes 2, 6 and 10, day 1 pm; lanes 3, 7, and 
11, day 3 pm; and lanes 4, 8 and 12, day 10 pm. Load was 18 |ig 
protein/lane for titin and 150 jig protein/lane for ji-calpain. Arrows 
indicate approximate molecular weight. 
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Inhibition of myofibril-bound protease(s) activity by the 

different inhibitors (Teible 6) varied from 57-92%, depending 

on the inhibitor used. The myofibril-associated proteolytic 

activity decreased to 41 and 50% of its original value when 

the salt concentration was changed from 0.1 to 0.3 M for the 

normal and callipyge, respectively. All three inhibitors 

used nearly completely inhibited the purified (i-calpain at 

both salt concentrations. 

Table 6. Means for myof ibril-bound proteolytic activity* in 
myofibrils obtained from day 1 longissimus muscle (LO), and 
its inhibition by cysteine-proteinase inhibitors. 

ITEM POSITIVE E64^ LEUPEPTIN lAA"" ITEM 

Act. * Act. %I' Act. %I Act %I 

Callipyge 

0.1' 18.7 6.5 65 2.9 84 8.0 57 

0.3' 9.3 2.2 77 0.8 92 3.1 67 

Normal 

0.1 16.4 5.7 67 2.0 89 7.0 58 

0.3 9.7 3.5 65 1.1 90 4.3 57 

Pur. ji-' 

H
 • 

O
 50.6 1.5 97 3.7 93 3.4 93 

0.3 21.6 1.0 95 0.0 100 0.1 100 

* Total caseinolytic activity in "̂ C-labeled casein. 
Epoxysuccinil-L-Leucylamido- {4-Guanidino) Butane, 
lodoacetic acid (sodium salt); ̂  Inhibition 

* Molar concentration of potassium chloride in the solution 
Purified jj-calpain. 

Purified calpastatin also only partly inhibited the 

proteolytic activity associated with day 1 postmortem 

myofibrils (Table 7) . There was no significant difference in 
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the sQjility of exogenously added calpastatin to inhibit the 

proteolytic activity associated with day 1 myofibrils from 

normal and callipyge LD muscles. The concentration of 

calpastatin used was enough to inhibit completely the 

activity of purified n-calpain. 

Tcible 7. Least square means for calpastatin inhibition of 
' myofibril-bound proteolytic activity of myofibrils obtained 

from day 1 in longissimus muscle (LD) . 

ITEM Activity Calpastatin' Inhibition' 

Callipyge 25.3 14.6 42.9 

Normal 22.5 12.3 45.3 

SE 3.1 

Purified p.-calpain 41.6 1.4 96.7 

Probability 

Phenotype 0.61 

Activity with presence of purified calpastatin 
' Percentage of inhibition. 

The Western blots for desmin, titin degradation products 

and troponin-T (Figure 9) confirm that the different 

cysteine-proteinase inhibitors used affected the degradation 

of titin and troponin-T. Calcixam-dependent desmin 

degradation was observed with iodoacetate as the added 

inhibitor. Exogenously added calpastatin, however, seemed to 

have little or no effect on the Ca^dependent degradation 

of desmin and troponin-T, and altered but did not prevent 

titin degradation. The 80- and 78-kDa subunits of ^-calpain 

disappear upon prolonged incubation with (lane 4, Fig. 
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lOA) , and this disappearance is prevented by the three 

cysteine-protease inhibitors used in this study (Fig. lOA) . 

Exogenously added calpastatin had little effect on this 

disappearance. a-Actinin is liberated from myofibrils but 

not extensively degraded by the calpains (Goll et al., 

1991) . The amount of a-actinin liberated from day 1 

myofibrils into the supemateint fraction seemed to decrease 

in the presence of Ca^"^ and the cysteine protease inhibitors 

used when incubated with 0.1 M KCl concentration (Figure 

lOB) . However, at high salt concentration (0.3 M KCl), there 

was no difference in the release of a-actinin. Kuroda et al. 

(1996) reported that binding of a-actinin to actin is 

decreased with increasing salt concentration. 

Utilizing digested calpastatin increased the inhibition of 

caseinolytic activity from 33 to 41% (Appendix I) . 
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Figxire 9. 
Western blots for 
desmin (A), tltln 
(B), and troponin-
T (C) in the 
washed myofibrils 
sedimented from 
day 1 longissimus 
muscle extracts (A 
and C) and the 
soluble fraction 
(B) after 
myofibril 
incubation for 48 
h. at 15° C. Lane 
1, non-incubated; 
lane 2, pre-
incubated for 42 
h. at 5° C; lane 
3, pre-incubated 
(42 h.) and 
incubated (48 h.) 
without Câ *; lane 
4, same as 3 + 
Câ ;̂ lane 5, same 
as 4 + E64; lane 
6, same as 4 -i-
leupeptin; lane 7, 
same as 4 + 
iodoacetate; lane 
8, same as 4 + 
calpastatin. Load 
was 20 pg 
protein/lane (A 
and C) and 18 pg 
protein/lane (B). 
Arrows indicate 
approximate 
molecular weight. 
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Figure 10. 
Western blots for 

ji-calpain and a-
actinin in the 
washed myofibrils 
sedimented from 
day 1 longissimus 
uscle extracts 

incubated in 0.1 M 
KCl (A) and the 
soluble fraction 
incubated in 0.1 M 
(B) and 0.3 M KCl 
(C). Myofibril 
were incubated for 
48 h. at 15° C. 
Lane 1, non-
incubated; lane 2, 
pre-incubated for 
42 h. at 5" C; 
lane 3, pre-
incubated (42 h.) 
and incubated (48 
ih.) without Ca^*; 
lane 4, same as 3 
!+ Ca^*; lane 5, 
same as 4 + E64; 
lane 6, same as 4 
+ leupeptin; lane 
7, same as 4 + 
iodoacetate; lane 
8, same as 4 + 
calpastatin. Load 
was 150 pg 
protein/lane (A) 
and 18 pg 
protein/lane (B 
and C). Arrows 
indicate 
approximate 
molecular weight. 
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Chapter V 

DISCUSSION 

1. Changes in calpain and calpastatin activities during 

postmortem storage of muscles 

from callipyge and normal phenotypes 

As has been described in a number of previous studies 

(Vidalenc et al., 1983; Ducastaing et al., 1985; Koohmaraie 

et al., 1987; Boehm et al. , 1998), skeletal muscle n-calpain 

and calpastatin activities both decrease rapidly during 

postmortem storage, whereas skeletal muscle m-calpain 

activity decreases only slightly during postmortem storage 

under the same conditions. The rate of decline of 

calpastatin activity in the present study, however, was 

slower than that reported in some of the earlier studies 

(Vidalenc et al., 1983; Koohmaraie et al., 1987; Boehm et 

al., 1998). Whereas only 20%(Koohmaraie et al., 1987) to 

60% (Vidalenc et al., 1983; Boehm et al., 1998) of at-death 

calpastatin activity remained after 24 h postmortem in the 

earlier studies, 79%, 87%, and 87% of at-death calpastatin 

activity remained after 24 h of postmortem storage of the 

BF, IS, and LD muscles, respectively, from either the 

callipyge or the normal phenotypes in the present study. 

Similarly, 48(BF) to 69% (IS) of at-death calpastatin 
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activity in normal and 60 (IS) to 76% (LD) of at-death 

calpastatin activity in callipyge muscles remained after 3 

days of postmortem storage compared with 15% (Koohmaraie et 

al., 1987) to 30-50% (Vidalenc et al., 1983; Boehm et al., 

1998) of at-death calpastatin activities in earlier studies. 

The results of the present study are in closer agreement 

with those reported by Ducastaing et al., (1985) who found 

that 90% and 80% of at-death calpastatin activities remained 

after 1 and 3 days, respectively, of postmortem storage of 

bovine LD muscle. The reasons for these differences in rate 

of decrease in calpastatin activity during postmortem 

storage is not clear. Both Boehm et al. (1998) and 

Ducastaing et al. (1985) used bovine skeletal muscle, 

whereas Vidalenc et al. (1987) used rcibbit muscle, and the 

present study used ovine muscle. Although calpastatin 

activity decreased at approximately the seime rate in muscles 

from normal and callipyge phenotypes during the first 24 h 

postmortem, calpastatin activity in muscles from the normal 

phenotype leunbs decreased more rapidly after 24 h of 

postmortem storage than in muscles from the callipyge leunbs; 

after 10 days postmortem, only 19(LD) to 51% (IS) of 

at-death calpastatin activity remained in muscles from the 

normal phenotype, whereas 42(LD) to 51(BF)% of at-death 

calpastatin activity remained in the muscles from the 

callipyge lambs. Except for the relatively slow rate of 

decline in calpastatin activity of the IS muscle from the 
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normal phenotype, there were no consistent differences among 

the three leunb muscles examined in this study in rate of 

loss of calpastatin activity during postmortem storage. 

Calpastatin activity of BF and LD muscles from the callipyge 

phenotype, however, were significantly higher at-death than 

in the BF and LD muscles from the normal phenotype, and 

because these activities in the callipyge muscle decreased 

more slowly during postmortem storage than they did in 

normal muscle, calpastatin activity remained higher 

throughout the 10 days of postmortem storage in the 

callipyge BF and LD than in the normal BF and LD muscles. 

The two muscles that had the lowest at-death calpastatin 

activities, the BF and LD muscles from the normal phenoype, 

also retained the lowest percentages of their at-death 

activities (19 and 23%, respectively, compared with 42 to 

51% for the other muscles) after 10 days of postmortem 

storage. Additional studies will be needed to determine 

whether this is a consistent phenomenon, and if so, whether 

it is specific to the BF and LD muscles of normal animals, 

or whether any LD or BF muscle having low at-death 

calpastatin activities will lose this activity at a faster 

rate that LD or BF muscles having high at-death calpastatin 

activities. 

After 1 day of postmortem storage, (i-calpain activity had 

decreased to 32 (callipyge LD) to 64% (calliyge BF) of its 
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at-death activity in these muscles. This rate of decrease in 

^.-calpain activity during postmortem storage is similar to 

that reported earlier (Vidalenc et al., 1983; Ducastaing et 

al., 1985; Koohmaraie et al., 1987). These previous studies 

have indicated that ji-calpain activity decreases to 50-60% 

of its at-death activity within 1 day postmortem and that 

this activity continues to decrease rapidly with increasing 

time of postmortem storage. Both Boehm et al. (1998) and 

Vidalenc et al. (1983) found that muscle ji-calpain activity 

was nearly zero after 6-7 days of postmortem storage, and 

the results in the present study also indicate that 3-day 

ji-calpain activity in all three muscles from normal lambs is 

less than 20% of its at-death activity and is not detectcible 

after 10 days postmortem. The previous studies also found 

that n-calpain activity decreases more rapidly postmortem 

than calpastatin activity does in agreement with the results 

reported here. Although there were no consistent differences 

in rate of decrease of ji-calpain activity emong the three 

muscles studied, p.-calpain activity decreased more slowly in 

the muscles from the callipyge phenotype than in those from 

the normal phenotype. 

In agreement with the previous studies (Vidalenc et al., 

1983; Ducastaing et al., 1985; Koohmaraie et al., 1987; 

Boehm et al.l998), there was very little change in muscle 
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m-calpain activity during postmortem storage. After 10 days 

of postmortem storage, the m-calpain activities in the three 

muscles studied ranged from 76% to 100% of their at-death 

activities. Because ^i-calpain and m-calpain activites were 

measured on the same muscle samples and by using the scune 

procedures, the activities can be compared directly. 

At-death and m-calpain activities in all three muscles 

from the normal phenotype were approximately the same. In 

the muscles from the callipyge phenotype, however, at-death 

activities of m-calpain were higher than the at-death 

(i-calpain activities of, especially in the LD muscle. The 

ratio of ji-calpain/m-calpain activity decreases rapidly 

during postmortem storage. For the normal phenotype, this 

ratio decreases from 0.89 at-death to 0.47 at 1 day; 0.15 at 

3 days; and 0.0 at 10 days postmortem. The corresponding 

ratios for the callipyge muscles are 0.49 at-death; 0.30 at 

1 day; 0.16 at 3 days; 0.02 at 10 days postmortem. As has 

been described previously in bovine muscle (Boehm et al., 

1998) and was confirmed for ovine muscle in this study, some 

calpain activity becomes associated with the myofibrillar 

fraction during postmortem storage, and it seems likely that 

most of this myof ibril-associated activity is ji-calpain. 

This myofibril-associated calpain activity is only 
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approximately 1% of the total calpain activity in muscle, 

however. 

It is now clear that the calpain system has an important 

role in the postmortem tenderization caused by proteolysis 

in carcasses stored at 2-4" C (Goll, 1991; Koohmaraie, 

1992b; 1994; 1996). Consequently, it is important to leam 

as much as possible eibout the properties of the calpain 

system in postmortem muscle. The initial observations that 

both n-calpain and calpastatin activities decreased rapidly 

during postmortem storage (Vidalenc et al., 1983; Ducastaing 

et al., 1985; Koohmaraie et al., 1987) led to the suggestion 

that these molecules were both degraded in postmortem muscle 

(Ducastaing et al., 1985; Koohmaraie et al., 1989). It has 

now been shown for bovine muscle (Boehm et al., 1998) and 

confirmed in this study for ovine muscle that, although 

calpastatin is in fact degraded in postmortem muscle, 

H-calpain undergoes only a limited proteolytic degradation 

in which the SOkDa subunit of the native molecule is 

converted to a 78- and then to a 76-kDa polypeptide. This 

proteolytic conversion is similar to the changes caused by 

autolysis of ji-calpain in in vitro assays, and it is 

reasonable to assume that ^-calpain is autolyzed, but is not 

degraded further during postmortem storage. The 78- and 

76-kDa forms of n-calpain are completely active in in vitro 
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assays of proteolytic activity, and it would be expected 

that the "autolyzed" postmortem ^.-calpain would also be 

proteolytically active. The earlier study with bovine muscle 

(Boehm et al., 1998) and the present study with ovine muscle 

both show that this is not the case. It is unclear why 

H-calpain becomes proteolytically inactive during postmortem 

storage, and additional studies are needed to learn whether 

^-calpain is also proteolytically inactive in situ in 

postmortem muscle or whether partial purification has 

removed some factor that enEUsles n-calpain to be active 

proteolytically in postmortem muscle. 

Western blot analysis showed that the 125 kDa calpastatin 

polypeptide in ovine skeletal muscle disappears completely 

within 3 days (normal) and 10 days (callipyge) of postmortem 

storage; the rate of this disappearance is faster in muscle 

from the normal phenotype than in muscle from the callipyge 

phenotype, and is faster in the BF and LD muscles than in IS 

muscle. Hence, the Western blot analyses are in agreement 

with the calpastatin activity assays indicating that 

calpastatin activity decreases more slowly in callipyge than 

in normal muscle and that IS muscle from the normal phenotye 

has higher calpastatin activity and retains this calpastatin 

activity longer postmortem than the BF or LD muscles from 

this phenotype. Whereas Boehm et al. (1998) found that four 

polypeptides at 125-, 91-, 68-, and 42kDa were leibeled by 
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their anticalpastatin antibodies even in at-death muscle, 

the anticalpastatin antibody used in this study le^seled only 

a 125 kDa polypeptide in at-death muscle and a 65kOa 

(polypeptide in muscle after 1 and 3 days postmortem. It is 

unclear whether these differences are due to differences 

between bovine and ovine skeletal muscle or to the two 

different antibodies used or to both these possibilities. 

Although the 125 kDa calpastatin polypeptide had 

disappeared entirely within three days (normal) and 10 days 

(callipyge) of postmortem storage assays of calpastatin 

activity showed that 42-51%(callipyge) or 19-51%(normal)of 

the at-death calpastatin activity remained even after 10 

days of postmotem storage. cDNA cloning and sequencing has 

shown that isoforms of the calpastatin polypeptide that are 

larger than 60kDa (the calpastatin polypeptide migrates 

anomously in SDS-PAGE, so a " 70kDa calpastatin polypeptide 

migrates as though it were 115-125 kDa) contain four, 

repeating, marginally homologous(23-36%)domains of 

approximately 15-16kDa(25-30kDa in SDS-PAGE) each. Each of 

these four domains contains three subdomains, called A, B, 

and, C, and each domain is capable of inhibiting one 

molecule. Because each of the four calpastatin domains can 

inhibit calpain, it is possible that a proteolytic fragment 

of calpastatin produced from its degradation during 

postmortem storage can inhibit proteolytic activity of the 

calpains. It is necessary only that the fragment contain 
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sxibdomain B and at least part of either siibdomain A or C, 

because the siibdomains A emd C are involved in binding of 

calpastatin to the calpains (Ma et al., 1994), whereas 

siibdomain B is the inhibitory site. Hence, a calpastatin 

fragment as small as 12 kDa (20-23 kDa in SDS-PAGE) could 

inhibit the calpains if it contained the necessary 

subdomains. It seems very likely that calpastatin activity 

observed in muscle after 10 days of postmortem storage 

originates from calpastatin fragments containing the 

necessary subdomains. There is an additional caveat that 

needs to be considered when attempting to determine whether 

calpastatin effectively inhibits the calpains in postmortem 

muscle. For reasons that are not yet clear, the intact 

calpastatin molecule containing all four domains is a much 

more effective inhibitor of the calpains than any of the 

individual domains by themselves. The 60-80kDa calpastatin 

polypeptide inhibits the calpains with a Ki of less than 1 

nM (this Ki is so small that it cannot be determined 

kinetically) , whereas the Ki • s of the individual domains are 

several orders of magnitude higher. These differences will 

not be detected in ordinary assays of calpastatin activity 

because relatively large amounts of inhibitor are used. 

Thus, although the calpastatin assays in this study 

indicated that 10-day postmortem muscle contained up to 51% 

as much calpastatin activity as at-death muscle, this 10-day 
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calpastatin was not as effective in inhibiting the calpains 

on a mole-to-mole basis as the at-death calpastatin was. 

Without doing a detailed kinetic study, it is difficult to 

determine how much less effective postmortem, degraded 

calpastatin is than at-death, intact calpastatin. However, 

the effectiveness (as measued by their Ki's) of these two 

calpastatins is likely to differ by at least two orders of 

magnitude (Crawford et al., 1993). 

The differences in Ki values between intact and 

degraded calpastatins also impacts attempts to determine 

whether postmortem degradation of calpastatin is caused by 

the calpains as has been proposed (Doumit and Koohmaraie, 

1998) or whether calpastatin can prevent the 

degradation(autolysis)of n-calpain in postmortem muscle. 

Molar ratios of 4 calpain to 1 calpastatin or higher are 

required to obseirve calpain-induced degradation of 

calpastatin in in vitro assays (Mellgren et al., 1986) 

because each of the four calpastatin domains can inhibit one 

calpain molecule. It is possible, however, to observe 

calpain-induced degradation of calpastatin at calpain to 

calpastatin ratios below 4:1 (see Nakamura et al., 1989, for 

excimple) if concentrations of the calpains or calpastatin 

approach the Ki values for inhibition by either intact 

calpastatin or calpastatin fragments. Consequently, it is 

difficult to interpret experiments in which calpastatin 
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degradation by calpains or protection of the calpains from 

autolysis by calpastatin is observed unless a careful 

kinetic euialysis has been done. 

Interpretation of the effects of calpastatin and calpain 

inhibitors on autolysis or degradation of the calpains is 

further complicated by the nature of the calpain molecule 

and its response to Ca^"^. In the presence of EDTA (or the 

cibsence of Ca^^) , the active site of the calpain molecule is 

'blocked' so that molecules as small as E-64 (357 daltons) 

cannot react with it (Thompson et al., 1990). Thus, the 

calpains can be incubated at 25 to SVC with E-64, an 

irrevesible inhibitor, for several hours without inhibiting 

their proteolytic activity. After dialysis to remove the E-

64, the calpains are fully active in proteolytic assays, 

lodoacetate, which has a molecular mass of 185 daltons and 

which is also an irreversible inhibitor of the calpains, can 

react with the active site of the calpains but only if 

incubated with them for several hours. Calpastatin also does 

not have access to the active site of the calpains in the 

Cibsence of Ca^^. Therefore, interpretation of experiments in 

which calpastatin or inhibitors are incubated with the 

calpains in the absence of Ca^"^ and then Ca.^* is added to 

determine whether autolysis can occur in the presence of 

these inhibitors is always problematical. Some autolysis 

will always be detected because the active must be exposed 



102 

by the before the inhibitors can react with it. Hence, 

vmder these conditions, the outcome of the experiment 

depends on the outcome of a 'race• between the calpain 

autolyzing in the presence of Ca.^* and the calpain being 

inhibited by the inhibitors that now have access to the 

active site. The result is that varieible eunounts of 

autolysis are observed, but the results cannot be 

interpreted as indicating that the calpains can autolyze in 

the presence of inhibitors. Doing studies of this kind with 

calpastatin or with fragments of calpastatin induces 

additional complications. 

2. Myofibril-bound calpain activity 

Several earlier studies using bovine skeletal muscle 

have shown that a significant cimount of calpain becomes 

associated with the myofibrillar fraction during postmortem 

storage (Geesink and Goll, 1995; Boehm et al., 1998); 

Western blot analysis suggested that most of this 

myofibril-associated calpain was ̂ -calpain. 

Myofibril-associated calpain was also detected in the 

present study on ovine skeletal muscle, and dot blot 

analysis also indicated that the majority of the 

myofibril-bound calpain was ji-calpain. Sensitivity of the 

anti-m-calpain antibodies used both in the present study and 



103 

in the earlier studies (Boehm et al., 1998) do not allow 

elimination of the possibility that some of the 

myofibril-bound calpain is m-calpain, but the proportion of 

the total myof ibril-bound calpain that could be m-calpain is 

small, likely less than 10% (see also Boehm et al., 1998). 

The earlier studies indicated that the amount of calpain 

bound to myofibrils in bovine muscle increased with 

increasing time of postmortem storage up to 7 days (Boehm et 

al, 1998), but these estimates depended on subjective 

evaluation of Western blots. Consequently, dot blots were 

scanned in the present study in an attempt to quantitate any 

changes in the amount of myofibril-bound |i-calpain during 

postmortem storage. The results indicated that the amount of 

myofibril-bound ^.-calpain varied considereibly among 

different animals; 28-44% of total ^-calpain at-death, 

36-64% of total ji-calpain at 1 day, 43-60% of total 

ji-calpain at day 3, and 47-69% of total n-calpain at 10 days 

postmortem. Hence, there seems to be an increase from 

at-death to day l in the amount of myofibril-bound 

[i-calpain, but there is no marked increase in the amount of 

myofibril-bound ^-calpain after day 1, at least in ovine 

muscle. Surprisingly, casein-based assays of calpain 

activity associated with the myofibrils indicated that this 

activity was 1 to 4% of total muscle ji-calpain activity. If 
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these results are accurate, most of the myofibril-bound 

calpain must be proteolytically inactive, at least in the 

traditional casein assay. Although the dot blot assays used 

myofibrils that had been washed three times in 8 volumes of 

salt solution and the casein assays of proeolytic activity 

used myofibrils that had been washed three times 10 volumes 

of salt solution, it seems unlikely that this small 

difference in volume of washing solution would remove most 

of the myofibril-bound calpain. Washing myofibrils seven 

additional times including two washes in a solution 

containing Triton X-100 resulted in recovery of 75% of the 

calpain activity that was present in the myofibrils that had 

been washed only three times, indicating that this 

myofibril-bound calpain was tightly bound. The amount of 

myofibril-bound proteolytic activity increased approximately 

50-60% during the first day of postmortem storage and then 

remained nearly constant between day 1 to day 10. Hence, the 

changes in amount of myofibril-bound proteolytic activity 

nearly paralleled the changes in amount of myofibril-bound 

ji-calpain protein that was estimated by the dot blot 

analysis. There were no differences between the normal and 

the callipyge phenotypes in either eimount of myofibril-bound 

H-calpain protein as measured by the dot blot analysis or in 

eimount of myofibril-bound proteolytic activity. These 

results contrast to those reported for bovine muscle (Boehm 
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et al., 1998) where the myofibril-bound proteolytic activity 

decreased with increasing time of postmortem storage and 

seemed to parallel the decrease in activity of the 

extractcible, solvible ji-calpain activity. 

Assays of the myofibril-bound proteolytic activity 

indicated that only approximately 55 to 75 % of this 

activity was inhibited by either E-64 or iodoacetate, even 

through these two inhibitors completely inhibited activity 

of purified (i-calpain at the ssune concentrations. Purified 

calpastatin, which is specific for the calpains, inhibited 

42 to 45% of the myofibril-bound proteolytic activity, and 

leupeptin, a broader-based inhibitor, inhibited 84 to 92% of 

the myofibril-bound proteolytic activity. These results 

suggest that only 40 to 50% of the myofibril-bound 

proteolytic activity was due to calpain activity and that 

most of the remainder of this activity was due to proteases 

that were inhibited by E-64 and iodoacetate, two inhibitors 

of cysteine proteases, with a small eunount of activity 

(10-20%) resulting from proteases that are inhibited by 

leupeptin, which will inhibit many serine proteases. The 

myofibrils that were used for assays of proteolytic activity 

had not been washed with Triton X-100, and it is possible 

that some membrane-associated proteases remained with these 

myofibrils. The myofibril-bound proteases were capable of 

degrading several known calpain substrates such as desmin. 
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tit in, and nebulin, but this degradation was only partly 

inhibited by calpain inhibitors such as E-64, iodoacetate, 

and calpastatin, indicating that at least part of the 

degradation was due to proteases other than the calpains. 

Calpastatin inhibited 40-50% of the myofibril-bound 

proteolytic activity, and because calpastatin is specific 

for the calpains, these results suggest that calpastatin can 

inhibit myofibril-bound calpain activity. Earlier studies 

found that calpastatin could not inhibit the calpain 

activity associated with at-death myofibrils (Boehm et al., 

1998), and Hatanaka et al. (1984) found that purified 

calpastatin could not inhibit calpain bound to erythrocyte 

membranes. It is known that calpastatin binds to the two 

calmodulin-like domains, domains IV and VI, in the calpain 

molecule and that such binding is essential for effective 

inhibition of the calpains by calpastatin. It seems likely 

that Ca^'^-induced binding of the calpains to membranes or 

other subcellular structures such as myofibrils also 

involves domains IV and VI, and it might be expected 

therefore that calpains bound to subcellular organelles 

cannot simultaneosly bind calpastatin. Additional studies 

are needed to determine whether myofibril-bound calpain 

could have a role in postmortem tenderization and whether 

this calpain can be inhibited by calpastatin. 
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3- Effects of callipyge phenotype in postmortem proteolysis 

(HFI) and tenderness (WBS) 

The assessment of postmortem proteolysis by MFI and the 

mechanical assessment of tenderness by WBS shoved an 

expected parallelism on those measurements, when callipyge 

affected muscles are considered. On the other hand, there 

was a progressive increase in the proteolysis (increasing 

MFI) and tenderness (decreasing WBS) in normal animals 

during refrigerated storage of carcasses for 10 days. 

The similar increase in MFI of infraspinatus muscles from 

both phenotypes is indicative of equivalent postmortem 

proteolysis and therefore tenderization process. Muscles not 

affected by callipyge phenotype (e.g., supraspinatus) did 

not show differences in WBS between phenotypes (Shackelford 

et al., 1997). 

The WBS data showed a constant high shear force during 

postmortem storage of longissimus from callipyge, as it was 

expected. 

Muscles samples from sheep having callipyge genotype had 

lower initial and sustained tenderness, and mean WBS values 

more than double of that for normal genotype sheep (Kerth et 

al., 1996). Leymaster et al. (1996) reported a 52% increase 

in shear force in lambs with callipyge phenotype. 
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Extremely high shear force was reported by Koohmaraie et 

al. (1995) in longissimus from lambs showing callipyge 

phenotype, even after 21 d of postmortem storage. 

Furthermore, in the Western blots analyses of that 

experiment, including titin, nebulin, desmin, troponin-t, 

vinculin and a-actinin, which are known to be involved with 

postmortem tenderization, demonstrated delay in postmortem 

proteolysis by as much as 20 d in callipyge launbs. However, 

the same changes occurred in both callipyge and non-

callipyge muscles. 

The loin chops from callipyge phenotype lambs were less 

tender than normal lambs at all postmortem ages (1, 2, 6, 12 

and 24 days) studied by Duckett (1996). Seventy percent of 

the increase in tenderness observed at day 24 was completed 

by day 6 in normal leunbs in contrast to only 40% in 

callipyge lambs. 

There was no relationship between MFI and WBS measured at 

the Seune day postmortem, except for an obvious negative 

relationship (R^ = .79; P<0.01) between MFI and WBS at day 

10 due to extreme opposite values assumed by the different 

phenotypes in both measurements. Culler et al. (1978) also 

reported a significant correlation coefficient (-0.72) 

between MFI and WBS in beef longissimus muscle stored at 2» 

C for 10-14 days, previously classified into three 

tenderness groups (tender, intermediate and tough). 
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High correlation coefficients (-0.65 to -0.92) were 

observed between MFI and WBS for both 1 and 7 days 

postmortem in beef longissimus muscle (Olson and Parrish, 

1977)- However, those coefficients were determined within a 

common maturity group. 

Location effect was significant in WBS measurements, with 

a higher WBS in the medial part of longissimus. Location 

within muscle is confounded with slaughter group, and the 

experiment used animals of different maturity between 

slaughter groups. Hence, this location effect could be due 

to another factor that would affect WBS, such as connective 

tissue. This also could be the reason for a poor 

relationship between MFI and WBS. 

3.1- Relationship between calpain system and postmortem 

proteolysis (MFI) and tenderness (WBS) 

High calpastatin activity has been pointed out as the 

causal factor for the maintained high WBS in callipyge and 

BAA-treated animal (Koohmaraie et al., 1992 ; 1995) due to 

its inhibitory action over calpain-mediated proteolysis. 

This would decrease myofibrillar proteolysis rate to levels 

well below that detected by MFI. 
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Indication of proteolysis are observed in Western blots 

for calpastatin and ji-calpain (Figures 2 and 3) , where the 

Scune pattern of changes occurred with a delay of three and 

ten days in callipyge, respectively. However, a constant MFI 

was observed in that phenotype during postmortem storage. 

On the other hand, the higher activity of n-calpain at 

death in IS from normal carcasses compared to this scune 

muscle from callipyge carcasses, was reflected in the faster 

rate of proteolysis verified by a significantly higher MFI 

at day 3 than at day 1 postmortem. The IS from callipyge 

presented a delay in postmortem proteolysis, being most of 

it accomplished from day 3 to day 10 of postmortem storage. 

Those muscles did not present significant differences in 

calpastatin and m-calpain activities. 

Although callipyge IS had lower m-calpain activity at 

death than callipyge BF and LD, the MFI showed the opposite 

results, with IS showing significantly higher postmortem 

proteolysis after 10 days of postmortem storage. However, it 

has to be taken in account that calpastatin activity at 

death was significantly higher for callipyge BF and LD than 

callipyge IS. 

The Western blots (Figure 2B) show that there is no 

difference in calpastatin degradation between phenotypes in 

infraspinatus, which present similar activity level of the 

inhibitor. Moreover, when comparing in normal carcasses, the 
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calpastatin is degraded at slower rate in infraspinatus 

muscle (an intermediate band can be visualized at day 3 and 

not anymore in BF and LD) . This results reflect a higher 

calpastatin activity level in IS muscle eimong muscles 

studied in normal animals. Yet, the calpastatin degradation 

rate was higher when compared with BF and LD from callipyge 

muscles. These results agree with the higher postmortem 

proteolysis (higher MFI values) at day 10 postmortem for 

infraspinatus (85.7) compared to BF(50.9) and L0(49.4) from 

callipyge, and lower nominal MFI for IS(81.8) compared to 

BF(96.5) and IiD(94.4) from normal carcasses. 

There was no difference in the sarcomere length of 

myofibrils between callipyge and normal animals. Even though 

there was no differences in sarcomere length between days 1 

and 10 postmortem, infraspinatus and longissimus from 

callipyge did show a tendency (P<0.09) to increasing length 

during the storage. Since callipyge did not present any 

tenderization, this results would suggest that proteolysis 

plays a major role in the tenderization process after rigor 

shortening. 

When sarcomere is not allowed to shorten during the first 

24 h postmortem, the WBS remains similar in that period 

(Koohmaraie et al., 1996a). Wheeler and Koohmaraie (1994) 

showed that increase in shear force during the first 24 

hours after slaughter parallels the decrease in sarcomere 

length (i.e., rigor shortening). Moreover, that shear force 
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declined from 24h to 14 d post:mortem with simultaneous 

increase in sarcomere length. However, the authors suggest 

that besides the lengthening of the muscle, proteolysis 

would be responsible for additional tenderization since the 

tenderness improvement resultant was beyond the initial 

level. 

It is noteworthy that MFI presented differences between 

normal and callipyge affected muscles beginning at day 3 

postmortem, which confirm the data from Wheeler and 

Koohmaraie (1994). These authors observed that most of 

tenderization measured by WBS occurred in between 24 to 72 

hours postmortem due to calpain-mediated proteolytic 

process. However, it was not detected any difference in WBS 

between day 1 and 3 postmortem even in normal longissimus 

that presented increase in postmortem proteolysis as 

indicated by MFI. 

When comparing Scunples from longissimus of lamb carcasses 

subject to two different temperatures (-5" C and -3 0" C) 

during 8 d of storage, Koohmaraie et al. (1996a) were not 

edsle to detect differences in WBS, even though a slightly 

higher proteolysis (Western blot for troponin-T) was 

observed in samples stored at -5" C. It was suggested that 

some minimiim threshold of degradation is necessary for 

proteolysis to have any measureUale effect on meat 

tenderness. 
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Neither BAA-fed callipyge lambs (Koohmaraie et al., 

1996b) nor BAA-fed steers (Wheeler and Koohmaraie, 1994) , 

which presented at day 1 postmortem significantly lower MFI 

when compared to non-fed animals, showed differences in WBS. 
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Chapter VI 

CONCLUSIONS 

The studies in this dissertation suggest the following 

conclusions: 

1) Calpastatin activity seems to be the factor that 

dictates the differential postmortem proteolytic process in 

muscle between callipyge and normal phenotype, and between 

muscles in nojrmal animals. Even after a week of postmortem 

storage at refrigerated temperatures, the level of 

calpastatin activity in callipyge affected muscles are 

compared with at death level in normal muscles. 

2) Muscles affected by callipyge do not undergo 

postmortem proteolysis measured by MFI even after 10 days 

postmortem. Longissimus muscle also remained tough (same 

WBS) during postmortem storage. Myofibrillar proteins 

hydrolysis during postmortem storage is possibly the major 

determinant of meat tenderness in these study. 

3) It seems that higher levels of calpastatin have a 

protective role in the degradation of ̂ -calpain. This 

indicates that extremely high levels of calpastatin would be 

necessary to inhibit (i-calpain activation. 

4) Degradation of calpastatin accompanies the postmortem 

proteolytic process. 
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6) During the onset of rigor mortis, some ji-calpain 

becomes associated with the myofibrils in the muscles. After 

24 hours post-slaughter, approximately 47-57% of total n-

calpain in skeletal muscle is bound to the pellet fraction 

when standard calpain extraction procedure is used. 

7) The calcium dependent protease (s) is active for a long 

period (10 days postmortem). The activity increases during 

the first 24 hours postmortem and remained unchanged 

thereafter. It represents a small fraction of the activity 

measured in the extractable fraction (1-4% at day 1 

postmortem) by standard caseinolytic assay. However, it is 

sufficient to reproduce a few of the pi-calpain proteolytic 

effects on some myofibrillar proteins at low ionic strength. 

8) Calcium dependent proteolysis and caseinolysis in 

isolated myofibrils seems to be caused only partially by 

myofibril-bound ji-calpain since approximatelly half of the 

activity is inhibited by cysteine-protease inhibitors and 

calpastatin. 
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APPENDIX A 

Figure 11. Myographs of myofibrils from muscle affected by callipyge 
phenotype at 10 days postmortem. Samples used to measure MFI were diluted 
in MFI buffer and photographed in Zeiss RIII phase-contrast microscope 
using a 100 X objective. 
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APPENDIX B 

Figure 12. Myographs of myofibrils from muscle affected by callipyge 
phenotype (top) and muscle of normal animal (bottom) at 10 days 
postmortem. Samples used to measure MFI were diluted in MFI buffer and 
photographed in Zeiss RIII phase-contrast microscope using a lOOX 
objective. The difference between callipyge (long myofibrils and presence 
of clusters of myofibrils) and normal (small fragmented myofibrils) is 
reflected in the Myofibril fragmentation index at day 10 postmortem. 
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APPENDIX C 

Figure 13. Dot blot analysis for )i-calpain of the supernatant (A) and 
pellet fraction (B) from the extraction homogenate at different days 
postmortem. Row A, longissimus muscle from animal 2 (LD2) at day 10 
postmortem (6 replicates); row B, LDS at day 0; row C, LD3 at day 1; row 
D, LD3 at day 3; row E, IiD3 at day 10/ row F, LD4 at day 0; row G, LD4 at 
day 1; row H, standard using purified p-calpain at different 
concentrations. Those blots were performed by loading 20 pg of protein per 
dot in both fractions, and incubating for 1 hour before washing with Tris-
buffer saline solution. The immunoblotting used anti-p-calpain antibody 
(B2F9- 1:10), and the secondary was anti-mouse IgG Horseradish-Peroxidase 
conjugate (Sigma Chemicals ) 1:25,000. Lanes 9, 10, 11 and 12 were loaded 
with the same amount of protein from the sample of the respective rows, 
but no primary was used. 

Although the results were not quite reproducible, in rows B, C, D, and 
E it can be verified the decrease in the amount of detectable calpain in 
the supernatant fraction. There is also an increase in the amount the 
becomes bound to the myofibrils as observed in the pellet fraction. The 
increase in bound calpain seems to occur during the onset of rigor, even 
though it is not clear by these blots. However, the amount in day 3 seems 
to be comparable with that at day 10 postmortem. 

Attempts to quantitate the amount of p-calpain in the two different 
fractions showed that: 28-44% of calpain was bound to the pellet fraction 
at day 0 postmortem; 36-64% was bound at day 1; 43-60% was bound at day 3; 
and 47-69% was bound at day 10. However, those analysis were hindered by a 
poor repeatability as verified in the blots showed above. 



119 

APPENDIX D 

Definition of units of activity in the ^ *C-la±>eled casein 

assay. 

1) ̂*C-casein labeling - Determination of labeling factor 

[counts per minute (cpm)/ pig of casein). 

After following the procedxire described in Material and 

Methods, aliquots (10 pil) of the labeled casein are read in 

P-counter. 

Volume after dialysis - 13 ml; 

Average readings (5) for 10 nl aliquot = 33,931 cpm or 

3,393,100 cpm/ml; 

Protein concentration of leibeled casein solution = 1.64 

mg/ml; 

3,393,100/1,640 = 2,069 cpm/[ig of casein. 

2) Definition of units of activity for calcium dependent 

protease in the ^^C-leUaeled casein assay. 

1 unit = cpm (reading) x dilution factor (2)/ labeling 

factor (2,069 cpm//ig of casein) = ng of casein 

hydrolyzed/tube. 

Dilution factor = approximately the aunount of TCA and BSA 

utilized to precipitate non-degraded casein before the 

scunple is read. 
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Curve of activity measured by ^^C-ladaeled casein assay for 

calcium dependent protease x cimoiint of myofibrillar protein. 

Relationship CPM/ Protein in Myofibrillar portion of Incubation 
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Figure 14. Relationship between counts per minute and amount of 
myofibrillar protein in the incubation suspension. 

These results were obtained in three different experiments. 

The experiments reported in this study used the protein 

concentration of 4 mg/ml in the myofibrillar portion of the 

incubation suspension. Hence differences could be detected 

since this concentration still in the linear portion of the 

curve. 
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Activity of calcium dependent protease in myofibrils x time 

of incubation at 15" C. 

Table 8. CPM determined in suspension of myofibrils 
extracted at various times postmortem, incubated with ^*C-
Icibeled casein during different lengths of time. 

ITEM Time of Incubation (hours) 

Days Postmortem 24 48 

0 2034 4954 

1 3720 6896 

3 4546 9395 

10 4131 8547 

Considering the increase in activity with a longer 

incubation of the myofibril suspension, the 48 hours 

incubation was chosen as the time for determination of 

calcium dependent protease activity in the pellet fraction 

of the extraction homogenate. 
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Calcium dependent protease activity of myofibrils that had 

either been washed with or without Triton-X 100 washes. 

Tcdsle 9. Net CPM in suspension of myofibrils extracted at 
two time points postmortem, washed with and without 
detergent (Triton-X 100), and incubated with ^^C-laJaeled 
casein for 48 hours at 15" C. 

ITEM Days Postmortem 

0 10 

Triton-X 100 2200 4810 

No detergent 2940 6414 

The washing with detergent was performed by washing 6 

times with 100 mM KCl to remove all detergent from 

myofibrils. The washing without detergent was performed 

through only 3 washes overall. However, the ratio washing 

buffer myofibrils on those three washes were higher (10 vol) 

than used in the first three washes (3 vol) of myofibril 

that went through the detergent treatment. 
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Equivalence of activities obtained in ^^C-lcdaeled casein 

assay and standard casein assay. 

Scunple of purified fi-calpain (1.5 mg protein/ml) was diluted 

50 times in 5 step dilution in equilibrating buffer. These 

sample was first tested to verified the linearity in the 

^*C-casein assay. 

Relationship CPM/ M-calpain concentration 
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Figure 15. Relationship between counts per minute (CPM) and ji-calpain 

volume with concentration of 30 jig of protein/ ml. 

After the verification of linearity, the dilution of n-

calpain was repeated to five enough volume for both standard 

and ^*C-lcd3eled assays. From the seime tube of diluted pi-

calpain, aliquots were taken to determine the activity with 

both (20 fil) and standard (1.0 ml) casein assay. The 

conditions were the seime for both assays, that is the 
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temperature was 25" C and incubation took 1 hour- After 

incubation the seunples were read as described for each 

procedure in Material and Methods. Those experiments were 

done three times. 

Exp. 1 - Std. assay = 0.40 units/ml 

^*C-assay = 24353.5 cpm/20 /il 

1 unit = 3.0 X 10® cpm 

Exp. 2 - Std. assay = 0.45 units/ml 

^^C-assay = 23558 cpm/20 /xl 

1 xinit = 2.6 X 10® cpm 

Exp. 3 - std. assay = 0.46 units/ml 

^^C-assay = 24409 cpm/20 ^1 

1 unit = 2.6 X 10® cpm 

Comparison between activities of n-calpain in the 

supernatant and pellet portion of the extraction homogenate. 

4 mg/ml of protein in the myofibrillar portion of the 

incubated suspension was used. Each t\ibe had 92.5 |il of the 

myofibril suspension. Hence, total protein per tube equals 

0.37 mg. 

The highest averaged reading obtained was 7531 cpm. 

Therefore, it was observed in that case a 7531 cpm/0.37mg/48 

hours. After transformation are made the total activity is 
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424 cpm/mg/hour. 

If one consider that 1 unit measured at standard assay 

equals 2.7 x 10® cpm, the 424 cpm would be equivalent to 1.6 

X 10"^ units. Now, each grsun of muscle may contain around 

100 mg of myofibrillar protein. Multiplying those units by 

100 would bring us to 1.6 x 10'^ units. This would be close 

to 1% of the activity detected at day 0 in the supernatant 

fraction. 
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Effect of calpastatin size in the inhibition of myofibril-

Figure 16. SDS-PAGE of digested 
purified calpastatin* in 12.5% 
(37.5:1) gel, stained with Coomassie 
blue R-250. Standard (Std.) used was 
pellet fraction of extraction 
homogenate. 

Purified calpastatin was degraded by purified ji-calpain as 

described by Doumit and Koohmaraie (1998). Briefly, purified 

calpastatin (35 units/ml) and purified n-calpain (70 

vmits/ml) were mixed in a 1:1 activity ratio. After 

vortexing, a 100 mM CaClz solution was added to the 

incubation tube to a final concentration of 5 mM CaCl2. The 

incubation tube was vortexed and incubated for an hour at 

25" C. After incubation, the solution was heated for 10 

minutes at 95» C to eliminate the ji-calpain activity, 

chilled on ice for 10 min. and centrifuged at 16,000 x g„a, 

for another 10 minutes. The supernatant was diluted in PDB 

and loaded into the gel to verify the extent of degradation 
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Of calpastatin (Figure 16) . The inhibitory activity of 

purified calpastatin and degraded purified calpastatin were 

checked in casein turbidity assay. This assay was conducted 

by adding intact and degraded calpastatin at different 

concentrations to purified m-calpain and casein. The assay 

is performed as for standard casein assay. It was stopped by 

addition of EDTA (200 mM) to a final concentration of 10 mM. 

Aliquots (300 |A1) were used to read turbidity at 490 nm in 

microtiter plate reader. The incubation of myofibrils and 

purified ^i-calpain (used as positive control) were incubated 

as described in Material and Methods for determination of 

inhibition of myofibril-bound n-calpain, except this time 

were included 1 unit of calpastatin/tube. 

Results are in Tcible 10. 

Table 10. Average of net cpm in suspension of myofibrils and 

purified |i-calpain incubated with ^^C-leibeled casein and 
inhibition by intact and degraded purified calpastatin. 

ITEM ACT.^ INTACT" DEGRADED= 

(CPM) ACT. % INH." ACT. % INH. 

MYOFIBRIL 6184 4124 33.3 3665 40.7 

PUR. H- CALPAIN 13201 329 97.5 80 99.4 

®Activity in counts per minute. 
''Intact calpastatin; Degraded calpastatin. 
"•% of inhibition. 
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FRACTION NUMBE 

Figure 17. Chromatrographic separation of calpastatin, ja- and m-calpain 
using DEAE-Sephacel. 37,700x gaa* supernate of muscle extract was loaded 
onto DEAE-Sephacel column. After loading, the column was washed with 
equilibrating buffer until A278 of the outflow reached the baseline. The 
bound proteins were then eluted with a linear gradient of NaCl from 25 to 
400 mM NaCl in equilibrating buffer. Column size: 1.6 x 20 cm; flow rate: 
30 ml/h; fraction volume: 3.0 ml; gradient volume: 500 ml. * CDP - Calcium 
dependent protease. 
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