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Introduction 
Although the mechanisms responsible for muscle stiffen- 

ing during rigor mortis are well understood, the factors that 
increase meat tenderness during the postmortem period are 
less clear. The focus of this symposium is the postmortem 
degradation of muscle proteins. It is currently believed that 
the increase in tenderness that accompanies postmortem 
conditioning is the direct result of proteolytic breakdown of 
structural components of muscle. This hypothesis was first 
proposed by Hoagland et al. (1917) and in the intervening 
75 years researchers have attempted to define which pro- 
teins are degraded and which proteases are directly re- 
sponsible for meat tenderization within the carcass. While 
we certainly have a plethora of data demonstrating ultra- 
structural and biochemical changes that occur during the 
postmortem period, the relationship between these changes 
and variations in meat tenderness remains unclear. 

This review will initially examine the ultrastructural 
changes that occur during postmortem period. Advances in 
immunocytochemical techniques have added to our knowl- 
edge of the ultrastructural localization of muscle proteins. 
Combined with information gained from electron mi- 
croscopy, this data provides important clues as to which 
proteins may be degraded during postmortem storage. 
However to demonstrate proteolysis of specific proteins, it 
is critical to develop biochemical approaches to study 
changes in muscle proteins. The advent of SDS-PAGE 
(Laemmli, 1970) provided an exquisitely sensitive method 
for monitoring changes in molecular weight of polypeptides, 
and hence the degradation proteins. Indeed, many of the 
studies to be discussed relied extensively on this technique. 
The predominant method of peptide detection following 
SDS-PAGE is staining with Coomassie Brilliant Blue (We- 
ber and Osborn, 1969) and more recently with silver stain- 
ing (Oakley et al., 1980) which permits visualization of 
nanogram amounts of protein. In order to identify changes 
that occur during postmortem storage, researchers rely on 
the disappearance or reduction in staining intensity of a 
given polypeptide or alternatively on the appearance of a 
new peptide band. However, because of the complexity or 
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"western blotting," to facilitate the identification of polypep- 
tides that undergo postmortem degradation (Bandman and 
Zdanis, 1988). The last section of this manuscript describes 
this method, summarizes the main observations made in 
our laboratory and discusses research needs that are nec- 
essary to advance our knowledge of the postmortem 
changes in muscle proteins. 

Ultrastructural Changes in 
Postmortem Muscle 

Alterations in the Z-disk and the M-line structures of the 
myofibril were first observed over 20 years ago (Stromer et 
al., 1967, 1974; Henderson et al., 1970; Davey and Dickson, 
1970,; Sayre, 1970). Another observation that has repeat- 
edly been made is the loss of myofibrillar alignment during 
postmortem storage (Fukazawa and Yasui, 1967; Davey and 
Dickson, 1970; Parrish et al., 1973; Davey and Graafhuis, 
1976; Hattori and Takahashi, 1979). These changes are pre- 
sumably involved in the fragmentation of myofibrils in post- 
mortem muscle. Since the myofibril fragmentation index 
(MFI) has been shown to be correlated with tenderness val- 
ues obtained by Warner-Bratzler shear and sensory panel 
analyses (MacBride and Parrish, 1977; Olson and Parrish, 
1977; Culler et al., 1978; Davis et al., 1980), these changes 
may have a direct effect on meat tenderization. 

There have been further attempts to localize the ultra- 
structural modifications that are occurring in the post- 
mortem conditioning period. Myofibril fracture occurs in the 
I-band near the Z-disk (Penny, 1980; Etherington, 1981), of- 
ten at the structure referred to as the N2-line (Ouali, 1990). 
Little is currently known about the N2-line other than it is 
composed predominantly of nebulin, a high molecular weight 
protein of the myofibril (Wang and Williamson, 1980). It has 
also been proposed that gap or T-filaments (Locker, 1987) 
that are composed of titin, another high molecular weight 
protein of the myofibril, are associated with the N2-line 
(Wang, 1985; Maruyama, 1985, 1986). If the N2-line repre- 
sents the structure which connects the elastic filaments of 
the myofibril with the contractile filaments of the myofibril, 
loss of this structural element in postmortem muscle could 
be a key step in muscle tenderization following rigor. Future 
studies elucidating the ultrastructural arrangement of the 
elastic filaments of the myofibril and their composition 
should help answer these remaining questions. 
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Biochemical Changes in 
Postmortem Muscle 

The postrigor softening of muscle is often described as 
the “resolution” of rigor. This terminology has fostered some 
confusion since postrigor muscle never regains its pre-rigor 
extensibility (Marsh, 1952, 1954; Bendall, 1966). The ab- 
sence of ATP results in the formation of rigor complexes be- 
tween myosin and actin. This suggests that the increased 
tenderness of postmortem muscle is not a result of changes 
in actomyosin interaction (Goll and Robson, 1967). Never- 
theless, studies have observed an enhancement of myofib- 
rillar protein solubility during the conditioning period (Valin, 
1968; Penny, 1970; Wu and Smith, 1987) as well as modifi- 
cation of actomyosin ATPase activity of myofibrils isolated 
from postmortem muscle (Penny, 1980; Ouali and Valin, 
1981; Ouali, 1984). Neither of these properties may be di- 
rectly related to modifications in actin or myosin since 
changes in myosin ATPase activity may result from alter- 
ation of the tropomyosin-troponin regulatory complex, while 
the increased solubility of myosin and actin is not accom- 
panied by proteolytic changes in these proteins (Penny, 
1980). Based upon the ultrastructural studies discussed 
above, it appears likely that at least some of the observed 
biochemical changes result from degradation of the 
cytoskeletal protein elements of the myofibril. 

Degradation of Proteins in 
Postmortem Muscle 

The use of SDS-PAGE has gained widespread accep- 
tance as the method of choice for the analysis of proteins. 
Combined with sensitive methods of protein detection such 
as Coomassie Brilliant Blue staining (Weber and Osborn, 
1969), silver staining (Oakley et al., 1980) and immunoblot- 
ting (Towbin et al., 1979), this analytical procedure is capa- 
ble of detecting changes in the amount of a particular 
polypeptide, the disappearance of a polypeptide or the ap- 
pearance of new polypeptide in complex protein mixtures. It 
was Hay et al., (1973) who first demonstrated changes in 
muscle proteins during postmortem storage using SDS- 
PAGE. The most notable alteration in protein composition of 
postmortem chicken muscle was the disappearance of a 
polypeptide of approximately 44 kd with the concomitant ap- 
pearance of a new polypeptide of approximately 30 kd. Sub- 
sequent studies in pork (Penny, 1976) and beef (Olson et al., 
1977) demonstrated that these changes were typical of mus- 
cles from other domesticated species. Subsequent studies 
identified the component lost from postmortem muscle as 
troponin-T (Samejima and Wolfe, 1976; MacBride and Par- 
rish, 1977; Olson et al., 1977). Interestingly, although it is 
wisely assumed that the 30 kd fragments that accumulate 
in the postmortem period are troponin-T fragments, this has 
not been directly proven. While there is a correlation be- 
tween the disappearance of intact troponin-T and appear- 
ance of 30 kd polypeptides, these fragments could arise 
from the proteolysis of many other proteins larger than tro- 
ponin. The strongest evidence for the identity of the 30 kd 
polypeptide as troponin-T comes from in-vitro studies 
demonstrating that trypsin will rapidly degrade troponin-T to 
produce proteolytic fragments having molecular weights 

near 30 kd (Dabrowska et al., 1973). Whatever its source, 
the accumulation of 30 kd polypeptide does appear to be an 
indicator for increases in meat tenderness associated with 
postmortem proteolysis (MacBride and Parrish, 1977; 
Koohmaraie et al., 1984; Whipple et al., 1990). 

The major myofibrillar proteins, actin and myosin, do not 
appear to undergo degradation in the postmortem period at 
4°C (Stromer et al., 1974; Arakawa et al., 1976; Samejima 
and Wolfe, 1976; Yates et al., 1983; Bandman and Zdanis, 
1988). However, myosin has been shown to be susceptible 
to degradation by a number of muscle proteases at 37°C 
(Bird and Carter, 1980) especially at acidic pH (Matsukara et 
al., 1981; Yates et al., 1983; Bechtel and Parrish, 1983). Nev- 
ertheless, since sensitive immunochemical procedures fail to 
detect any significant myosin degradation during normal 
postmortem storage at refrigerator temperatures (Bandman 
and Zdanis, 1988), the changes in actomyosin preparations 
that suggest weakening of the actin-myosin interaction (Goll 
and Robson, 1967; Arakawa et al., 1970; Ashgar and Yates, 
1978; Goll et al., 1983) do not result from proteolysis. 

Desmin and a-actinin, two proteins associated with the 
Z-line, have been shown to undergo limited proteolysis dur- 
ing postmortem storage. The disappearance of desmin oc- 
curs during the first 3 days of postmortem storage (Xiong 
and Anglemier, 1989; Hwan and Bandman, 1989) while the 
loss of a-actinin only occurs after prolonged storage (2-3 
weeks) at 4°C. a-actinin proteolysis may also be enhanced 
at elevated temperatures (Bechtel and Parrish, 1983; Hwan 
and Bandman, 1989). The degradation of both of these pro- 
teins may account for the major structural changes involving 
the intermyofibrillar links at the 2-line and explain the phe- 
nomena of myofibrillar fragmentation. 

Nebulin and titin, two very large proteins that may play a 
role in the elasticity of the myofibril (Maruyama et al., 1977, 
Wang, 1985; Wang et al., 1991), also are rapidly degraded 
in postmortem muscle (Lusby et al., 1983; Bandman and 
Zdanis, 1988; Koohmaraie et al., 1991; Fritz and Greaser, 
1991). Since the loss of nebulin and titin from the myofibril 
reduces the tension of stretched myofibrils (Horwits et al., 
1986), it is possible that the postmortem degradation of 
these proteins could directly contribute to any decrease in 
myofibrillar strength. 

In addition to the disappearance of characterized my- 
ofibrillar and cytoskeletal proteins from SDS-PAGE of ex- 
tracts from postmortem muscle, the appearance of new 
polypeptides on SDS-PAGE has also been observed. In ad- 
dition to 30 kd polypeptide described above, polypeptides 
of 110 kd and 95 kd are reproducibly observed to accumu- 
late in meat stored at 2-4°C (Koohmaraie et al., 1984; Xi- 
ang and Anglemier, 1989; Whipple et al., 1990). The deriva- 
tion of these polypeptides remains unknown although it has 
been proposed that higher molecular weight proteins such 
as a-actinin, filamin, nebulin or titin are possible sources. 

The problem of identifying which proteins undergo post- 
mortem proteolysis as well as identifying the source of pro- 
teolytic fragments which accumulate in postmortem mus- 
cle is crucial for further advancement of our knowledge of 
the molecular basis of meat tenderization. The number of 
polypeptide bands visible with Coomassie Brilliant Blue 
staining of an SDS-PAGE gel of a muscle extract ranges 
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from 10 to greater than 25, depending upon the acrylamide 
and bisacrylamide concentrations. Visualization of even mi- 
nor protein components of the muscle fiber becomes feasi- 
ble with detection by silver staining. Given this complexity 
of protein composition of the muscle fiber, it perhaps is not 
surprising that the number of significant changes that have 
been documented in postmortem muscle is relatively few. 

What is needed is a method that specifically detects 
changes in proteins or can identify the source of a prote- 
olytic fragment. A number of years ago, with support from 
the National Live Stock and Meat Board and the California 
Beef Council, we developed a method based upon “West- 
ern blotting” (Burnette, 1981) that has the potential to 
achieve these aims (Bandman and Zdanis, 1988). Using the 
technique, we demonstrated that myosin underwent no pro- 
teolytic degradation in postmortem muscle during storage 
at 4”C, but was degraded in muscle stored at elevated tem- 
peratures (Bandman and Zdanis, 1988). In the same exper- 
iments, however, we found that titin was degraded during 
the early postmortem period. Subsequent work from our 
own laboratory demonstrated that desmin and a-actinin 
were also degraded in postmortem muscle, albeit with dif- 
ferent kinetics (Hwan and Bandman, 1989). Recently, other 
laboratories have modified the method to enhance the elec- 
trophoretic transfer of large molecular weight proteins (Fritz 
et al., 1989) and used the technique to study changes in 
titin and nebulin during postmortem storage at 4°C (Fritz 
and Greaser, 1991). The modified technique has also al- 
lowed researchers to study the heat-induced aggregation 
of titin during meat processing by western blotting proce- 
dures (Fritz and Greaser, 1992). 

Future Research Needs 
The application of an immunobiochemical approach to 

study postmortem changes in muscle tissue has the poten- 
tial for elucidating not only proteolytic degradation but also 
protein modification and protein aggregation. In addition, 
antibodies used in immunocytochemical studies are sensi- 
tive probes for demonstrating changes in protein distribu- 
tion which can occur during postmortem storage of meat. 
Monoclonal antibodies can be particularly useful tools for 
these studies since they recognize a single unique amino 
acid sequence and can even be used to discriminate be- 
tween protein isoforms. However, caution must also be 
exercised since loss of immunoreactivity may result 
from degradation of the monoclonal antibody epitope in 
postmortem muscle. 

Presently, a large number of antibodies to muscle pro- 
teins are available that can be used as probes for examining 
postmortem changes in muscle proteins. The ease with 
which antibodies can be made with small amounts of pro- 
teins should facilitate identification of even minor proteins 
that undergo proteolysis in muscle. Furthermore, antibod- 
ies can even be made to proteins that appear as new bands 
on a SDS-PAGE gel. These antibodies can then not only be 
used on immunoblots of muscle extracts to identify the pro- 
tein which gave rise to the new polypeptide fragment, but 
also in immunocytochemical studies to probe for ultrastruc- 
tural changes in postmortem muscle. Such studies will point 
to the proteins and proteolytic enzymes that play key roles 
in postmortem degradation and ultimately will provide the 
biochemical basis for understanding what determines meat 
tenderness. 
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