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GENERAL INTRODUCTION

Researchers have studied the palatability attributes of beef
tenderness for many years. Although much data has been
accumulated, a fully satisfactory explanation of what causes a wide
variation in beef steak tenderness continues to elude researchers.
Meat is an extremely complex tissue and any answer to the question of
why some beef is more tender than other beef must also be
complicated, and will, by.necessity have to take into consideration
numerous variables.

Quantifying the differences in palatability attributes by using
sensory and mechanical methods has required much time and effort.
Because meat is a multiple component system, any method used to
quantify the tenderness and other palatability attributes should also be
differentiated into several components. Cover and coworkers (1962)
proposed that the tenderness descriptors used in sensory panel work
should be partitioned into several categories. Likewise, it has been
suggested that the traditional mechanical methods used to assess
tenderness, such as the Warner-Bratzler shear device, be re-evaluated.
Bouton and Harris (1972) compared several instrumental methods of
measuring meat tenderness with measures that directly determine
some texture characteristics of meat. They suggested that compression
as measured by the Instron and adhesion measurements made on
muscle samples are highly related as are the peak (maximum) force

measurements made with the Warner-Bratzler shear device and. the



fiber tensile streﬁgth measurements. Mgller (1981) proposed that the
deformation curves obtained by using the Warner-Bratzler attachment
on the Instron be divided into multiple components when analyzed.
That is, the initial yield observed on the curve represented the
myofibrillar component of tenderness, while the final yield point on the
curve represented the connective tissue component of tenderness.

Certain factors and procedures have been identified as aiding in
predicting types of beef that may be more or less tender than average.
Some of these factors include the age and sex of the animal. Numerous
research studies have shown that beef from older animals is
significantly less tender than beef from younger animals (Tuma et al.
1963; Dikeman and Tuma, 1971; Smith et al.,, 1982). When comparing
beef from intact males (bulls) with castrated males (steers) of the same
age, conflicting results have been reported. Albaugh et al. (1975)
showed that beef from bulls was less tender than that from steers,
while Hedrick et al. (1969) showed that there was no difference in
tenderness in beef from bulls and steers of less than 16 months of age.
The practice of postmortem aging has been shown to greatly improve
the tenderness of beef. Field et al. (1971) showed that shear force
values declined from 2 to 21 days of postmortem storage. Busch et al.
(1967) showed that a greater increase in tenderness was observed
when beef was aged at 16°C rather than at 2°C.

In search for the answer to the question of what causes these
differences in tenderness, changes in the structural components of the

myofibril have been examined. Parrish et al. (1973) observed



fragmentation of myofibrils due to the disintegration of Z-lines in
bovine longissimus samples that had been aged at 16°C for 1 day or at
2°C for 3 days. Their sensory panel studies also showed a marked
increase in tenderness at these time/temperature periods. Parrish et
al. (1973) suggested, based on these observations, that the reduced size
of the myofibril brought about by fragmentation increased sensory
panel tenderness because of a reduction in the amount of force
required to cut through the fragmented sample. MacBride and Parrish
(1977) and others (Olson et al.,, 1977; Olson and Parrish, 1977) have
shown that a degradation product of the myofibrillar protein troponin
T, termed the 30,000-dalton component was observed to occur more
often in tender than in less tender beef. Other components of the
myofibril have also been examined. Locker (1982) suggested that
filaments he termed 'gap filaments' played a major role in determining
the tenderness of meat. These gap filaments are now believed to be
titin, an elastic protein found in the myofibril (Locker, 1982; LaSalle et
al., 1983). Titin is one of two extremely large molecular weight
proteins first extensively examined by Wang et al. (1979). Titin has an
approximate molecular weight of 28,000 kDa (Kurzban and Wang,
1988) and migrates on SDS-PAGE gels as a doublet. The two bands are
commonly referred to as T1 and T2, with T2 migrating just ahead of Tj.
The second protein, nebulin, is another large molecular weight protein
first identified as band 3 (Wang et al.,, 1979). Nebulin has now been
shown to have a molecular weight of between 600 and 900 kDa (Wang

and Wright, 1988; Jin and Wang, 1991). These two proteins, titin and



nebulin, have been shown to degrade under postmortem conditions
(Lusby et al.,, 1983) as well as to undergo postmortem degradation
more rapidly and more extensively in tender than in less tender beef
(Anderson and Parrish, 1989).

One of the major enzymes that is believed to be responsible for
some of the observed postmortem degradation that occurs in meat is
that protease which is known as calcium activated factor (CAF). CAF is
a protease with optimum activity at pH levels near 6.5. CAF consists of
two subunits, one approximately 80 kDa and the other approximately
28 kDa (Goll et al, 1985). CAF, as the name implies, requires the
Apresence of calcium for its activation. CAF has been shown to exist in
two forms based upon its calcium requirement. These two forms differ
in that one form requires pmolar quantities of calcium for activation,
while the other requires millimolar quantities. Research has shown
that CAF will degrade several proteins of the myofibril including titin,
desmin, troponin T and troponin I (Goll et al., 1983; Zeece et al., 1986).

This project was developed to determine the effects of sex,
chronological age and postmortem aging time on tenderness differences
observed in meat samples as well as to determine if specific
myofibrillar/cytoskeletal proteins such as titin and nebulin from
specific sex and age categories were degraded differently during

postmortem aging.



Explanation of Thesis Format

This thesis is written in an alternate style format consisting of a
general introduction, a general review of literature, a publishable paper
and a concluding summary. The paper represents the work done by
the first author to fulfill requirements for the degree of Master of
Science. The paper consists of a title page, abstract, introduction,
materials and methods, results and discussion, summary, implications
and references. The format of the paper is in accordance with the

Journal of Food Science style guide for research papers.



GENERAL REVIEW OF LITERATURE

Skeletal Muscle Structure and Postmortem Changes

Muscle structure

Muscle is one of the most complex tissues found in nature. The
details of muscle structure and function play a vital role in determining
the quality and palatability attributes of meat and meat products. A
knowledge of the structure of muscle is necessary for one to
understand how and why some of these differences in quality occur. A
short discussion of the structure of muscle follows.

Muscle tissue is classified into three categories: striated, cardiac
and smooth. Both striated and cardiac muscle exhibit a banding
pattern that is seen as being transverse to the long axis of the muscle
fiber when viewed microscopically. Smooth muscle does not exhibit
this banding pattern. Both smooth muscle and cardiac muscle are
classified as involuntary as their function is not normally consciously
controlled by the organism. Striated muscle is generally referred to as
that muscle making up the bulk of the skeletal muscle. Skeletal muscle
is classified as voluntary muscle as it is usually controlled by the will of
the organism (Judge et al., 1989; Pearson and Young, 1989). Because
skeletal muscle is the primary tissue that comprises meat, the

remainder of this discussion will focus on it.



Organization of muscle

A muscle is covered -by a thin -sheet of connective tissue known as
the epimysium. A muscle itself is comprised of a number of structures
known as muscle bundles. These bundles are covered by a sheath of
connective tissue known as the perimysium. Muscle bundles are made
up of structures known as muscle fibers. These fibers are long,
cylindrical, multinucleated cells that can be several centimeters in
length. The diameter of these cells can range from 10 um up to
greater than 100 pum (Judge et al., 1989). The outer cell membrane of
the muscle fiber is known as the sarcolemma which in turn is
surrounded by a connective tissue sheath known as the endomysium.

The main functional unit of the muscle fiber is known as the
myofibril. The myofibrils are long, cylindrical organelles that average
1-2 um in diameter and extend the entire length of the muscle fiber.
Within the myofibril is an array of interdigitating thick and thin
filaments. These two sets of filaments are aligned parallel to each
other. These thick and thin filaments overlap each other in specific
regions giving the muscle fiber its typical banding pattern or "striated"
appearance. This striation appears as regions of light and dark bands.
The light bands are described as being isotropic when viewed using
polarized light and so they are termed "I-bands”. The dark bands
appear anisotropic under the same conditions, and so are termed the
"A-bands”. Bisecting the I bands is a dark band known as the Z line.

The region between two Z lines is termed the sarcomere. Within the



sarcomere there is one A band located between two half I bands. This
structure is repeated through the myofibril. In resting muscle, the

typical length for a sarcomere is 2.5 um. The A band is bisected by a
narrow band known as the M line. In addition, in the center of the A

band is a slightly lighter region known as the H zone.

Muscle filaments

In normal muscle cells, the thick filaments are approximately 14-
16 nm in diameter and are 1.5 microns long. These filaments are
primarily made up of hundreds of myosin molecules. Myosin
molecules are rod shaped (tail region) with a globular two headed
region on one end. In the thick filament, the myosin molecules are
arranged in bundles with the tail regions making up the main shaft of
the thick filament. The head regions of the myosin molecules project
outward from the main body of the thick filament. The myosin
filaments are arranged so that the heads are oriented toward the two
ends of the thick filaments leaving a bare zone in the middle of the
filament.

The thin filaments of muscle average around 6-8 nm in diameter
and are approximately 1.0 um in length. The primary protein that is
found in the thin filaments is the protein actin. G-actin (globular form)
has a molecular weight of approximately 42,000. The actin molecules
themselves are spherical in shape and are arranged in twin strands
that are twisted around each other to form the main portion of the thin

filament. These actin particles seem to have a "front” and a "back"



giving the entire filament directional polarity. The thin filaments are
anchored to the Z line and are attached to the thin filaments on the
opposite side of the Z line in an array of cross connections that give the
Z line its characteristic zigzag pattern (Pearson and Young, 1989).

The thin filaments of muscle also contain the proteins
tropomyosin and troponin. Tropomyosin is the second most abundant
protein in the thin filament, accounting for approximately 7% of the
total protein in the myofibril. Tropomyosin is made up of two chains
that have an approximate weight of 34,000 each. The native
tropomyosin molecule has. a molecular weight of approximately 68,000
and has a length of 40 nm. In the myofibril, tropomyosin is found as
long, thin filaments on the actin strand. The tropomyosin molecule is
located near the groove between the paired strands of actin molecules
(Murray and Weber, 1974). |

Troponin is a complex made up of three subunits, troponin C (MW
18,000), troponin I (MW 23,000) and tropinin T (MW 37,000). The
three subunits have separate biochemical properties. Troponin C has
the function of binding calcium. Troponin I can inhibit the interaction
between myosin and actin, while troponin T binds strongly to
tropomyosin (Pearson and Young, 1989). The overall shape of the
troponin molecule is thought to contain both a globular region as well
as a rodlike portion. The total length of the molecule is about 26.5 nm
while the rodlike portion comprises around 16.5 nm of the length
(Flicker et al., 1982). The entire troponin molecule therefore interacts

with approximately two-thirds of the tropomyosin molecule.
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Muscle contraction

The basic principle in contraction involves the shortening of the
sarcomere and thus ultimately the muscle by the sliding of the thin
filaments past the thick filaments. The force that causes this sliding is
generated by the formation and dissolution of cross-bridges between
the thick and thin filaments. The myosin heads attach to specific sites
on the actin chain and swivel. This movement draws the thin filaments
past the thick filaments before the heads detach and attach again. This
cycle of attaching and detaching causes a relative movement of the thin
and thick filaments by about 100 angstroms (Murray and Weber,
1974).

Regulation of contraction is accomplished by the actin-troponin-
tropomyosin systerri, as well as by the concentration of ATP and
calcium in the myofibril. Phillips et al. (1986) discussed the interaction
of this system. In the relaxed state (off-state) the troponin complex
binds the tropomyosin and holds it on the outer part of the actin helix
thus prohibiting the interaction of myosin and actin. When the
concentration of Ca2+ reaches the proper levels the troponin complex
binds to the calcium and releases the tropomyosin from its position on
the actin strand. The filaments are then in the "on" or active position
and the myosin heads are able to bind to actin.

The energy for contraction is provided by the hydrolysis of
adenosine triphosphate (ATP) into two lower energy compounds,

adenosine diphosphate (ADP) and inorganic phosphate. This hydrolysis
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reaction takes place on the head of the myosin molecule. The reaction
occurs as follows as described by Murray and Weber (1974). ATP has
a very strong affinity for myosin and binds to the head very readily.
The myosin-ATP complex is then raised to a charged intermediate form
that can then bind to actin. Hydrolysis can then occur releasing ADP
and inorganic phosphate and energy to power contraction. The
myosin-actin complex (rigor complex) is maintained until ATP is again

bound to myosin and the sequence can be repeated again.

Myofibrillar/cytoskeletal proteins

The Z line bisects the I band and is the region in which the actin
filaments of opposing sarcomeres are tied together. Some of the
proteins that have been identified as being located in or near the Z line
include desmin, filamen, vimentin, synemin, a-actinin (Greaser et al.,

1981), zeugmatin, and vinculin (Maher et al., 1985).

Desmin

Desmin has an molecular weight of 55,000 and is highly
susceptible to proteolysis. Desmin is arranged around the periphery of
the Z line and serves to bind the myofibrils together in this region
(Robson et al., 1981). Desmin may play a role in influencing the water-

holding capacity of the muscle.
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o-actinin has a molecular weight of roughly 200,000 and is made
up of two subunits of approximately 100,000 each (Robson et al.,

1981). The dimensions of the molecule are approximately 4 x 50 A and
it has been suggested that it is the Z-filament of the Z-disc (Robson et
al., 1981).

It has been suggested by Robson et al. (1981) that a-actinin may
play a three-fold role in skeletal muscle. First, it may serve to anchor
the thin filaments into the Z line, second, it may modify the structure of
actin in the thin filaments and finally, it may help to determine the

directionality and regulate the growth of the thin filaments.

Filamin

Filamin has been shown to be a protein made of two subunits of a
molecular weight of 240,000 (Wang, 1977). The exact role of filamin in
the myofibril is not known, however, it has been shown to bind to F-
actin and may form an important part of the structure of the Z discs

(Bechtel, 1979).

Synemin

Synemin has been shown to have a molecular weight of 23,000
(Granger and Lazerides, 1980), and has been identified as part of the
intermediate filaments (10 nm). Synemin, desmin and vimentin
appear to have closely related roles in that they seem to surround the

myofibril at the Z line (Granger and Lazarides, 1979).
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Vimentin

Vimentin is a protein with a molecular weight of approximately
57,000 and has been shown to exist with desmin at the Z line (Franke
et al.,, 1978). Like synemin and desmin, it appears that vimenten plays

a role in maintaining the lateral register of the myofibrils.

Vinculin
Vinculin has a molecular weight of 130,000. Its role in the
myofibril is not known at the present time. Some studies suggest that

it may play a role in linking actin to the cell membrane (Geiger, 1979).

Zeugmatin

Zeugmatin has a molecular weight of approximately 500,000.
When it is observed on SDS-polyacrylamide gels it migrates only
slightly below nebulin (Maher et al.,, 1985). Zeugmatin appears to be
especially susceptible to proteolysis, therefore, only fresh muscle can

be used for its isolation and purification (Pearson and Young, 1989).

Titin

In 1979, Wang and his associates reported finding an extremely
large protein that showed up on 4% polyacrylamide gels as a doublet
with an approximate molecular weight of 1 x 105, Wang named this
protein titin from the Greek word meaning anything of great size. In

his studies he reported that a titin antibody was found to react with
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the myofibril in certain locations. The antibody reacted strongly at the
junctions of the A and the I bands and in the central region of the A
band. He also noted that weak staining was seen throughout the entire
A band. In addition, the M and Z lines exhibited labeling. They also
reported that their results showed titin to be present in striated
muscles, (both skeletal and cardiac) and in vertebrate and invertebrate
species.

Maruyama and coworkers (1976, 1977) earlier had also reported
the isolation of an elastic and highly insoluble protein which they
termed connectin. King and Kurth (1980) showed that this preparation
consisted of some protein polypeptides that were larger than myosin.
Maruyama later showed (1981) that his connectin preparation also
contained the same extremely high molecular weight polypeptide as
was found in Wang's titin preparation.

Maruyama et al. (1980) reported that their connectin preparation
showed strong immunoflourscence starting at the A band and the Z line
of the myofibril, while the I bands showed weak staining. These
results lead them to the conclusion that connectin was located
throughout the entire myofibril.

Electron microscopy of rotary-shadowed samples of titin
extracted under nondenaturing conditions showed that titin is an
asymmetrical .molecule that appears as a string-like structure with
lengths of up to 8000 A and a diameter of 40 A. Negative staining of
titin molecules has shown it to be similar in appearance to a string of

beads (Trinick et al., 1984; Hainfield et al., 1989).
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Titin appears to be the third most abundant protein found in the
myofibril (Trinick et al., 1984) making up 8% of the total protein of the
myofibril. Titin is third in abundance behind myosin (43%) and actin |
(22%). While not found to any great extent in smooth muscle, titin has
been found to exist in all types of striated muscle, including cardiac
(Maruyama et al.,, 1977). Titin appears to be found throughout the
length of the sarcomere. Titin is a very elastic protein and the entire
length of the strands of the protein seem to be very flexible.

Maruyama et al. (1985) reported studies in which they examined
fro‘g skeletal muscle using immunoelectron microscopy. From their
studies, they concluded that connectin structures were directly linked
to the Z lines from the myosin filaments. They found five antibody
labeling stripes in each half of the sarcomere and two in the A-I
junction. Antibody deposits were also found in the I bands and in the
A bands. They proposed that the connectin filaments run alongside the
thick filaments beginning approximately 0.15 um from the central
portion of the A-band.

Fiirst et al. (1988) utilized immunolocalization microscopy to
observe the binding sites of ten distinct titin antibodies that each gave
a pair of decoration lines per sarcomere. The decoration lines were
centrally symmetric to the M line. They found one location at the Z
line, five along the I band, one in the A-I junction and three within the
A band. When they looked at immunoblots the two antibodies
decorating at or just before the Z line recognized the T] component, but

not T2. The rest of the antibodies recognized both T1 and T2. Their
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results suggest that the length of the titin molecule is greater than 1
pm, which is long enough to span the region between the Z line and the
M line. Barnoili et al. (1989) also supported the theory that the titin
molecule connects the M line and the Z line of the sarcomere. In their
study, they also observed that areas in the sarcomere located between
the A-I junction and the Nj band recognized by the anti-titin
antibodies moved away from the Z disc when tﬂe sarcomere was
lengthened. This action was mirrored on opposing sides of the M line.
The areas decorated by the anti-titin antibodies remained the same
distance from the M line when the sarcomere was stretched to
approximately 2.8 pm. The anti-titin epitopes moved away from the
M line and the elastic character of the molecule was seen when the
sarcomere was stretched beyond 2.8 pm, indicating that the elastic
portion of the molecule is in the region between the N line and the
A/l junction.

Fiirst et al. (1989a) showed an anti-titin antibody labeling site
that was located 55 nm from the center of the M band showing that
titin extends into the structure of the M band. Their preparation of
titin for electron microscopy studies showed that the T2 form of titin
possesses a globular head that is possibly the suggested M band
anchoring domain. When they used immunoblotting techniques they
found that two epitopes located at the Z-line and at a point 0.04 pm
before the Z line were found only on the T1 band. They suggested that

the Ty band is the portion of the molecule that is located at the Z line.

They proposed that the proteolytic cleavage site that converts the
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nonextractable form (Tp) into the extractable form (T2) may be in the
region between the N2 line and the M band.

The exact function of titin is not well understood at this time.
Several different theories have been proposed. One function that has
been proposed is that of assisting in the assembly of the myofibril.
Fiirst and coworkers (1989b) examined muscle cell development in
mouse embryos. They found that titin was expressed before myosin
heavy chain in in vivo conditions. In addition, the Z line section of titin
was found to be brought into register in the myofibril before the A
band region of the molecuie was brought into register. These results
lead them to hypothesize that these early titin filaments act as
integrators during skeletal muscle development.

Whiting et al. (1989) proposed that titin may regulate the length
of the thick filaments. This suggestion was based on several facts.
Antigenic sites of titin located in the A band do not change their
relative positions to the M line over varying sarcomere lengths. This
suggested that titin is bound to the outside of the thick filament shaft.
Also, many epitopes were found to be located in the A band. Since the
length of the titin molecule is 1 pm or more, they proposed that titin
may regulate the length of the thick filaments by forming a template
that spans the length of the filament.

King et al. (1981) looked at the effects of heating meat samples to
50-70°C on connectin (titin). They found that when heated to 55°C, the

titin from homogenized muscle (pH 5.5) was extensively degraded.
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When they examinéd the relationship between the ultimate pH of the
muscle and the degradation of titin, they found an inverse relationship.
Lusby and coworkers (1983) showed that titin is degraded in
meat samples over time, and that this rate of degradation is influenced
by storage temperature. They found that over time the top band of the
titin doublet disappeared. The lower band disappeared after 3 days
storage at the higher temperatures (37°C), but remained up to and

including 7 days postmortem storage at 22 °C.

Paxhia and Parrish (1988) showed that in light poultry muscle,
the T1 (top band of the titin doublet) band disappeared after 1 day of

storage at both 4°C and 22°C, while in dark poultry muscle the T1 band
was still present after 1 day of storage at 4°C. The opposite was found
when light and dark pork muscles were examined. The Tj band in
light pork muscle was still seen at 3 days postmortem when stored at
4°C. In dark pork muscle, the T1 band disappeared after 1 day at 22°C
and 7 days at 4°C.

Paterson et al. (1988) showed that suspending myofibrils in a
solution containing 10 mM pyrophosphate resulted in swelling of the
myofibrils, at the same time the extraction of titin and the water
holding capacity were both increased, suggesting that titin may provide
some of the structural restraints that hold the sarcomere together. This
observation suggests the extraction of titin allows greater water
holding capacity. Paterson and Parrish (1986) found that both the Tj
and T2 bands of titin were present in the less tender rhomboideus

muscle while only the T2 band was present in the more tender
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infraspinatus muscle. Further evidence as to the role that titin plays in
meat/muscle systems was provided by Anderson and Parrish (1989)
when they examined the degradation of titin in beef steaks from
samples that exhibited differences in tenderness. They found that titin
was more rapidly degraded in tender than in less tender steaks
suggesting that titin may indeed play a role in influencing meat
tenderness.

Fritz and Greaser (1991) examined the postmortem degradation
of titin and nebulin in bovine psoas major muscle. They found that
nebulin (pg 20) had alomost completely degraded by 48 hours
postmortem, however, they still noted the presence of titin after 2
weeks of postmortem storage. They also used immunofluorescence
microscopy to determine the number of titin antibody reactive (anti-
titin) bands that could be detected over time postmortem. They found
that at 45 minutes postmortem, less than 1% of the myofibrils
exhibited four anti-titin bands per sarcomere (most exhibited 2), while
at 48 hours postmortem, 65% of the myofibrils had four anti-titin
bands per sarcomere. They also noted that this two to four band
conversion occurred over the same time frame as did the degradation
of nebulin. These scientists noted that the psoas muscle is one that
exhibits most of its change in tenderness in the first few days
postmortem. Coupling this knowledge with the results they obtained,
they proposed that whatever processes are occuring to cause the

change from two to four anti-titin bands per sarcomere may also be
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coupled to the tenderness changes observed in postmortem muscle

tissue.

Nebulin

Nebulin is another extremely large protein found to exist in the
sarcomere. Nebulin was first described by Wang and his associates
(1979) as band 3 due to its position on SDS-PAGE gels in relationship to
the two bands of titin. Nebulin was initially reported to have a
molecular weight of 500 to 600 kDa; however, this figure has been
modified and it is now thought to have a molecular weight in the range
of 600-900 kDa (Wang and Wright, 1.988; Jin and Wang, 1991).
Nebulin has been estimated to make up 3-4% of the total myofibrillar
protein in mammalian skeletal muscles (Wang, 1982). Nebulin has not
as yet been shown to exist in smooth muscle (Robson and Huiatt, 1983)
or cardiac muscle (Locker and Wild, 1986; Fiirst et al., 1988).

Nebulin received its name as it was originally observed by some
researchers to be associated with the N-lines of the sarcomere which
are rather "nebulous” in their appearance (Wang, 1981). When seen in
electron micrographs, the Npz-line appears as a dark line parallel to the
Z-line and across the I-band (Locker and Leet, 1976). Some
researchers have described the Njz-lines as being four lines that appear
to be on either side of the Z-line (Locker and Wild, 1984). The exact
function of the N-lines is not known, however, they have been
observed to change position as the sarcomere changes in length while
maintaining the same proportional distance between the M-line and

the Z-line (Locker and Leet, 1976).
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In light of research within the past few years, nebulin is now
thought to be an inextensible filament that is close to 1 um in length.
These nebulin filaments are now proposed to be associated with actin
(rather than the N7 lines) and to run parallel with the actin filaments
(Robson et al., 1991) It has been shown that nebulin binds to a-
actinin (Nave et al.,, 1990) and to F-actin (Jin and Wang, 1991). AThis
suggests the possibility that nebulin may play a role in attaching or
anchoring the actin filament to the Z-line in the sarcomere (Robson et
al., 1991).

Several researchers have shown that nebulin is degraded rapidly
in meat (Lusby et al.; 1983, Paterson and Parrish, 1987; Paxhia and
Parrish, 1988; Anderson and Parrish, 1989; and Fritz and Greaser,
1991) An involvement of nebulin in the tenderization process has
been suggested by Anderson and Parrish (1989). They showed that
nebulin bands were less intense or non-existent in myofibrils from
steaks that were categorized as 'tender” by sensory panel evaluations
when compared to myofibrils from "less-tender” steaks. As nebulin
seems to be intimately involved with proteins of the Z-line and the
actin filaments, it has been suggested that nebulin may be important in
regulating the structure of the myofibril in early postmortem muscle

(Robson et al., 1991), and thus somewhat affect the tenderness of meat.
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Rigor mortis

Following the death of an animal, a complex series of physical
changes occur which lead to the muscle being in a stiffened or rigid
state termed “rigor mortis”. This state is a stage of the conversion of
muscle to meat and its resolution plays an important role in
determining the perceived tenderness of meat. During the past half-
century much time and effort has been devoted to studying the factors
affecting the rate of the onset and the resolution as well as the degree
of stiffening obtained throughout the course of the development and
decline of rigor mortis.

When an animal is first slaughtered, ATP and creatine phosphate
are present in the muscle and the pH of the muscle is near neutrality,
pH 6.7-7.2. During normal metabolic processes in the muscle the
supply of ATP is continually replenished by oxidative phosphorylation;
however, when the supply of oxygen from the blood is terminated the
muscle goes into an anaerobic state and the level of ATP can no longer
be maintained. For a short time during this anaerobic period the level
of ATP needed can be maintained by the conversion of ADP to ATP by
drawing upon the reserves of creatine phosphate in postmortem
muscle. Once these reserves are exhausted the ATP level in the muscle
falls. This drop in the level of ATP in the system causes the anaerobic
production of lactate from glycogen resulting in a drop of the pH of the
muscle. Within a short period of time, the pH can drop from 7.2 to 5.5

(Penny, 1980).
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The stiffness that is observed during rigor mortis is caused by the
formation of permanent cross-bridges between the actin and myosin
filaments. This is essentialiy the same interaction that occurs in ]iving.
muscle during contraction, except that when the reserves of ATP are
depleted after death there is no longer a constant supply of energy
(ATP) available to assist in breaking the actomyosin bond (Judge et al.,
1989).

Many physical changes occur during the process of converting
muscle to meat. One of the more easily quantified changes is the loss of
exténsibility when the muscle is subjected to a load. Immediately
following death, the muscle is rather extensible, it passively stretches
under load up to 140% of its resting length (Penny, 1980) and will
readily return to its resting length as allowed by the natural elasticity
of muscle. During this stage very few actomyosin cross-bridges have
been formed which would prevent this extension. This phase is termed
the delay phase of rigor mortis (Bate-Smith and Bendall, 1949). Once
the stores of glycogen and creatine phosphate are exhausted, the
rephosphorylation of adenosinediphosphate (ADP) to
adenosinetriphosphate (ATP) becomes inadequate to continue to break
the actomyosin bonds being broken. This end result is reduced
extensibility of the muscle. The stage during which a loss of
extensibility is observed is known as the onset phase. This phase
begins when the muscle starts to lose its elasticity and lasts until the
completion of rigor mortis. The completion of rigor mortis occurs when

all of the creatine phosphate has been used. Characteristically the
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muscle is no longer extensible at this point. The time that is required

for muscle to pass through these stages of rigor varies from animal to

animal and even from muscle to muscle. If muscle that has undergone
the effects of rigor mortis is “aged” or held for a certain length of time
the meat will again attain some measure of increased tenderness and

pliability (Whitaker, 1959).

Busch et al. (1967) and Goll et al. (1971) suggested that the stages
of rigor mortis be defined in terms of the isometric tension that
develops. in meat (muscle) samples over time postmortem. Isometric
tension is that amount of tension that is measured when a muscle strip
is held at one end, while the other end is attached to a sensing device
and the amount of tension or shortining that develops or declines is
measured using a physiograph. Busch et al. (1967) and Goll et al.
(1968) proposed that the period of increasing isometric tension be
identified with the onset of rigor m\ortis, while the decrease in
isometric tension be identified with the resolution of rigor. Busch and
coworkers (1972) showed through a series of experiments that the
measurement of the development of isometric tension is a sensitive
method for evaluating the onset of rigor mortis. They proposed that
the development of postmortem isometric tension patterns is strongly
related to the development of changes in muscle length that occur in

postmortem muscle during the development of rigor mortis.
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Postmortem aging

The practice of holding beef for extended periods of time
postmortem has long been recognized by those working with meat as a
way of improving tenderness. Many studies have been conducted to
determine what causes these changes and at what point optimum
tenderization occurs. Paul et al. (1944) examined several factors in
beef roasts aged at 1.7°C for O, 1, 2, 4, 9, and 18 days postmortem.
They found that the greatest increase in palatability scores occurred at
9 days of storage for smallA cuts of meat. More recently, Jennings et al.
(1978) showed that aging for periods up to twenty days significantly
decreased shear force measurements. Other studies have shown that
by increasing the storage temperature of beef, the rate of tenderizing
due to the aging process can be accelerafed. This acceleration in the
tenderizing process has been observed at temperatures up to 60°C
(Davey et al., 1976).

The histological structure of beef muscle has been examined to
determine what structural changes occur that may affect the perceived
tenderness of beef. Paul et al. (1944) saw the development of dense
“nodes of contracture” in fibers which were associated with extreme
stretch on either side of these “nodes” resulting in the appearance of
“waves” and “kinks” in the muscle fibers. As the meat was allowed to
age or ripen, they noted the appearance of breaks and ruptures in
those fibers that showed the development of the “nodes”. Essentially

two types of histological changes were found by these researchers.
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They noted that thé fiber striations became more fragile and that the
fiber striations were lost over a more extensive area. These changes
were shown to coincide with the differences in tenderness measured
either mechanically or by the use of a sensory panel.

Schmidt and Parrish (1971) examined at death and seven day
postmortem bovine muscle samples using both phase contrast
microscopy and electron microscopy. Phase contrast examination
revealed that in those samples which were aged seven days, the
myofibrils appeared to be slightly out of register and were not as
sharply defined as were those from the unaged samples. In addition,
they noted a certian degree of shrinkage that had occurred in the
muscle fibers. Electron microscopy studies showed that the aged
samples had lost some of the structural integri'ty that was observed in
at-death samples. They also noted a shortening of the sarcomere, the
disappearance of the H zone and an apparent degradation of the Z-line.
They noted essentially no changes in the M lines and the thick and thin
filaments.

The change in the structure of the Z line of the myofibril has been
examined by many researchers. Davey and Gilbert (1967) reported
that in meat aged at 15°C for 3 days the most recognizable changes
were the lengthening of the A bands with the concurrent shortening of
the I zones and the complete disappearance of the Z line. Fukazawa
and Yasui (1967) looked at the structure of the Z line in postmortem
muscle stored at 0°C for 24 hours. In muscle that had been left

attached to the skeleton for the aging period, the Z line appeared to
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have been removed. They suggested that the fragmentation of the
myofibril that had been noted in previous studies was due to the
disintegration of the Z line. Davey and Gilbert (1969a) examined
myofibrils from beef samples that had been aged up to 20 days. They
again found that the most notable change that occurred was the
apparent disappearance of the Z lines and a weakening of the lateral
attachments that held the myofibrils in place within the muscle. In
those samples in which the Z lines had disappeared, the myofibrils still
retained their inherent integrity, suggesting that substances still
remained in this region that helped to hold the sarcomere together.
Davey and Dickson (1970) used the electron microscope to examine the
changes that occurred in beef muscle during aging. They found that a
reduction in the tensile strength of the myofibrils of meat aged for 90
hours postmortem coincided with a weakening of the interaction
between I filaments and Z discs. When meat aged for 55 days at 2°C
was examined, they saw that the Z discs had essentially disappeared.
Parrish and coworkers (1973) reported a study in which they
aged bovine muscles in the carcass at higher temperatures (16°C versus
2°C). They found that postmortem tenderization and myofibrillar
fragmentation occurred more rapidly under the high temperature aging
conditons. On the basis of their observations, they proposed that this
increase in tenderness may be due, in part, to their observations of
greater fragmentation of the myofibrils at the Z-line in these samples.
In order to determine the weakest points in the structure of the

filament, Davey and Graafhuis (1976) examined raw and cooked muscle
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that had been stretched to twice its resting length. In this condition
the thin filaments were pulled away from the thick filaments. They
found that the fibers in this highly stretched state broke specifically at
the A-I junction. Their results pointed to the disruption of filaments
that may hold the structure of the sarcomere in register.

Because of the breakage that occurs in the myofibril, there has
often been reported the observation of a higher number of myofibrillar
fragments in aged meat than in unaged meat. This increase in
fragmentation has been used by a number of workers to characterize
the aging that has occurred (Fukazawa et al., 1967; Olson et al., 1976;
Culler et al.,, 1978). The method utilized by Fukazawa and coworkers
involved counting the number of myofibrils that had one to four
sarcomeres. They found that as postmortem aging time increased, so
did the number of myofibril fragments. Another more widely used
method for determining the amount of fragmentation that has occurred
in the myofibril involves measuring the change in the turbidity at 540
nm. As the length of the postmortem aging time increases so does the
turbidity of the sample (Olson et al., 1976; Culler et al.,, 1978). Several
researchers have shown that as the degree of fragmentation in the
native myofibrils increases so does the tenderness of the corresponding
cooked meat, so much so that a significant correlation has been
observed (Culler et al.,, 1978). These observations on the changes in
myofibrillar fragmentation values over increasing time postmortem
lend further credence to the idea that the degradation of Z-disc

structures is one of the major changes occurring during postmortem
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aging that weakens the myofibrillar structure and leads to increased
tenderness.

A few researchers have examined microscopically the changes
that occur in meat samples after cooking. Schmidt and Parrish (1971)
noted in electron microscopy studies that as meat was heated to
progressively higher temperatures greater shrinkage and degradation
of the myofibril occurred. At 60°C significant changes in the structure
of the myofibril occurred. Some of the more notable changes included
the loss of the M-line structure and the beginning of the disruption of
the thin filaments and the start of thick filament coagulation. At 70°C
they noted severe disruption of the thin filaments and coagulation of
the thick filaments. When they observed samples with light and phase
contrast microscopy, they saw that as temperatures increased from 50
to 90°C, the connective tissue fibers underwent shrinkage and
fragmentation. They also noted as temperature increased, the
myofibrils tended to shrink leading to the expression of fluid from the
tissue. They concluded that while heating to higher temperatures
should break down the connective tissue and cause an increase in
tenderness, cooking to high temperatures also coagulates and hardens
the myofibrillar proteins leading to a decrease in tenderness.

In order to more completely understand the processes that take
place during postmortem aging, one should first have an understanding
of exactly which structural elements or proteins are altered to allow

the gross changes in the characteristics of meat to occur. Many
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researchers have been engaged for several years trying to identify

these changes.
30,000-dalton component

In the search for clues to what structural changes affect the
postmortem tenderization of meat, several methods have been
employed. One of these methods is the application of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to the study of
the degradation of muscle proteins. Employing this method, Hay et al.
(1973) examined aged myofibrils from chicken. They noted the
appearance of a band in the molecular weight range of 30,000 daltons
that appeared at 48 hours postmortem and increased in intensity as
the aging period progressed. Samejima. et al. (1976) also reported
observing a 30,000-dalton band in the myofibrils of chicken breast
muscles that increased in intensity with time. Penny (1974) reported
finding a 30,000-dalton band in preparations of bovine myofibrils that
had been held for a minimum of 24 hours. Later, Olson et al. (1977)
observed that troponin T disappeared from SDS-PAGE gels of myofibrils
from bovine longissimus and semitendinosis muscles after postmortem
storage at 25°C. Along with the disappearance of troponin T, they
noted the appéarance of a 30,000-dalton component. The appearance
of this component appeared to coincide with the disappearance of
troponin T in the same samples. They also noted that total activity of

the protease calcium activated factor (CAF) was high in longissimus and
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semitendinosus muscles. In order to determine a relationship between
these observations, they incubated purified CAF with purified
preparations of troponin T. | They discovered that this incubation
resulted in the degradation of troponin T to a 30,000-dalton
component, suggesting that the 30,000-dalton component arises from
the action of CAF on troponin T.

Olson and Parrish (1977) examined myofibril samples from
bovine longissimus muscle using several methods to determine relative
differences in tenderness. One method they used was the myofibril -
fragmentation index (MFI). MFI is a procedure Whereby the amount of
breakage or fragmentation of myofibrils in suspension is quantitated
by measuring the light absorbance of a suspension of myofibrils at 540
nm. Samples that are more turbid would contain more small pieces or
fragments than would less turbid samples with the same protein
concentration. Therefore, those samples with a greater absorbance
would be expected to be more fragmented (Olson et al., 1976). MFI
has been shown to coincide with Warner-Bratzler shear values and is
related to the tenderness of the sample (Culler et al., 1978). Olson and
Parrish (1977) showed that the intensity of the 30,000-dalton
component and the degradation of troponin T paralleled the Warner-
Bratzler shear force values and the sensory tenderness scores for
samples from both A and C maturity carcasses. Those samples in their
study that showed the presence of the 30,000-dalton component and
the corresponding absence of troponin T also had high MFI values and

sensory tenderness scores as well as low Warner-Bratzler shear values.
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Conversly, those samples in their study that were less tender (based on
MFI values, Warner-Bratzler shear force values and sensory scores)
exhibited less degradation of troponin T and had less intense 30,000-
dalton bands. They concluded that those muscles that were less tender
had less degradation of the myofibrillar proteins than did those that
were tender. This was evidenced by differences in the MFI values and
the relative differences in the intensities of the tfoponin T and the
30,000-dalton band. MacBride and Parrish (1977) showed that bovine
longissimus samples that were significantly more tender after one day
storage at 2°C exhibited the preseﬁce of the 30,000-dalton _band.
MacBride and Parrish (1977) showed that bovine longissimus samples
that were significantly more tender after one day storage at 2°C
exhibited the presence of the 30,000-dalton component, while those
samples designated as tough did not have the 30,000-dalton
component present at one day postmortem. This indicated to them that
even at one day postmortem, significant differences in the degradation
of myofibrillar proteins can be detected between tough and tender
meat samples.

In summary, much has been learned about the relationship
between the 30,000-dalton component, the degradation of myofibrillar
proteins and the tenderness/toughness of bovine longissimus samples.
First, the 30,000-dalton component appears as time postmortem
increases and its appearance seems to be related to increased
tenderness. Secondly, CAF appears to play a role in the appearance of

the 30,000-dalton component by degrading troponin T (Olson et al.,
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1976; Olson and Parrish, 1977; Olson et al. 1977; MacBride and Parrish,
1977). Based upon this evidence, MacBride and Parrish (1977)
suggested that the term “myofibril fragmentation tenderness” be used
to describe the increase in tenderness that occurs as the 30,000-dalton
component increases in intensity and as the myofibril is concurrently

fragmented at the Z-disc.
Proteolytic enzymes

The main building blbcks of the majority of the animal kingdom
are proteins. In order for an organism to achieve growth and
maintenance, these building blocks must be continually broken down
and resynthesized. This process is accomplished by a specific class of
proteins collectively known as proteolytic- enzymes. These enzymes are
responsible for the hydrolysis or breakdown of proteins into their
constituent amino acids (Whitaker, 1972).

In a review of the subject of proteolytic enzymes Asghar and
Bhatti (1987) described five basic types of reactions that can be
catalyzed by proteinases. These included: a) cleaving of a peptide
bond, b) cleavage of the amide bond, c) synthesis of a peptide bond and
transpeptidation, d) cleaving of the ester bond of amino acids and e)
the exchange of oxygen between water and carbonyl group of amino
acids.

The vmajority of the proteolytic enzymes in mammals are found in

the organs (e.g., liver, spleen, kidney etc.). However, certain proteolytic
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enzymes are also fbund to exist in muscle, although when compared to
organs such as the liver, their activity is much lower. These enzymes
appear to be involved in protein turnover and to the tenderizing
process that takes place during the postmortem aging of beef (Asghar
and Bhatti, 1987)

In muscle tissue, the proteases are generally classified into three
categories which are determined for the most part by the optimum pH
of the enzyme. These categories of enzymes include the neutral
proteases, the alkaline proteases and the cathepsins or acidic proteases.
The first two classes, the neutral and alkaline proteases are thought to
be found throughout the  sarcoplasm, while the catheptic enzymes are
generally located in the muscle lysosomes (Bandman, 1987).

The alkaline proteases are those proteasés whose optimum
activity is in the pH range of approximately 8.0 or higher. Since this
range is considerably higher than the ultimate pH of most normal meat
products (pH 5.5) their ability to affect the characteristics of meat
postmortem is expected to be rather limited. One of the proteases that
falls into this category is alkaline protease which has a pH optimum of
8.5 to 9.0 and was first purified from rat skeletal muscle (Koszalka and
Miller, 1960). Muscle alkaline protease is another protease that has
been described. Its pH optimum is in the range of 9.5 to 10.5 and it is
stable at temperatures up to 47°C (Noguchi and Kandatsu, 1976).

The acidic proteases are a class of proteases that have received a
significant amount of attention over the years. These proteases, often

known as cathepsins are the most active in the lower pH ranges. The
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cathepsins that are the most studied are the cathepsins B, C, D and L.
Although the cathepsins are all generally thought of as lysosomal
enzymes, they seem to have widely different substrate specificities
(Canonico and Bird, 1970). Briefly the major characteristics of the
cathepsins are described below. Cathepsins B and C have been shown
to split myosin and actin (Bandman, 1987). Cathepsin L degrades actin,
myosin, a-actinin, troponin and tropomyosin (Okitani et al., 1980).

Cathepsin D is another lysosomal protease that has been foun