POSTMORTEM DEGRADATION
OF MUSCLE PROTEINS

%7/

Role of the Neutral Proteinases in Postmortem
Muscle Protein Degradation and Meat Tenderness

Introduction

Consumers consider tenderness to be the single most
important component of meat quality. Recently, it has finally
become clear that a lack of consistency in meat tenderness
is one of the main problems facing the meat industry (Mor-
gan et al., 1991b; Smith, 1992). A West coast supermarket
chain (annual beef sales of $130 million) requests that its
customers return any meat purchased, if they are not satis-
fied. Over the last 3 years, customers have returned meat
valued at $364,000/year, of which $286,000 (i.e., 78%) were
related to inadequate or inconsistent beef tenderness, even
after blade tenderization (Morgan, 1892). The magnitude of
the tenderness problem is realized when one considers the
following facts as stated by Wilks (1992), “Data reveal that:
a) only one-tenth of one percent of tough, dry or bland
steaks are returned for replacement or to get money back,
b) for every one complaint that is vocalized, ten complaints
are never heard, and ¢) most consumers who have such ex-
periences don’'t complain—they just don’t return.” Addition-
ally, consumers are aiso demanding meat with a minimal
quantity of visible fat. To satisfy this consumer demand, re-
tailers have begun to trim excess fat. Clearly, this practice
contributes to inefficient production and, therefore, meth-
ods of producing lean carcasses is an intensive area of re-
search. In many cases, lean carcasses are produced at the
expense of tenderness (such as dietary administration of
some B-adrenergic agonist) or inconsistent meat tenderness
(intact male; Field, 1971; Seideman et al., 1982;
Koohmaraie, 1988a). Therefore, it is important to identify
factors regulating meat tenderness so that methodology can
be developed to manipulate the process advantageousty.
Such methodology may also be used to supplement the cur-
rent U.S. quality grading system which is based primarily
on the quantity of intramuscular fat. The inability of mar-
bling to explain a large portion of total variation in tender-
ness is well documented (for review, see Parrish, 1974).

Of all the observed variation in meat tenderness
(obtained from animals of similar age), approximately 15% is
explained by differences in marbling and connective tissue. |
pelieve that differences in postmortem events that lead to
improvement in meat tenderness probably explain the ma-:
lority, if not all, of the 85% of the variation in tenderness not
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The rate and extent of postmortem tenderization in beef (#1, from
Koohmaraie et al., 1987); different species (#2, from Koohmaraie et
al., 1991a); bulls and steers (#3, from Morgan et al., 1992); Bos
indicus and Bos taurus cattle (#4, from Whipple et al., 1990); lambs
fed B-adrenergic agonist, L644,969 (#S, from Koohmaraie et al.,
1991b); and control and lamb carcasses infused with zinc chloride
(#6, from Koohmaraie, 1990).

accounted for (Figure 1). It is for this reason that we have
studied and continue to study the mechanism of meat ten-
derization during postmortem storage (for review, see
Koohmaraie, 1988b, 1992a,b).

The objective of this manuscript is to discuss the role of
neutral proteinases in postmortem protein degradation and
meat tenderness.

Postmortem Changes in Skeletal Muscle

Because postmortem changes in skeletal muscie were
the subject of a previous speaker (Bandman, 1982), only
key postmortem changes relevant to this manuscript will be
discussed. During postmortem storage of carcasses, nu-
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merous changes occur in skeletal muscle (for information

on original source, see Goll et al. 1983a; Koohmaraie,

1988b, 1992a), some of which result in the loss of tissue in-
tegrity, which is translated into the improvement in meat
tenderness. These changes include: 1) Z-disk weakening
and/or degradation which leads to fragmentation of myofib-
rils; 2) degradation of desmin which leads to fragmentation
of myofibrils, probably through disruption of transverse
crosslinking between myofibrils; 3) degradation of titin
(speculatively, degradation of titin would improve meat ten-
derness due to loss of tensile strength of myofibrils); 4)
degradation of nebulin (because of the location of nebulin
in the myofibrils [I-band], it is not clear how nebulin degra-
dation will affect meat tenderness); 5) disappearance of
troponin-T and simultaneous appearance of polypeptides
with molecuiar weight of 28 to 32 (because of the location
of troponin-T in myofibrils [i.e., I-band], it is doubtful that
degradation of troponin-T by itself will have a direct effect
on meat tenderness); however, these changes [i.e., the dis-
" appearance of troponin-T and appearance of 28 to 32 kDa
polypeptides] seem to be good indicators of the extent of
postmortem proteolysis); 6) appearance of a polypeptide
with a molecular weight of 95 (neither the origin nor its sig-
nificance to meat tenderness is known); and 7) perhaps the
most important observation is that the major contractile pro-
teins (myosin and actin) are not affected. One of the impor-
tant changes that occurs in the tissue is the ease of frag-
mentation of myofibrils under controlled homogenization,
which does not occur in unaged tissue (Davey and Gilbert,
1969). The extent of myofibril fragmentation is now rou-
tinely measured by a number of laboratories and is called
myofibril fragmentation index (MFI). Speculatively, the
weakening and/or degradation of Z-disks and degradation
of desmin (and probably degradation of titin) are responsible
for the increased fragility of myofibrils during postmortem
storage.

Experimental Evidence Supporting
Proteolysis Theory

Because all of the above changes are due to proteolytic
action, proteinases indigenous to skeletal muscle cells must
have a major role in the regulation of these changes and ul-
timate meat tenderness. There is substantial evidence indi-
cating that the rate and extent of postmortem proteolysis
are the principal causes of the observed variation in meat
tenderness. Some of this evidence inciudes: 1) differences
in the rate of muscle protein degradation are probably the
reason for differences in the rate of postmortem tenderiza-
tion in meat from pork, ltamb and beef carcasses
{Koohmaraie et al., 1991a); 2) infusion of carcasses with
zinc chioride, which is a potent inhibitor of several classes
of proteinases, prevents postmortem proteolysis and the
tenderization process (Koohmaraie, 1990); 3) of ail the pa-
rameters that are thought to affect meat tenderness, re-
duced rate and extent of postmortem proteolysis is the
principal reason for the tenderness differences of meat from
Bos taurus and Bos indicus breeds of cattle (Wheeler et al.,
1990; Whipple et al., 1990; Shackelford et al., 1991); 4) nei-
ther detectable postmortem proteolysis nor meat tender-
ization occurs in muscle from carcasses of animals (lamb
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and beef) fed some B-adrenergic agonists (Fiems et al,,
1990; Kretchmar et al., 1990; Koohmaraie and Shackelford,
1991; Koohmaraie et al., 1991b; Pringle et al., 1992;
Wheeter and Koohmaraie, 1992); 5) incubation of muscle
slices with calcium chloride induces Z-disk degradation, my-
ofibril fragmentation (Busch et al., 1972; Koohmaraie et al.,
1988a) and degradation of myofibrillar proteins
(Koohmaraie, 1988a); 6) incubation of muscle slices with
calcium chelators (EDTA or EGTA) prevents Z-disk degra-
dation, myofibril fragmentation (Busch et al., 1972;
Koohmaraie et al., 1988a) and degradation of myofibrillar
proteins (Koohmaraie et al., 1988a); 7) infusion of lamb car-
casses with calcium chloride accelerates postmortem pro-
teolysis and tenderization (Koohmaraie et al., 1988b;
Koohmaraie et al., 1989; Koohmaraie and Shackeiford,
1991; St. Angelo et al., 1991); and 8) differences in tender-
ness of meat obtained from intact and castrated males are
probably due to differences in the rate and extent of post-
mortem proteolysis (Morgan et al., 1992).

Proteinases Involved in Postmortem
Proteolysis

Skeletal muscle contains numerous proteinases; how-
ever, because of their ability to degrade myofibrillar pro-
teins, two proteolytic systems have received considerable
attention. These include the iysosomal cathepsins and the
calpain proteolytic system. Recently, this list has been ex-
panded to inciude the muiticatalytic proteinase complex
(MCP). Because the lysosomal proteinases were discussed
by a previous speaker (Zeece, 1992), the focus of this man-
uscript will be on the neutral proteinases which include both
calpains and MCP. | shall first discuss the biochemical prop-
erties of each of these proteolytic systems and then, using
current experimental data, examine their possible roles in
postmortem muscle protein degradation.

Biochemical Properties of the
Calpain Proteolytic System

The first report documenting the existence of calpain is
perhaps that of Guroff (1964) who reported the existence
of a calcium- and suifhydryl-dependent proteinase from rat
brain. Meyer et al. (1964) reported the existence of a similar
proteinase in skeletal muscle and it was later purified from
porcine skeletal muscle by Dayton et al. (1976a,b). Since
then, calpains have been shown to exist in a wide variety
of cells, tissues and species. The following paragraphs will
summarize some of the key characteristics of this prote-
olytic system. The sources for this information are reviews
written on calpain (Goll et al., 1983a,b, 1985, 1986, 1989,
1992; Mellgren, 1987; Murachi, 1983, 1984, 1989; Murachi
et al., 1981a,b; Pontremoli and Melioni, 1986; Suzuki, 1987,
Suzuki et al., 1987; Croall and DeMartino, 1991). Original
information sources will be given only when the subject has
not been addressed in these review articles.

The calpain proteolytic system has been called by a va-
riety of names including kinase activating factor (KAF), cal-
cium-activated factor (CAF), calcium-activated neutral pro-
tease (CANP), calcium-dependent suithydryl protease
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(CDSP) and calcium-dependent protease (CDP). it is now

generally accepted to be called “calpain” by the Interna- .

tional Union of Biochemistry (EC 3.4.22.17). The calpain
proteolytic system consists of p-calpain (the form of the
proteinase active at micromolar concentration of calcium,
thus p-caipain), m-calpain (the form of the proteinase ac-
tive at millimolar concentration, thus called m-calpain), cal-
pastatin (a protein that specifically inhibits both forms of
calpain at their respective calcium concentration required
for proteolytic activity) and an activator (a protein that
greatly enhances calpain activity).

Skeletal muscle calpains (both u- and m-calpain) have a
molecular weight of about 110 kDa under non-denaturing gel
electrophoresis (PAGE) which is dissociated to two subunits
with molecular weight of 80 kDa and 30 kDa, by SDS-PAGE.
The large subunit which is different, though homologous,
between p- and m-calpain is the catalytic subunit. The large
subunit consists of four domains. Domain I has been as-
signed as the catalytic subunit because of its amino acid
sequence identity to other sulthydryl proteinases such as
papain. Within domain il, cysteine-108 and histidine-265 are
considered to be reactive amino acids. Domain 1V is the cal-
cium binding subunit because of its amino acid sequence
identity to other calcium binding proteins such as calmod-
ulin and troponin C. The function of domain | (the N termi-
nus) and [lI (the C terminus) is not known at the present.
cDNA for the large subunit of both p- and m-calpain has
been cloned and sequenced. These results indicate that al-
though there is similarity in nucleotide sequence, the large
subunit of u- and m-calpain are clearly different gene prod-
ucts. The small subunit, which is identical in both forms, is
the regulatory subunit of the proteinase.

One of the important and well characterized properties
of calpains is their susceptibility to calcium-induced auto-
proteolysis. Prolonged exposure to sutficient calcium
results in the loss of proteolytic activity and ultimate de-
struction of the enzyme. As a result of autoproteolysis, both
the 80 kDa and 30 kDa subunits are degraded to produce
polypeptides with molecular mass ranging in size from
78 kDa to 18 kDa. The autolysis and subsequent ioss of
proteolytic activity of calpains is highly dependent on the
presence of substrate, pH and temperature. The rate of
autolysis and subsequent loss of proteolytic activity is
decreased by the presence of substrate (Figure 2), de-
creasing temperature and increasing pH (Koohmaraie,
1992¢). Autoproteolysis is one of the major factors that
regulates the activity of the y calpain under postmortem
conditions (Koohmaraie, 1992¢). Though autolysis of u and
m-caipain is similar for the most part, it differs in one
significant way. Autolysis of i calpain is an intermolecular
process (i.e., each u calpain will degrade its neighboring
u-calpain molecules but not itself) and, therefore, autolysis
will not go to completion. As a result, even after extensive
autolysis either in situ or in vitro, some p-calpain activity
will remain. On the other hand, because autolysis of m-cal-
pain is both an inter- and intramolecular process (i.e., each
m-calpain molecule will degrade itself and neighboring m-
Calpain molecules), autolysis of m-caipain proceeds to com-
pletion. As a result, after extensive autolysis, no m-calpain
activity can be detected (Figure 3).
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Time course of bovine skeletal muscle p-calpain autolysis
in the absence (top) and presence (bottom; 900 ug of ca-
sein) of substrate at pH 7.0 and 25°C. Autolysis was done in
40 mM Tris-acetate, pH 7.0, 0.5 mM EDTA, 10 mM MCE
with 1.58 mg/mi purified p-calpain. Tubes were preincubated
at 25°C for 10 min and then the reaction was initiated with
the addition of 3.8 mM CaCl,. The zero h samples were re-
moved prior to the addition of CaCl,. At indicated times, af-
ter vortexing an aliquot of the reaction was removed and
immediately mixed with equal volume of protein denaturing
buffer (to stop the reaction) protein denaturing buffer and
heated in a boiling water bath for 5 min, cooled to room tem-
perature and then electrophoresed on a 12.5% polyacry-
lamide gel. Lane 1 is standard which consisted of Rabbit
muscle phosphorylase b (97.4 kDa), Bovine serum albumin
(66.2 kDa), Hen egg white ovalbumin (45.0 kDa), Bovine
carbonic anhydrase (31 kDa), Soybean trypsin inhibitor
(21.5 kDa) and Hen egg white lysozyme (14.4 kDa).
{(Koohmaraie, unpublished data)
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Figure 3
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Effect of autolysis at pH 7.0 and 5°C on the proteolytic activity of
bovine skeletal muscle p-caipain (top) and m-caipain (bottom). For
details see Figure 1. From Koohmaraie (1992c).

All cells that contain calpain also contain calpastatin, al-
though the ratio of calpains to calpastatin varies from cell to
cell. In skeletal muscle, this ratio is species dependent. The
ratio of calpastatin:p-calpain + m-calpain is approximately
2.0 in bovine, 1.2 in ovine and 0.7 in porcine skeletal muscle
(Koohmaraie et al., 1991a). Calpastatin inhibits the activity

" of u- and m-calpain at the respective caicium concentration
required for catalytic activity and has no inhibitory effect on
any other known proteinase. There has been considerable
confusion regarding the molecular weight of calpastatin.
The molecular weight of calpastatin is reported to be be-
tween 68 and 400 kDa. In meat animals (sheep, pigs, and
cattle), we routinely isolate calpastatin with the molecular
weight of 68 kDa (Kendall et al., 1992; Kochmaraie, 1992c).
Calpastatin is an unusual protein, in that it is highly suscep-
tible to proteolysis while in the tissue. It has been proposed
that one of the major reasons for the large variation in mol-
ecular weight of calpastatin is its degradation during ex-
traction from the tissue. However, once isolated, it is very
stable. For example, heating even at boiling temperature or
SDS does not affect its activity.

In addition to calpastatin, there is some evidence indi-
cating that calpains are also regulated by an activator pro-
tein (DeMartino and Blumenthal, 1982; Takeyama et al.,
1986; Pontremoli et al., 1988, 1990; Shiba et al., 19982). The
first report of the existence of a calpain activator is that of
DeMartino and Blumenthal (1982), who discovered it in ex-
periments designed 10 examine the possible effects of
calmodutin on the calpains. These so-called calpain activa-
tors isolated from various sources have different properties
and characteristics and, therefore, the field of calpain acti-
vators (endogenous proteins) is not well understood.

Subceliular localization studies indicate that both p- and
m-calpain and calpastatin are present throughout muscle
cells, including nuclei and mitochondria, but they are local-
ized at high concentrations at the Z-disk region {(Kumamoto
et al,, 1992).
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Figure 4
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SDS-Polyacrylamide gel electrophoresis (PAGE) (C) and nondena-
turing PAGE (D) analysis ovine skeletal muscle muiticatalytic pro-
teinase complex. Lane A is the molecular weight standards con-
sisting of rabbit muscle phosphorylase b (97.4 kDa), bovine serum
albumin (66.2 kDa), hen egg white ovalbumin (45.0 kDa), bovine
carbonic anhydrase (31 kDa), soybean trypsin inhibitor (21.5 kDa)

and hen egg white lysozyme (14.4 kDa). From Koohmaraie
(1992d).

Biochemical Properties of the
Multicatalyic Proteinase Complex

The muiticatalytic proteinase complex (MCP) was first
isolated from the bovine pituitary (Orlowski and Wilk, 1981)
and, subsequently, purified from a number of mammalian
tissues. All indications are that MCP is also a ubiquitous
proteinase, found in every species and cell type examined
from archaebacterium to man. The following paragraphs wiil
summarize key characteristics of this proteolytic system.
The sources for this information are recent reviews on MCP
(Rivett, 1989; Orlowski, 1990). Original information sources
will be given only when the subject has not been addressed
in these review articlies.

The proteinase complex has been referred to by a vari-
ety of names, some of which include high-molecuiar-weight
protease, high-molecular-weight cysteine proteinase, latent
alkaline multifunctional proteinase, macropain, multicat-
alytic proteinase, proteasome, 700-kDa multisubunit pro-
teinase and 20S protease. However, there is now a general
agreement to call it MCP. Though its function is not known,
it is proposed to play a significant role in nonlysosomal pro-
tein turnover. It has also been hypothesized that it could be
involved in the degradation of muscle proteins (Goll et al.,
1989). :

MCP is a nonlysosomal proteinase with a native molec-
ular weight of about 650 to 700 kDa. It is composed of a
series of low molecular weight, nonidentical subunits.
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Electron microscopy of MCP from different sources has in-
dicated similar cylinder-shape particles with dimensions of
about 15 by 11 nm. Recently, a significant number of these
subunits have been cloned and sequenced. These results
indicate that none of the MCP subunits has any sequence
identity to any known proteinase. Furthermore, while the
MCP subunits are homologous to one another, they are
clearly the product of different but homologous genes.
Therefore, the components of MCP are distinct subunits of
the large complex rather than products of autodigestion
(Lee et al., 1990; DeMartino et al., 1991).

When isolated from tissues, MCP does not exhibit pro-
teolytic activity, but can be activated by heat, polylysine,
pre-treatment with low concentrations of SDS, and dialysis
against water. The proteinase complex was first recognized
as “multicatalytic” by Wilk and Orlowski (1980, 1981), be-
cause multiple synthetic substrates were degraded. These
activities include: trypsin-like (cleavage on the carboxyl side
of basic residues), chymotrysin-like (cleavage on the car-
boxyl side of hydrophobic residues), and peptidylgiutamyi-
peptide hydroiyzing (cleavage of the carboxy! side of the
glutamyl residues) activity (Orlowski, 1990). Examination of
the effect of SDS on proteolysis has indicated that the main
component responsible for degradation of protein is the pep-
tidylglutamyl-peptide hydrolyzing activity (Orlowski and
Nichaud, 1989).

Recently, a protein inhibitor of MCP was isolated from
bovine red blood cells (Ma et al., 1992b). This inhibitor
appears to be specific for MCP because it had no effect on
other proteinases tested. Also, a protein activator of MCP
has been isolated from human red blood cells (Fagan and
Waxman, 1992) and bovine red blood cells and bovine heart
(Ma et al., 1992a). Though it is not clear how MCP activity
is regulated, it seems plausible that its activity is regulated
by these proteins (inhibitor and activator) and possibly by
other factors yet to be identified.

Because MCP has been hypothesized to be involved in
the regulation of muscle protein degradation and because of
the lack of knowledge regarding its potential involvement in
postmortem proteolyis, we have recently (Koohmaraie,
1992d) purified and characterized MCP from ovine skeletal
muscle. All indications are that MCP from ovine skeletal
muscle is similar, if not identical, to MCP from other
sources. Some of the characteristics of ovine skeletal mus-
cle MCP are: 1) molecular mass of about 600 kKDa as deter-
mined by chromatography on Sephacyl S-300, which disso-
ciates into a series of low molecular weight polypeptides
ranging in molecular masses from 21 to 31 kDa; 2) it has
no proteolytic activity as isolated from tissue, but it can be
reversibly activated by heating at 60°C and with pre-treat-
ment with a low concentration of SDS; 3) maximum prote-
olytic activity is observed at pH 7.5 to 8.0 and 45°C and it
retains about 2% of its maximum activity at 5°C and pH 7.5
and about 22% of its maximum activity at pH 5.5 and 45°C;
4) calcium chioride has no effect on its proteoiytic activity;
and 5) using radiolabeled casein as a substrate, the spe-
cific activities of u-, m-calpain and MCP were 44.0, 59.7 and
2.0 (mg casein degraded/mg proteinase), respectively.

As yet, the subcellular location of MCP in skeletal muscle
has not been determined. However, based on immunoreac-
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tivity after subcellular fractionation, Tanaka et al. (1986) re-
ported that in rat liver MCP was largely-(83%) found in the
cytosolic fraction.

Experimental Evidence Indicating that Calpains
are Probably Responsibie for Postmortem
Proteolysis that Results in Tenderization

As mentioned before, proteinases must have the follow-
ing characteristics to be considered as possible candidates
in causing postmortem muscle protein degradation
(Koohmaraie, 1988b}): 1) be located within the skeletal mus-
cle cell; 2) have access to the substrate, i.e., myofibrils; and
3) have the ability to degrade similar proteins that are de-
graded in muscle during postmortem storage. Of the three
proteolytic systems that have the potential to be involved
in postmortem tenderization, the calpain proteolytic system
is the only one that has all of the above characteristics.

Although MCP is localized within skeietal muscle cells, it
cannot degrade myofibrillar proteins (Koohmaraie, 1992d).
Of all of the myofibrillar proteins, troponin-C and myosin
light chains-2 and -3 were the only proteins degraded by
MCP and it had no detectable effect on the morphology of
myofibrils (Koohmaraie, 1992d). Therefore, MCP does not
appear to have a direct role in the tenderization process.
However, MCP might have an indirect role by acting as a
regulator of the proteolytic system involved in the
tenderization.

In contrast to MCP, substantial experimental data exist
that support a direct role for the calpain proteciytic system
in bringing about postmortem changes resuiting in meat
tenderization. The calpains: 1) are located within skeletal
muscle cells; 2) are localized on the myofibril structures that
are affected during postmortem storage (dispersed
throughout myofibrils and highest concentration is found on
the Z-disks; Kumamoto et al., 1992); and 3) have the ability
to precisely reproduce postmortem changes in myofibrils
under in-vitro conditions. The experimental data in support
of the role of calpains have been analyzed in detail else-
where (Koohmaraie, 1988b, 1992a,b).

Resuits of several experiments had convinced us that
calpains are the primary enzyme systems responsible for
postmortem meat tenderization (particularly Keohmaraie et
al., 1988a). To test the validity of our hypothesis, we infused
lamb carcasses with calcium chloride to increase intracel-
lular concentration of calcium to activate the calpains
(Koohmaraie et al., 1988b). Resuits supported our hypothe-
sis in that maximum postmortem tenderization occurred in
the first 24 hours of postmortem storage. Since then, the
effectiveness of this method (caicium chloride acceleration
of postmortem tenderization) has been examined under a
variety of conditions and the process has consistently pro-
duced tender meat regardless of animal source (Table 1).
Moreover, we have recently demonstrated that caicium
chloride injection at 24 hour postmortem tenderizes mea:
as effectively as injection at 0 hour (Wheeler et al., 1992).

There are some important characteristics of the calcium
chloride infusion/injection that deserve notation: 1) maxi-
mum tenderness value is obtained in the first 24 hours c-
postmortem storage; 2) it consistently produces uniformi,
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Table 1. Effect of Calcium Chloride Infusion/injection Warner-Bratzler Shear Value.

Control Calcium Chloride

Treat- Days post-slaughter Days post-siaughter

Species Muscle ment 1 7 14 1 7 14

Koohmaraie et al. (1988b) Lamb LD None 76 46 — 3.6 2.7 —
Koohmaraie et al. (1989) Lamb LD None 103 86 — 3.4 3.0 —_
Koohmaraie et al. (1989) Lamb LD None 89 63 — 4.4 4.1 —
Koohmaraie et al. (1990) Lamb LD None 89 54 — 4.1 3.5 —
Koohmaraie et al. (1990) Lamb LD None 90 -— 62 6.0 —_ 5.0
St. Angelo et al. (1991) Lamb LD None 83 53 — 3.3 3.8 —
Koohmaraie and Shackelford (1991) Lamb LD None 10,0 7.7 6.9 3.0 3.1 2.7
Koohmaraie and Shackelford (1991) Lamb LD BAA 114 96 941 6.0. 6.0 5.2
Wheeler et al. (1991) Beef SM HT 89 85 73 3.7 3.2 3.2
Wheeler et al. (1991) Beef BF HT 64 55 49 3.7 3.3 3.7
Wheeler et al. (1991) Beef BF None 56 46 46 3.6 3.8 3.3
Wheeler et al. (1992) Beef LD None 84 72 — - 2.8 —
Morgan et al. (1991a) Cow LD None 89 75 64 4.2 3.7 3.7
Morgan et al. (1991a) Cow GM  None 98 72 69 3.7 4.1 4.1
Morgan et al. (1991a) Cow SM None 96 72 69 6.0 6.2 6.0

LD=Longissimus dorsi; BF=Biceps femoris; SM=Semimembranosus; GM=Gluteus medius; BAA=B-adrenergic agonist;

HT=Hot-boned.

tender meat; 3) because of the unique built-in control (auto-
proteolysis of calpains in the presence of calcium; for de-
tail see Koohmaraie, 1992b), meat is never over-tenderized
as with other proteases (e.g., papain); 4) because calcium
accelerates the rate of glycolysis (shortly after caicium chlo-
ride infusion or injection of prerigor meat, the rigor process
as determined by pH is completed), the process can easily
be applied to hot-boning (Wheeler et al., 1991) which has tra-

- ditionally been considered as a means of decreasing energy
and labor costs associated with chilling and fabricating car-
casses; and 5) from a nutritional point of view, this process
could be used as method of increasing calcium intake. The
importance of calcium in the human diet is well recognized
(Heaney, 1992). in fact, Heaney and Barger-Lux (1991) sug-
gested that caicium fortification of processed meat, because
meat is widely consumed, is one of the best methods of in-
creasing calcium intake in the human population.

Although the process was developed (see Koohmaraie,
1988b, 1992a,b) to accelerate. the postmortem tenderiza-
tion process by activating calpains, we do not know the pre-
cise mechanism(s) through which caicium chioride infusion
or injection accelerates postmortem events leading to meat
tenderization. Undoubtedly, mechanisms other than the
activation of calpains are involved. However, there are sev-
eral fines of evidence suggesting that the primary mode of
action of calcium, whether from exogenous (calcium injec-
tion or infusion) or endogenous (sarcoplasmic reticulum and
mitochondria) sources, is through activation of calpains
(Table 2).

Regardless of the mechanism of action, calcium chioride
infusion or injection has the potential to have a significant
impact on the meat industry. The usefulness of this process
will depend on successful modification to allow practical ap-
plication by the meat industry. We are now in the process of
addressing some of these issues such as time of treatment
(prerigor vs. postrigor), volume and concentration of calcium
chioride, effect on tean color and meat microflora, and flavor
profiling.

Future Directions

The recently completed National Tenderness Survey and
National Beef Quality Audit has clearly demonstrated that
excess fat and inconsistent tenderness are the major
problems facing the beef industry. The major cause of the
tenderness problem is our inability to consistently produce
tender meat compounded by our inability to accurately sort
carcasses based on their tenderness values prior to con-
sumption. This is perhaps the best demonstration of the
need to improve our methodology so that carcasses pro-
ducing tough meat can be identified. it is sobering to realize
that the only time we actually know the tenderness value of
the meat we produce is when it is eaten. For this reason,
until recently, lack of tenderness or inconsistency of ten-
derness was not recognized as a problem. The problem is
compounded by the fact that only 0.1% of the dissatisfied
consumers actually return meat for replacement or refund
(Wilks, 1992). We must, therefore, develop the ability to pre-
dict meat tenderness before it is purchased by the con-
sumer. This new method should be an objective method
that is directly related to meat tenderness. This approach
necessitates a thorough understanding of the factors regu-
lating meat tenderness. Over the last several decades,
numerous factors have been proposed to be involved in the
determination of meat tenderness which include: rate of pH
and temperature decline, amount and quality (crosslinking)
of collagen, sarcomere length, iohic strength and post-
mortem proteolysis. If we restrict ourselves to one muscle
(e.g., longissimus muscle, because of its economical value)
and a constant age, then | believe the rate and extent of
postmortem proteolysis is most important of all. Moreover, |
speculate that other factors such as ionic strength and the
rate of pH and temperature decline exert their influence on
postmortem proteolysis and meat tenderness through the
calpain proteolytic system. In fact, some of our recent data
suggest that pH and temperature have a profound effect on
the rate of inactivation of p-calpain (Koohmaraie, 1992c).
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Table 2. Some of the Experimental Data Indicating that Calcium Acts through
Activation of the Calpains. -

. Incubation of muscle slices with calcium chloride induces proteolysis of myofibrillar proteins, fragmen-
tation and activates calpains (Koohmaraie et al., 1988a). However, incubation of muscle slices with cal-
cium chelators (EDTA and EGTA) prevents proteolysis of myofibrillar proteins, myofibril fragmentation
and calpains activation (Koohmaraie et al., 1988a). Davey and Gilbert (1969) demonstrated that incuba-
tion of fiber pieces with EDTA prevented both weakening of lateral attachments and the disappearance
of Z-disks. Busch et al. (1972) demonstrated that myofibrils fragmentation and disappearance of Z-
disks were accelerated by incubating muscie slices with caicium chloride and both processes were in-
hibited by using EDTA instead of calcium chioride.

. When carcasses were infused with different concentrations of caicium chioride (75, 150 and 300 mM),
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acceleration of meat tenderness occurred only at the concentration which activated calpains

(Koohmaraie et al., 1989).

3. Alarcon-Rojo and Dransfield (1989) reported that the calcium chloride acceleration of postmortem ten-
derization was inhibited in the presence of inhibitors that are specific for calpains.

4. Infusion of carcasses with zinc chloride, which is a potent inhibitor of calpains, inhibited proteolysis of
myofibrillar proteins, myofibril fragmentation and tenderization during 14-day postmortem storage

(Koohmaraie, 1990).

5. Of the three proteolytic systems thought to be involved in postmortem proteolysis and tenderization,
only calpains are activated by calcium. Calcium has no effect on the multicatalytic proteinase complex
(Koohmaraie, 1992d) and has no stimulatory effect on the lysosomal proteinases. In fact at 10 mM,
calcium chloride inhibits the activity of cathepsin B by 39% (Barrett, 1973).

6. Muscle from animals fed B-adrenergic agonist does not undergo (or undergoes minimal) postmortem
proteolysis and produces tough meat. Lack of postmortem proteolysis and meat tenderization in BAA-
fed animals has been attributed to a reduction in the activity of the calpain proteolytic system (Fiems et
al., 1990; Wang and Beermann, 1988; Kretchmar et al., 1989, 1990, Koohmaraie and Shackelford,
1991, Koohmaraie et al., 1991b; Pringle et al., 1992; Wheeler and Koohmaraie, 1992). However, cal-
cium chloride infusion of carcasses from BAA-fed lambs induces activation of caipains, degradation of
myofibrillar proteins and meat tenderization (Koohmaraie and Shackelford, 1991).

Additional reasons for such speculations are discussed by
Koohmaraie (1992b).

As detailed in the previous section, current experimental
data suggest that the calpain proteolytic system is probably
the single most important proteolytic system directly
involved in postmortem proteolysis and improvement in
meat tenderness. Further support for our hypothesis
(Koohmaraie, 1988b, 1990, 1992a,b; Koohmaraie et al.,
1986, 1987, 1988a,b,c) has recently been reported by
Dransfield (1992). He reported that 68% of the variation in
meat toughness was accounted for by variation in the activ-
ity of u-calpain. We have, therefore, decided that under-
standing the regulation of calpain under postmortem
conditions (entirely different than in living muscle,

Koohmaraie, 1992a) is perhaps one of the key items of
knowledge required for the development of a method to pre-
dict meat quality.
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