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DOES PROTEOLYSIS CAUSE ALL POSTMORTEM TENDERIZATION, OR ARE
CHANGES IN THE ACTIN/MYOSIN INTERACT TON INVOLVED?

DARREL E. GOLL*, GERRIT H. GEESINK, RICHARD G. TAYLOR, and VALERY F. THOMPSON
Muscle Biology Group, University of Arizona, Tucson, Arizona 85721 UsS A

ABSTRACT

ing seTl.lls paper proposes two new hypotheses for the mechanisms that cause changes in toughness during postmortem aging: 1) the
ch nge i in toughness observed during the first 24-36 hr postmortem (the time depending on species, temperature, etc.) is caused by a
b e‘;the actin/myosin interaction from a weak-binding state to a strong-binding state; this increase in toughness may be accompanied
oe.) ig casgerbated by shortening; and 2) .the decrease in toughness that occurs after 24-36 hr postmortem (th'e time depgndmg on species,
rmed?d b)/.two factors; a) a w.eakemng. of the actin/myosin interaction; and b) calpain—md}lced proteolytic degrg(}atlon of costameres,
. 0 ate fllamems‘that constitute the intermyofibrillar linkages in muscle fibers, and of the attachments of titin and nebu}m to the
to remaino:ltrary to tl}e widely accepted conclusion that Z-disk degradation has an important role in postmortem tenderizatiop, Z-disks seem
Orage o 23‘21151 during postmortem storage. .Furthefmore, it is proposed that, in most situations, especxglly those involving postmortem
Strqures e C., changes in the ?ctm/myosm interaction have far larger effects on toughness than proteolysn‘s. Rec'em X-ray crystallogr.aphlc
b thactm and the' myosin cross—prldge have shown that myosin can make at least four contacts Yv.llh actin and t.hat changes in the
Nafype of th ese gontacts.ls associated with a weak (resting muscle) to strong (contracting muscle) transition. Changes in the number and
-my()fibril le actin/myosin contacts during postmortem storage are likely to have marked effect on muscle toughness. Rigor-shortened
s 4t eafh engthen after 36-72 hr postmortem; the Mg* -modified ATPase activity first increases by 30-80% and then df:creuscs back to
pos[mOrlemleVel, and th.e rate of s.uperprecipitation of reconstituted actomyosin suspensions is more rapid. il'l prcpafallons made frgm
SMorge muscle than in preparations from at-death muscle. Those observations suggest that the actin/myosin interaction (fhanges during
the inter m storage. Future research on the nature of the nucleotide bound to myosin in postmortem muscle and on the effect of ATP on
action of actin and myosin prepared from postmortem muscle may provide interesting new insights into postmortem tenderization.

Ll
Send .
*A re"‘}flufl‘ies to this author.
osp a:atlons ‘fsed are: AM, actomyosin; M, myosin, AM-ATP, AM-ADP-P, etc., ATP bound to actomyosin, ADP and inorganic
e resulting from hydrolysis bound to actomyosin, etc.; TM, tropomyosin; TN, troponin.

INTRODUCTION

hypo heRathef than attempting a comprehensive review of the vast Jiterature on postmortem tenderization, this article will present two new
d‘“ing t}sles concerning the mechanisms that cause changes in toughness during postmortem aging: 1) that the increase in toughness observed
State Sim% first 24 -36 hr postmortem is caused by a change in the nature of the actin/myosin interaction from a weak to a strong binding
ffxacer}:,a:;:iI to that now known to occur during muscle contraction; that this increase may be accompanied by and be significantly
Nerease 1 by shortening; and that the actin/myosin interaction changes or weakens after 24 - 36 hr postmortem so that much of the
deg, eas In toughness caused by the strengthening of this interaction is now alleviated; and 2) that most of the proteolytically induced
I t}? In toughness that occurs after 24 - 36 hr postmortem results from calpain degradation of titin and nebulin at sites in the I band
% ee Z-disk and from calpain degradation of
Tes and intermediate filaments linking adjacent

¢
degg:]l:tr_es in the muscle fiber rather than from Z-disk
ag um, on per se. These two hypotheses are based in the s Sarcomere Length Shear Force
Kog ptlof} that the data published by Wheeler and 7(
Naraie (1994) accurately reflect the changes that 1 | \

r
(Rig, I tenderness during postmortem storage at 2 -4 °C
Pog. > Although the magnitude of these changes and time

ang a::tem at which they occur will vary among species 'f 0l \

iy, Mg animals within species. For example, in some s \

ingy, . Or in some muscles, the magnitude of the large 554 i

o7\ h:se in toughness, shown in Fig. 1 as occurring after & b

observedpommortem may be greater or less than that 4z 2N

LT by Wheeler and Koohmaraie. Similarly, in some 1 Sl b >

ten, eilis or in some muscles, the degree of postmortem
the VQF‘OH may be greater than that in Fig. 1. Despite

mo?:xationg, it seems likely that the general pattern of 7~ i ’ﬁﬁwﬂe
B oM changes in toughness follows that shown in AT
Tapidé 1) an initial increase in toughness followed by a
toughnecre.ase that matches or usually exceeds the initial ~ Fig. 1. Changes in Warner-Bratzler shear force values and sarcomere length of lamb
lq 5, eS8 increase, all of which occurs during the first  longissimus thoracic et lumborum muscle during postmortem storage. This figure

a : ;
YS postmortem, depending on species, muscle, and has been adapted from Wheeler and Koohmaraie shown (1994).
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other conditions; and then 2) a gradual decrease in toughness that extends for a period of 7 - 14 days postmortem.

Accepting this as the general pattern of postmortem changes in toughness the two central questions are: 1) what causes the increa®
in toughness during the first 24 - 36 hr postmortem? and 2) what causes the decrease in toughness after the first 24 - 36 hr postmorte
The answers to these questions, based on the two hypotheses listed at the beginning of this review, are summarized in Fig. 2 and 7
Although it is generally believed that postmortem shortening causes increased toughness and that proteolysis is responsible for postmc”'tef11
tenderization, the hypotheses summarized in Fig. 2 and 3 propose that as yet uncharacterized changes in the nature of the actin/myos’®
interaction have a significant role both in postmortem toughening and in the large decrease in toughness that occurs before 72 hr postmorteIrl
(Fig. 1). Also, although it is widely believed that proteolytic degradation of the Z-disk is responsible for postmortem tenderization, 1€¢€”
evidence indicates that proteolytic degradation of costameres, intermediate filaments, and titin and nebulin contribute substantially
postmortem tenderization (Robson et al., 1991; Taylor et al., 1995a). Some of the reasons for believing that factors other than sarcomer®
shortening or Z-degradation are important in postmortem toughening or tenderization, respectively, are summarized in the following t"°
sections.

WHAT CAUSES THE INCREASE IN TOUGHNESS DURING THE FIRST 24 - 36 HOURS POSTMORTEM?

Following the initial seminal observation that shortening has profound effects on toughness of excised muscle strips stored at different
temperatures (Marsh and Leet, 1966; Fig. 2), a number of groups reported that shortened sarcomere lengths were highly related to incr
muscle toughness (see Davis ez al., 1979; Herring et al., 1965, as examples). Other groups, however, found little relationship betwee®
sarcomere length and toughness (see Culler et al., 1978; Parrish et al., 1979, as examples). In a reexamination of this question, Sm“lfiers
et al. (1990) found instances where muscles having sarcomere lengths of 1.6 - 1.7 pm were among the most tender of the muscles exami? r
in 67 animals. In light of this data it is difficult to conclude that there is a direct causative relationship between sarcomere length
tenderness, and Smulders ef al., (1990) suggested that the rate of postmortem glycolysis (low pH at 3 hr postmortem) was a signific”
factor affecting the relationship between sarcomere length and muscle toughness. If the muscle pH was 6.3 or less at 3 hr postmortem (l'f‘,pl
postmortem glycolysis), the correlation between sarcomere length and panel tenderness was 0. 16 for the 48 animals tested. This observatio®
clearly shows that the increased toughness associated with shortened sarcomeres in some animals is not simply due to an increased M2
of myofibrillar protein per unit of cross sectional area, as is commonly supposed, but that some other factor(s) must be involved.
is this factor(s)?

at

{
The x-ray crystallographic structures of actin (Holmes et al ., 1990; Kabsch et al., 1990) and of the S1 head of myosin (Ra)’me:r
et al., 1993b) have now been determined, and the nature of the interaction between actin and myosin has been ascertained at the molect
level by combining the crystallographic structures with “low resolution” (30A) electron denisty maps of the actin/myosin complex

WHAT CAUSES THE INCREASE IN TOUGHNESS DURING THE FIRST 24-36 HOURS POSTMORTEM?

A. Changes in the Actin/Myosin Interaction. oW
1. The x-ray crystallographic structure of the myosin “head”, and reconstruction of this structure with the crystallographic structure of actin and ¢
resolution electron density maps of the actin/myosin complex (Rayment ef al., 1993a; 1993b) together with a variety of other evidence have show?
there are at least two states of the actin/myosin complex: 1) a weak-binding state; and 2) a strong-binding state. the

a.  The weak-binding state corresponds to the M ADP P; /actin state, and the strong-binding state, which is the force-producing state, corresponds t

M ADP/actin or M/actin state (Lehrer, 1994). AT
b. The high (1-5 mM) ATP and low (< 1uM) free Ca’* concentrations in living or at-death muscle disfavor the actin/myosin interaction. AS 2

concentration decreases and free intracellular Ca** concentration increases in postmortem muscle, the actin/myosin complex is formed and short

occurs to the extent allowed by the position of the muscle on the carcass. und
. Does the M'ADP P; /actin to M ADP/actin or M/actin transition occur during the first 24-36 hr postmortem? Does the nature of the nucleotide b0 36

to M change during postmortem storage and is this change related to tenderness? Is formation of the strong-binding complex reversed after 24 -

hr postmortem? 12

2. A number of experimental observations suggest that the actin/myosin interaction changes during postmortem storage, but the nature of this chang®

been largely unexplored and remains a mystery. after
a. The Mg* -modified ATPase activity of actomyosin increases during the first 24-36 hr postmortem and then decreases back to its at-death level

13 days postmortem (Fujimaki et al., 1965; Goll and Robson, 1967; Goll et al., 1970; Robson et al., 1967). 70)
b.  The rate of superprecipitation of actomyosin increases with increasing time of postmortem storage (Arakawa et al., 1970a; 1970b; Goll et al., 19

Do these changes reflect changes in the actin/myosin interaction, and if so, are they related to changes in tenderness?

3. Relationship of sarcomere length to tenderness: o)
a.  Early results indicated that muscle seems to be most tender at sarcomere lengths of 2.0 - 2.5 um, less tender at sarcomere lengths of 1-7 - 2.0¢
very tough at sarcomere lengths of 1.5 - 1.7 um, and then becomes more tender at very short sarcomere lengths of 1.5 um or less (Marsh an
1966). eaS"/d
1) It was suggested that the decrease in tenderness as sarcomeres shorten from their resting length (2.3 - 2.5 pm) to 1.5 um is due to an inff ;
density of the thick and thin filament lattice because 1.5 pm is the length of thick filaments and is the sarcomere length at which myost?
filaments extend from Z-disk to Z-disk.
2) At sarcomere lengths shorter than 1.5 pm, thick filaments penetrate and disrupt the Z-disk structure, causing an increase in tenderness- 06
b.  Subsequent studies, however, have shown that under some conditions, sarcomere length is not related to tenderness (Smulders et al., 1990); he
it is unlikely that there is a causal relationship between sarcomere length and tenderness.

Fig. 1. Proposed causes for the increase in toughness that occurs during the first 24-36 hours postmortem, and the evidence supporting this suggestion.
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HNESS DURING THE FIRST 24-36 HOURS POSTMORTEM?

U

WHAT CAUSES THE DECRASE IN TOUG

A Weakers
l?aken‘lifa;);i the Act.in/I'vaosin Interaction.
shift fmm“ds of mdlr.ect.ewdencc suggest t}'mt the actin/myosin interaction changes after 24 - 36 hr post
R a strong-binding to a weak-binding state. Could such a change cause the decrease in toughn
igor-shortened sarcomeres seem to lengthen slightly after 24 - 36 hr postmortem (Gothard et al.,

mortem; this change may involve a partial and gradual
ess between 24 and 72 hr postmortem?
1966; Stromer et al., 1967; Takahashi et al., 1967;

b Iwheeler and Koohmaraie, 1994).
d’i‘?‘e&?mgly lowgr ATP concentrations are needed to dissociate the actin/myosin complex after 2 or 7 days of postmortem storage than is needed to
ssociate the actin/myosin complex from at-death muscle (Fujimaki et al., 1965).
1 from at-death myosin after 24 - 36 hr postmortem (Goll and

c. . ; o
'}I;he Mg?* -modified ATPase activity of actomyosin decreases back to that of actomyosi:
obson 1967; Ouali and Valin, 1980; Robson ef al., 1967).

Brieg
Teatment
: n et . s 2 ; S0 ; : A y . "
g?dlﬁ ATP‘ "i’“h _m.-Lalpam causes a 20 - 30% increase in the Mg** -modified ATPase activity of myofibrils; longer incubation with m-calpain causes the Mg* -
Clef Dtic taSL activity to decrease back to control levels (Suzuki and Goll, 1974).
Oulgq Some o;ea}:mem causes lengthening of contracted myofibrils (Goll et al., 1971).
the postmortem changes in the actin/myosin interaction be the result of very limited proteolysis, perhaps involving the N-terminus of myosin LC1?

Poteolytic i
1 eavage of Certain Cytoskeletal Proteins.

Verj . .s .
>evering the connection of titin and nebulin to the Z-disk.
olecule near its

1995a) is caused by cleavage of the long titin m\

a, : A
gonve@on of titin from the T1 to T2 form (Huff-Lonergan ef al., 1995; Taylor et al.,
T—tcrmmus (the Z-disk end); much of this degradation occurs during the first 72 hr postmortem (Bandman and Zdanis, 1988; Huff-Lonergan et al., 1995;
b aylor er al., 1995a).
aved to small fragments within 72 hr postmortem (Huff-Lonergan et al., 1995;

?ebulin is rapidly degraded in postmortem muscle; most nebulin is cle
aylor et al., 1995a).

Deg .
Ta s 1 i i i i ibri i
Cdatlon of costameres and of intermediate filaments that link myofibrils to the sarcolemma and to each other within the muscle fiber.
tOStamcrc proteins such as vinculin, dystrophin, and desmin are rapidly degraded in postmortem muscle and degradation of vinculin is related b
Snderness (Taylor et al., 1995a).
esmin is a principal component of the intermediate filaments linking
(Robson ez al., 1991).

adjacent myofibrils to each other and is largely degraded within 3 days postmortem

ade nebulin in myofibrils (Thompson ef al., 1993).
1983b), and desmin (O’ Shea et al., 1979).
of these cytoskeletal proteins.

The
Calpaj .
1:& pai:‘: qulely convert titin from the T1 to the T2 form and rapidly degr
erefore it Tapidly Flcgrade dystrophin (Cottin et al., 1992), vinculin (Goll et al.,
seems likely that the calpains are responsible for the proteolytic degradation

: r()][)()
sed ses aace 1 aqg ~ . i i i
ed causes for the decrease in toughnms that occurs after the first 24-36 hours [)OS(H\OHCIH and some of the evidence SU[)DUl’(lng these suggestions.

ATP) state, which was the only state at which electron density
d that two adjacent actin monomers in the same strand of
Rayment et al., 1993a; Table 1). In addition to the
f the myosin light chain 1 (the large essential light

(Ml

Iy Sizlllllijt gé &3 1990). This information has shown that, in the rigor (no

Fhe Ouble < obtalneq, at‘ least four sites on the myosin head contact actin an

ey o Sfmnd;d actin filament are involved in the actin/myosin rigor interaction (

Chaj m“ sites listed in Table 1, recent studies have suggested that the N-terminus O
ay also be able to interact with actin after the initial myosin/actin contacts are made.

Tab
le | :
- Sites of interaction between myosin S1 and actin*

Corresponding amino acid

{\mino acid

g‘\)’f ) ‘reélldlw.ﬂw_sm ? Nature of interaction residues in actin
flmerface of n 647 (interface of 50 - Ionic interactions involving 5 Lys residues in Asp 1 - Asp 24

Tagmems) 50 - and 20 kDa S1 and 6 COOH groups in actin; this is the
i "weak interaction”

rg 52

R oo " " . .

of 5 aLfys 553 (“lower” portion Steric interaction involving hydrophobic Ile 341 - Phe 352, Ala 144 -
A ragment) residues Thr 148, and His 40 - Gly 42

r

Pro 332 - Glu 334

8405 _
fragmem) Tyr 415 (loop in 50 kDa

Tyr 91 - Glu 100 (in the second

L
367 - 1is 578 i
: Flexible loop, a number of ionic residues
actin monomer)

involved

1
MUQh of this ;
is information is based on data from Rayment et al. (1993a)

g)rr ec;}:er;(\-/rizzfv cr)ﬁtallog}:aphic information together with a largg number' of other s'tudies.(see Lghrer, 1994; Squire, 1994;. YQuIlt, 1993,
Stro Bbing:... St'St) (’11}/}:: shown that at }east two states of the actin/myosin interaction exist m llving.muscle, the wealf-bmdmg apd the
in\? g‘bindinz St:te.be. © alctmf/myosm mtqacuon undergoes a weak to strong bmdx'ng .transmop.dur-mg e‘?Ch contracnle. cycle with the
N Ves botho e being the orce—pr.o.ducmg state: Moreover, the weak-to strong-bl'ndmg trans.mon is a highly cooperanve process that

conformational changes in the myosin head and changes in the thin filament. Briefly, these cooperative changes may be

s
Tzed somewhat simplistically as follows:
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In resting muscle or in the non-force-producing state, myosin interacts
are steric i




fi
WHAT CAUSES THE DECREASE IN TOUGHNESS AFTER THE FIRST 24 - 36 HOURS POSTMORTEM?
te. Th
a1 (Rig, ,; C"‘;}iem evidence suggests that there are at least two causes for the decrease in muscle toughness following 24 - 36 hr postmortem
-k, TO‘po e first of these,. a weakening of the actin/myosin interaction, is related to the strengthening of the actin/myosin interaction that
ne the eas()nsed to cause the increase in toughness observed during the first 24 - 36 hr (Fig. 1, 2). As described in the discussion outlining
Wengioy e for belleV{ng that the increase in toughness is due to changes in the actin/myosin interaction, there also has been very little
e the &vi deg“’en to possible changes in actin/myosin interaction that would cause a decrease in toughness after 24 - 36 hr postmortem. Hence,
e Nce that weakening of the actin/myosin interaction causes a decrease in muscle toughness during postmortem storage is indirect.
e It :
of thes:?ls llkely., however, that most of the decrease in toughness observed between 24 and 72 hr in Fig. 1 is the result of a weakening
firgt h;n/ myosin interaction. First, the extent of this decrease seems to be related to the extent of the increase in toughness during the
Vo there s . i.e., a large increase in toughness is usually accompanied by a large decrease in toughness and vice versa. This suggests that
1 Were dbeen some kind of a reversal of the changes that caused the toughness. If the decrease in toughness between 24 and 72 hr (Fig.
Secq, d Ue to proteolysis, the extent of this decrease would be approximately the same, regardless of the initial increase in toughness.
F““her,ma number of studies have shown that rigor-shortened myofibrils lengthen slightly after 24 - 36 hr postmortem (Fig. 15:3).
) umofe, Herlihy et al. (1972) found that shortened myofibrils in mouse biceps brachii muscle could be stretched from 1.7 pm back
of ﬁlﬁme in situ by extending the fore legs of the mouse. Electron microscopy showed that this stretching was accompanied by a sliding
d age sms anq reappearance of the H-zone in rigor-shortened muscle. Stretching was also accompanied by a variable amount of muscle
Drege, in Ugges.tmg that some fibers had a larger proportion of the strong-binding actin/myosin interaction than others, as discussed in the
qiSSOCiatg Sectloq, Third, it was shown a number of years ago (Fujimaki et al., 1965) that lower concentrations of ATP are required to
My iate tlhe actin/myosin complex in myosin B (actomyosin) prepared from postmortem muscle than in myosin B prepared from myosin
Fillal " t}e1 y after death (Fig. 3). This observation again suggests that the actin/myosin interaction is weakened during postmortem storage.
P 3ctivity’ e Mg* -modified ATPase activity of actomyosin prepared from muscle after 24 - 36 hr postmortem decreases from the elevated
in the chanobserved at 24 hr postmortem back to the activity of actomyosin prepared from at-death muscle (Fig. 3). Although the nature of
d n affges that cause these alterations in postmortem muscle is unknown, collectively they indicate that the actin/myosin interaction has
is deg S:F‘ed and probably weakened after 24 - 36 hr of postmortem storage. It is reasonable to believe that this weakening leads to a
Lyg 567 In tOlughness. Postmortem weakening of the actin/myosin interaction could be caused by very limited proteolysis of the loop from
f’l into.HIS 578 (Table 1), by cleavage of the N-terminus of LC1 so it cannot contact actin, by oxidation of certain SH groups, or by
ot Spere,, ation of these and other possibilities. It was reported a number of years ago that brief trypsin treatment of myofibrils that had been
of i) o tmracted” by addition of ATP in vitro resulted in a lengthening of the severely shortened sarcomeres from an average length of
i odj ledo an average length of 1.7 pm (Goll ez al.. 1971). Moreover, trypsin treatment for 1-2 min caused a 10-30% increase in the Mg*' -
ls o, 1 9ATPaSe activity of reconstituted actomyosin and greatly increased the rate of superprecipitation of these same preparations (Goll
15 ¢ Nge 71)-‘L(')nger periods of trypsin treatment resulted in a decrease in the Mg?' -modified ATPase of reconstituted actomyosin. These
1l With Part?re Sm.u'lar to the changes observed in postmortem muscle. After the discovery of calpain, it was shown that incubating myofibrils
© Perj ) ofy Purlfled calpain for 1-2 min causes a 25-35% increase in the Mg?' -modified ATPase activity of these myofibrils, whereas longer
Y &y, ™ calpain treatment results in a decrease in Mg*" -modified ATPase activity (Suzuki and Goll, 1974). Consequently, a proteolytic
dug; " endogenous to muscle is also capable of inducing changes in the properties of actomyosin that resemble those changes that occur
Stug I?DS‘mOr'tem storage (Suzuki and Goll, 1974). Because the nature of the actin/myosin interaction in postmortem muscle has not been
y g In detail, it is possible at present only to speculate on the nature of these changes and the factors that cause them.
Ty 3
I Meavage of Certain Cytoskeletal Proteins.
0 N Sho“s, long been believed that proteolysis has an important role in postmortem tenderization (Goll et al., 1983a), and recent evidence
d the firgg N that the calpain system seems to be responsible for most of the proteolytic degradation of myofibrillar proteins that occurs during
0 Der 7-10 days postmortem (Goll et al., 1970; 1983a; 1992; Koohmaraie, 1988; 1992; Stromer et al., 1974; Taylor et al.. 1995a), the
) b X W_hefl most of changes in muscle toughness occur. Although the prevailing view suggests that postmortem tenderization is caused
f Dogy rn(‘::“n*lrlduced degradation of the Z-disk, recent evidence has shown that the Z-disk remains quite robust during the first 7-10 days
J by tem. Myofibrils prepared by homogenization and used in the myofibril fragmentation index assay are not sheared at the Z-disk
1995a). The most commonly observed

T .
Ul ast::k in the I-band area next to the Z-disk, even after 7 days postmortem (Taylor et al.,
4 ang B Ct;lral changes in postmortem muscle are breaks or “tears” in the I-band area, often at the level of the N, band or near the Z-disk,
of the costamere structure, resulting in separation of the sarcolemmal membrane from the myofibril (Taylor et al., 1995a, 1995b).

an, Th;:f rec‘?nt ultrastructural observations together with Western blot analyses showing that costamere proteins such as desmin, vinculin,
Congy k. rophin and the giant cytoskeletal proteins, nebulin and titin, are rapidly degraded during postmortem storage has led to the
of _‘f?n that proteolytically-induced tenderization in muscle is not the result of Z-disk degradation but rather is caused by calpain-cleavage

ific cytoskeletal proteins (Huff-Longergan et al., 1995; Taylor et al., 1995a). These recent findings can be summarized as follows.

PR N

8D ;
uring the first 3-4 days postmortem, both costameres and N, lines are almost completely degraded in postmortem muscle. Costamere

1
de
radat; i 3
ation results in separation of the sarcolemma from the myofibrils and may increase tenderness.

jon, and three of them, desmin, dystrophin,

2. :
an All of the proteins known to constitute costameres are very susceptible to calpain degradat
proteins occurs during the same time that

Vinent: . .
o an‘?Culm, are rapidly degraded during postmortem storage. Degradation of these three
ere structures are degraded (Taylor ef al., 1995a).
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3. Nebulin and titin have been shown to anchor thin and thick filaments, respectively,
to smaller polypeptides and rapidly removes the N-terminal

the connection of titin with the Z-disk (Thompson et al.,
significantly weaken the myofibril lattice and would increa
molecules may coalesce in the I-band; calpains rapidly destro
of the N, line occurs at the same time that nebulin and titin

to the Z-disk. Calpain rapidly degrades ﬂeb",]m
part of titin, which is the Z-disk end of the long titin molecule, thereby severifé

1993). Severing the connection of nebulin and titin with the Z-disk W""?
se tenderness. The N, line evidently is an area where the titin and nebul
ys the N, line structure (Goll et al., 1991), and the postmortem disapp%fance
are degraded in postmortem muscle

Consequently, this recent evidence indicates that the proteolytically associated tenderization that occurs during postmortem Storage(:
caused by calpain cleavage of costamere proteins; calpain-induced selective cleavages of nebulin and titin, destroying the attachments

these two proteins to the Z-disk; and calpain cleavage of intermediate filament proteins such as desmin that form intermyofibrillar linkag®
connecting adjacent myofibrils within a muscle fiber rather than frank Z-disk degradation,

CONCLUSIONS

c
» and determining whether very limited proteol)'"n
cleavages of actin or myosin occur during postmortem storage should indicate whether changes in the actin-myosin interaction have #
important role in postmortem tenderization.
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