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Muscle Proteolysis 

Significance of Intracellular Protein Degradation in 
Muscle 

It is now well established that proteins are continually syn- 
thesized and degraded in both developing and mature muscle 
cells. Consequently, the net rate of protein acretion in muscle 
is determined by the difference between the rate of protein 
synthesis and the rate of protein degradation in individual 
muscle cells. The importance of protein synthesis in determin- 
ing rate and efficiency of muscle growth has been acknowl- 
edged for some time, however, it is only relatively recently 
that the importance of protein degradation in this process has 
been recognized. This recognition has come about primarily 
as a result of recent studies showing that the rate of protein 
degradation in the muscles of young, growing animals i s  quite 
rapid (Garlick et al., 1976; Millward et al., 1975; Maruyama 
et al., 1978). For example, Garlick et al. (1976) have shown 
that in 75 Kg pigs up to 75% of the protein synthesized each 
day may be needed to replace degraded protein. Additionally, 
Maruyama et al. (1978) have shown that in young children in 
which growth rate has been altered by dietary manipulation, 
there i s  a high negative correlation (-0.92) between frac- 
tional whole body growth rate and fractional rate of protein 
degradation. Thus, although there is  disagreement among re- 
searchers as to the relative importance of changes in degrada- 
tion rate in determining rate of muscle growth, there appears 
to be general agreement that protein degradation occurs in 
growing muscles and that it significantly decreases the rate 
and efficiency of muscle protein accretion in growing ani- 
mals. Consequently, a reduction in the rate of muscle protein 
degradation without a concomitant decrease in the rate of 
muscle protein synthesis should result in an increase in both 
rate and efficiency of muscle growth. 

In view of the importance of protein degradation in deter- 
mining rate and efficiency of muscle growth, it is extremely 
significant that a number of physiological factors that influ- 
ence muscle size in the intact animal (e.g., hormones, nutri- 

*Department o t  Animal Srience, Univeroty ot M,nnecota, 
St. Pad, h1,Y 55 I O 8  

ent supply, and the level of contractile activity) can modify 
rates of protein degradation in isolated muscles incubated in 
vitro (reviewed by Libby and Goldberg, 1981). Additionally, 
rate of protein degradation responds differently than rate of 
protein synthesis to such physiological factors as glucose, 
leucine, starvation, insulin, corticosteroids, thyroid hormones, 
growth hormone, passive stretch, and repetitive stimulation 
(Libby and Goldberg, 1981). The divergent variation in rates 
of protein synthesis and degradation observed in response to 
these factors shows that it i s  theoretically possible to decrease 
rate of muscle protein degradation while maintaining a con- 
stant or increased rate of protein synthesis. The result should 
be more efficient and possibly more rapid accretion of protein 
in the muscle tissue of growing animals. 

Enzymes Responsible for Muscle Protein Degradation 

Our eventual understanding of the mechanism and control 
of muscle protein degradation depends critically upon our 
knowledge of the intracellular proteolytic enzymes that are 
responsible for degradation of muscle protein. Furthermore, 
because the myofibril is a structure unique to muscle and the 
proteins comprising it make up 60% of the total muscle pro- 
tein, proteolytic enzymes involved in disassembly and degra- 
dation of this structure may be particularly significant. Al- 
though several proteolytic enzymes have been isolated from 
muscle tissue (see Bird and Carter, 1981, for a review of pro- 
teases isolated from muscle tissue), only a few of these en- 
zymes are known to be located in muscle cells and to be 
capable of degrading myofibrils. Because of the potential sig- 
nificance of these enzymes in degradation of muscle proteins, 
the remainder of this review will be concerned with these 
proteases. 

Serine Proteases 

Several reports of chymotrypsin-like proteolytic activity in 
muscle homogenate5 at alkaline pH have appeared in the last 
several years (Noguchi and Kandatsu, 1966; Sanada et al., 
1978; Woodburv et al., 1978). These enzymes have often 
been referred to as alkaline proteases because they are opti- 
mally activity at alkaline pH. In general, alkaline proteases 
are in hi bited by d i isopropyl phosphorof I uor idate or phenyl- 
methansulfonylfluoride and, consequently, they have been 
classified as serine proteases. Purified serine protease has 
been shown to degrade native myosin, actin, troponin and 
tropomyosin. The major serine protease has been localized in 
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muscle tissue by using the indirect immunofluorescence 
technique in conjunction with an antibody specific for the 
purified enzyme (Woodbury et al., 1978). Results of these 
studies showed that serine-protease-containing cells were 
mast cells located in the connective tissue present in muscle 
tissue. The serine protease was not present in muscle cells. 
Consequently, it i s  very unlikely that this enzyme could be 
involved in myofibril degradation in normal muscle cells in 
vivo. However, because serine protease activity increases 
dramatically in muscular dystrophies and starvation and be- 
cause the enzyme degrades myofibrillar proteins in vitro, the 
possible involvement of the enzyme in accelerated protein 
degradation occurring as a result of pathological conditions 
cannot be conclusivelv ruled out. 

Lysosomal Proteinases 

Lysosomes are membrane bound organelles that contain 
hydrolytic enzymes, including proteolytic enzymes referred to 
as cathepsins. .4lthough in early studies of skeletal muscle, 
lysosome-like structures were not observed, subsequent 
biochemical and ultrastructural studies have established that 
lysosome-like structures are present in skeletal muscle (Bird et 
al., 1978; Seiden 1973; Stauber and Bird, 1974). The number 
of lysosomes and the activity of lysosomal proteases increases 
dramatically during periods of rapid protein degradation as- 
sociated with denervation, starvation, tenotomy and various 
myopathies (Goldberg et al., 1976; Pennington, 19771, thus 
suggesting that lysosomal cathepsins are involved in muscle 
protein degradation. Before implicating catheptic proteases in 
degradation of myofibrillar proteins, however, i t  i s  critical to 
show that these enzymes are able to hydrolyze myofibrillar 
proteins and that the specific cathepsin in question is present 
in  muscle lysosomes. Early attempts to demonstrate 
cathepsin-catalyzed degradation of myofibrillar proteins were 
unsuccessful (Bodwell and Pearson, 1964; Friedman et al., 
1969; Fukazawa and Yasui, 1967; Martin and Whitaker, 
1968: Park and Pennington, 19671, however, more recent 
studies using the technique of sodium dodecyl sulfate polyac- 
rylamide gel electrophoresis to monitor degradation have 
clearly shown that cathepsins B and D are able to hydrolyze 
myofibrillar proteins (Schwartz and Bird, 1977). More re- 
cently, cathepsins H (Bird and Carter, 1981 ] and L (Okitani et 
al., 19801 have also been reported to degrade myofibrillar 
proteins. 

Cathepsins 5 and D degrade both actin and myosin. how- 
ever, cathepsin D degrades both of these proteins more exten- 
sively than does cathepsin B (Schwartz and Bird, 1977). Op- 
timum degradation of myosin by cathepsin B or by cathepsin 
D occurred at pH 5.2 and 4.0, respectively (Schwartr and 
Bird, 1977). Cytochemical techniques have been used in con- 
junction with electron microscopy to visualize cathepsin B 
and D in muscle cell lysosomes (Bird et al., 1978; Spanier et 
al., 1977). Cathepsins B and D were found in two “types” of 
lysosomes present in muscle cells. One type was found in the 
perinuclear region near the golgi sacks and the other type was 
t’ounrl in the interior of the myofibril. These studies estab- 
lished the presence of cathepsin B and D in lysosomes pres- 
ent in muscle cells. 

Cathepsin L has been purified trom skeletal muscle tissue 

1,Okitani et al., 19801, although the enzyme has not been con- 
clusively localized in muscle cells. Cathepsin L has been re- 
ported to degrade myosin, a-actinin and actin and to remove 
the calcium-sensitivity of myofibrillar ATPase activity (Okitani 
et al., 1980). The properties of cathepsin L are very similar to 
those of cathepsin B (Kirschke et al., 1977), however, the two 
enzymes have different substrate specificity and appear to be 
different enzymes (Okitani et al., 1980). The specific activity 
of cathepsin L against myosin is 10-times greater than that of 
cathepsin B (Bird and Carter, 1981 ). Consequently, if cathep- 
sin L i s  located in muscle cells, it may play an important role 
in degradation of myofibrillar proteins. Cathepsin H, which 
has also been isolated from muscle tissue, has also been 
shown to have a greater specific activity against myosin than 
cathepsin B (Bird and Carter, 1981 ) ,  

The location of cathepsins in the lysosome and their opti- 
mal activity at pH values lower than those found in the cyto- 
plasm suggest that these proteases do  not normally function in 
the cytoplasm to degrade myofibrils or myofibrillar proteins. It 
i s  more likely that cathepsins function within the lysosome to 
degrade myofibrillar proteins that have been taken up by this 
organelle. .At present there is  no evidence that whole myofib- 
rils or sarcomeres can be engulfed by a lysosome, con- 
sequently, it appears that before myofibrillar proteins can 
enter the lysosome, the sarcomere must be at least partially 
broken down by cytoplasmic proteases. At the present time 
the only cytoplasmic protease which i s  able to degrade the 
myofibril and has conclusively been shown to be present in 
muscle cells is the calcium-activated proteolytic enzyme. 

Ca IC ium-Activa red Protease 
Calcium-activated, neutral proteolytic activity was origi- 

nally identitied in skeletal muscle homogenates by Huston 
and Krebs (1 968) in the course of their studies on activation of 
phosphorylase kirase. Subsequently, the protease responsible 
for this calcium-activated proteolytic activity was isolated and 
purified from porcine skeletal muscle (Dayton et al., 1976a;  
1976bl. Purified calcium-activated protease (CAF) from 
skeletal muscle causes partial degradation of myofibrils, at- 
tacking the Z disk and hydrolyzing troponin-T, troponin-I, 
C-protein and tropomyosin (Dayton et al., 1975). It is thus 
possible that CAF may be involved in degradation of myofib- 
rillar proteins and disassembly of the myofibril in muscle 
cells. This theory is supported by reports that the amount of 
calcium-activated protease activity that can be isolated from 
rapidly atrophying muscle tissue i s  several-fold greater than 
the amount that can be isolated from normal muscle tissue 
!Dayton et al., 1979; Kar and Pearson, 1976). Calcium- 
activated proteases that are similar, if not identical, to the 
skeletal muscle protease have been isolated from cardiac 
muscle (Dayton and Schollmeyer, 1980; Mellgren, 19801, fib- 
roblasts (unpirblished data), brain (Guroff, 19641, platelets 
(Phillips and Jakabova, 1977), uterine tissue cPuca et al., 
19771, anti hen oviduct (Vedeckis et al., 19801, thus raising 
the pos,ihiiity that CAF may function in several cell types. 

Localization of CAF in the cell has been extremely helpful 
in elucidating the function of the enzyme. Figure 1 shows the 
results obtained using the indirect immunofluorescence tech- 
nique in conjunction with a monospecific antibody (anti-80K 
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Figure 1. Indirect immunofluorescent localization of the 
80K-dalton subunit in purified myofibrils. See Day- 
ton and Schollmeyer (1981) for details of the pro- 
cedures used. 
a )  Phase micrograph of a myofibril incubated with 
anti-80K. 
b) Fluorescence micrograph of the myof ibr i l  
shown in a. The Z disk region is the only area of 
the myofibril showing 80K dalton-subunit specific 
fluorescence. X1200. 

IgG) directed against the BOK-dalton subunit of CAF to lo- 
calize the protease in purified myofibrils. Figure 1 b shows 
that protease-specific fluorescence is located only at the Z 
disk and in no other region of the myofibril (Davton and 
Schollmeyer, 1981 ). 
To confirm the Z disk localization of CAF observed in 

purified porcine myofibrils, the monospecific anti-80K IgC 
was used in conjunction with the peroxidase-anti-peroxidase 
(PAP) technique to localize the enzyme in fixed and sectioned 
human skeletal muscle tissue (Dayton and Schollmeyer, 
1981). Examination of tissue sections incubated with affinity- 
purified anti-80K and subsequently processed according to 
the PAP method (Dayton and Schollmeyer, 1981 1, shows that 
protease-specific reaction product present in the rnvoiihril is 
located in the Z-disk region (Figure 2a). In Figure 2b which 

' I  

Figure 2. Immunocytochemical localization of the affinity- 
purified anti-80K in fixed human muscle. The PAP 
technique was used in conjunct ion w i th  the 
affinity-purified anti-80K to localize the 80,000- 
dalton subunit of the calcium-activated protease in 
fixed and sectioned human sartorius muscle. See 
Dayton and Schollmeyer (1981) for details of the 
procedures used. 
a) A tissue section incubated with anti-80K shows 
80K-dalton-subunit-specific reaction product in the 
Z-disk region (arrow) of the myofibrils. No reaction 
product is present i n  any other region of the 
myofibril. 
b) A tissue section in which the sarcolemma i s  
more readily observable than in a. 80K-dalton- 
subunit-specific reaction product (arrow) is present 
in the region of sarcolemma. Myofibrils are not in 
the plane of focus, thus reaction product in the 
Z-disk region cannot be visualized in this section. 
c) Control section treated as in a and b except that 
preimmune rabbit IgG was substituted for affinity- 
purified anti-80K rabbit IgG shows no evidence of 
nonspecific binding of antibodies. X800. 

shows a section of human skeletal muscle in which the sar- 
colemma i s  more evident than in  the previous section, 
protease-specific reaction product can be identified in the 
sarcolemmal region. The precise location of the 80K-dalton 
subunit cannot be ascertained at this level of resolution or 
with tissues processed in this manner, however. Most of the 
reaction product associated with the Z disk cannot be vis- 
ualized in this particular section because it i s  out of the plane 
of focus for this micrograph. Control human skeletal muscle 
sections (Figure 2c) show no evidence of nonspecific reaction 
product. The localization of the 80,000-dalton subunit of CAF 
in purified myofibrils and in fixed muscle sections shows 
conclusively that the protease i s  present in muscle cells. 

lmrnunofluorescent Localization oi the 80,000-dalton 
Subunit in Cultured Myoblasts 

The calcium-activated protease has also been localized in 
differentiating muscle cells in culture. Figure 3a shows myo- 
blasts fixed in paraformaldehyde, extracted with acetone to 
render the cell membrane permeable to antibodies. and sub- 
sequently incubated with the aftinity-purified anti-80K IgC 
and with FITC-conjugated goat anti-rabbit IgG (Dayton and 
Schollmeyer, 1981 1. Protease-specific fluorescence is present 
in discrete areas ot the cytoplasm; however, the location, size 
and number ot these areas vary considerably among cells. In 
many cells, the perinuclear region shows intense 5taining with 
the anti-80K IgG. Figure 3 2 ,  while showing a pattern of lo- 
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necessarily imply that CAF is accessible from the outside of 
the cell in unfixed myoblasts. Consequently, we have used 
the indirect immunofluorescence technique to localize the 
80,000-dalton subunit in unfixed myoblasts (Dayton and 
Schollmeyer, 1981 j. As a control to establish the validity of 
this procedure, anti-fibronectin was used to localize the cell 
surface protein fibronectin in unfixed myoblasts. As expected, 
Figure 4b shows that anti-fibronectin bound to the surface of 
unfixed myoblasts; thus, confirming the results of other 
studies (Chen, 1977; Chen et al., 1978) and proving that our 
technique allowed specific binding of IgG molecules to their 
antigens on the surface of unfixed cells. Figure 4d shows that, 
unlike antifibronectin, the anti-80K IgG did not hind to the 
surface of unfixed myoblasts. Thus, it appears that in unfixed Figure 3. Indirect immunofluorescent localization of the 

80K-dalton subunit in permeabilized and non- 
permeabil ized myoblasts. See Dayton and 
Schollmeyer (1981 j for details of the procedures 
used. 
a )  Fluorescence micrograph of perrneabilized 
myoblasts incubated with anti-80K. The distribu- 
tion of fluorescence indicates that the 80K-dalton 
subunit is located both in the region of the cell 
membrane and in discrete regions of the sarco- 
plasm. 
b) Phase micrograph of the myoblasts shown in a. 
x1200. 
c )  Fluorescence micrograph of nonpermeabilized 
myobasts incubated with anti-80K. 80K-dalton- 
subunit-specific fluorescence is  present only in the 
region of the cell membrane with no fluorescence 
in the interior of the cell. 
d) Phase micrograph of the myoblasts shown in c. 
x 1200. 

calization observed frequently in cultured myoblasts, is repre- 
sentative of only one of many patterns observed. Careful 
examination of Figure 3a reveals that, in addition to the stain- 
ing present in the interior of the cell, significant 80K-dalton- 
subunit-specific fluorescence is present at the periphery of the 
cell in the region of the cell membrane. This observation is 
consistent with results showing localization of CAF in the re- 
gion of the sarcolemma in sectioned human muscle tissue 
(Figure 2b). 

Localization of CAF in permeabilized myoblasts and in sec- 
tioned muscle tissue did not make it possible to determine the 
precise location of the enzyme relative to the sarcolemma. 
Consequently, in an effort to determine i f  CAF is located on 
the cell surface, the protease was also localized in nonper- 
meabilized myoblasts. Figure 3c shows that nonpermeablized 
cells incubated with the affinity-purified anti-80K IgG show 
protease-specific fluorescence at the periphery of the cell. 
When focusing above the attachment plane, it appears that 
the entire surface of the myoblast shows fluorescence, indicat- 
ing anti-80K binding. As would be expected in nonper- 
meabilized cells, no staining is observed in the cytoplasm. 
Even though cultured myoblasts remain impermeable to anti- 
body molecules after formaldehyde fixation, however, the 
structure of the membrane may he altered by this process. 
Therefore, the binding of the anti-80K to the surface of fixed 
myoblasts, while indicating that the 80,000-dalton subunit is 
accessible from the outside of the cell after fixation, does not 

Figure 4 .  Indirect immunofluorescent localization of the 
80K-dalton subunit and fibronectin in unfixed 
myoblasts. See Dayton and Schollmeyer (1981 j for 
details of the procedures used. 
a )  Phase micrograph of unfixed myoblasts incu- 
bated with anti-fibronectin. 
b) Fluorescence micrograph of the field shown in 
a. Fibronectin-specific fluorescence is present at 
the periphery of the cell in areas of cell-cell con- 
tact. Arrow (a and b) identify corresponding re- 
gions in both micrographs. X1200. 
c )  Phase micrograph of unfixed myoblasts incu- 
bated with anti-80K. 
d) Fluorescence micrograph of the field shown in 
c. No 80K-dalton-subunit-specific fluorescence i s  
observed in the region of the cell membrane. 
x 1 200. 

cells, CAF is not accessible to antibody binding from the out- 
side of the cell. In light of this result, the binding of anti-80K 
IgG to the periphery of nonpermeabilired myoblasts suggests 
that the protease may be located in the cell membrane or at 
the cytoplasmic surface of this membrane, where membrane 
alterations occurring during fixation may render it accessible 
to antibody binding even though the myoblast remains gener- 
ally impermeable to the antibody molecule. 

A major problem in understanding the physiological role of 
the calcium-activated protease has been the fact that in in vrto 
assays the protease requires the presence of 1-2  m M  calcium 
in order to express maximum activity (Busch et al., 1972; 
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Dayton et al., 197613). This i s  higher than the levels of free 
calcium thought to be present in normal muscle cells (Jobsis 
and O'Conner, 1966). Consequently, recent reports that mus- 
cle tissue contains both the calcium-activated protease requir- 
ing millimolar levels of calcium and a calcium-dependent 
proteolytic activity detectable in the presence of physiologi- 
cally obtainable calcium concentrations (Dayton et al., 1981; 
Mellgren, 1980) were of interest. 

We have subsequently purified the low-calcium requiring 
protease from porcine skeletal muscle (Dayton et al., 1981). 
The purified, low-calcium-requiring protease and CAF give 
identical banding patterns on sodium dodecyl sulfate polyac- 
rylamide slab gels wi th both patterns showing bands at 
80,000 and 30,000 daltons (Dayton et al., 1981). Fur- 
thermore, the anti-80K IgG which i s  specific for CAF, cross 
reacts strongly with the purified low-calcium-requiring pro- 
tease (Dayton et al., 1981). Based on the preceding data, we 
believe that the low-calcium-requiring protease i s  simply a 
low-calcium-requiring form of CAF (Dayton et al., 1981). 

The concentration of calcium required to activate the low- 
calcium-requiring CAF i s  significantly less than that required 
to activate high-calcium-requiring CAF. Against purified 
myofi tjri Is, the low-calci urn-requ iring protease has one- half 
maximal activity at approximately 20 pM calcium and has 
detectable activity as low as 5 ,uM calcium (Dayton et al., 
1981) (Table 1). In contrast, high-calcium-requiring CAF has 
one-half maximal activity at 0.74 m M  calcium and no activity 
can be detected in the presence of calcium concentrations 
less than 0.1 m M  (Dayton et al., 1976b) (Table 1). In addition 
to activation by calcium, low-calcium-requiring CAF is also 
activated to varying degrees by several other divalent cations 
including Mg2+ and Mn2+. Existence of a form of the 
calcium-activated protease that is active at calcium concen- 
trations approaching those thought to be present in the cell is 
extremely important in understanding the conditions neces- 
sary to activate CAF in vivo. Based on the preceding data, it 
appears that the low-calcium-requiring form of CAF can be 
activated under conditions existing in muscle cells and i s  
therefore the form of the protease that i s  active in  vivo. 

Table 1. Calcium requirements of low and high- 
calcium requiring CAF against myofibrils 

'h Maximal Detectable 
Activation (pMJ Activation (pMl 

LC - CAF 

HC - CAF 
20 5 

740 100-200 

Against purified myofibrils, low-calcium-requiring CAF ex- 
hibited maximum proteolytic activity between pH 7.5 and 
8.0, however, it retained significant activity as low as pH 5.5. 
The activity of low-calcium-requiring CAF against myofibrils 
at low pH may be significant in \/iew of the hypothesized role 
of the enzyme in proteolytic modification of myofibrillar pro- 
teins in postmortem muscle (Olson et al. ,  1977). 

Localization of the calcium-activated protease in the Z 

disks of fixed sections of human skeletal muscle and of 
purified myofibrils i s  very significant in view of the fact that 
the Z disk is  the myofibrillar structure most susceptible to 
CAF-catalyzed proteolysis in vitro (Dayton et al., 1975). Thus, 
the enzyme i s  perfectly situated to proteolytically degrade the 
Z disk, an event which we have hypothesized may help to 
trigger disassembly of the myofibril (Dayton et al., 1975). Ad- 
ditionally, the presence of CAF in or near the sarcolemma 
suggests that the enzyme may play a role in alterations in 
membrane structure or in modifications in the complement of 
proteins attached either to the inside or to the outside of the 
membrane. Presence of the calcium-activated protease in the 
region of the Z disk and sarcolemma in normal muscle tissue 
makes it necessary that the proteolytic activity of the enzyme 
be stringently regulated, however, in order to prevent uncon- 
trolled degradation of these structures. It i s  possible that the 
activity of the protease is controlled, at least in part, by con- 
version of the low-calcium-requiring form of the enzyme 
which is active under conditions found in the cytoplasm of 
the cell, to the high-calcium-requiring form, thereby render- 
ing it inactive at the free calcium concentrations normally 
found in muscle cells. Conversely, activation of the protease 
might involve conversion of the high-calcium-requiring form 
of the protease to the low-calcium-requiring form. Addition- 
ally, an endogenous inhibitor of CAF has been isolated from 
several tissues, including skeletal muscle (Okitani et al., 
1976; Waxman and Krebs, 1978) and it i s  possible that this 
inhibitor may also help to control the activity of the protease. 
Our preliminary localization studies indicate that this in- 
hibitor i s  found in the region of the Z disk and sarcolemma 
just as CAF is, thus suggesting that the inhibitor may indeed 
function to control CAF activity in vivo. 

Summary 

In conclusion, it appears quite unlikely that any single en- 
zyme functions alone to degrade myofibrils and myofibrillar 
proteins. Rather, degradation of the myofibril i s  accomplished 
by the synergistic action of several different proteases. Future 
research in this area should focus on identifying additional 
muscle proteases which may be involved in degradation of 
myofibrillar proteins and on elucidating how these new en- 
zymes and those we currently have identified function to- 
gether to disassemble the myofibril and degrade myofibrillar 
proteins. 
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W .  R .  Dayton Discussion 
4. M. Pear5on, Michigan State University: One of the prob- 

lems, I think, in measuring protein turnover is, of course, 
methodology. 3-methylhistadine has been widely used, but 
Miller has published a paper4ve r  a year and a half ago, or 
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s+-attacking this very vigorously. Since then, Harris has pub-  
l i shed a paper-this year,  in the  b i o c h e m i c a l  journal-  
refuting that. I’d l ike your op in ion  as to what  the validity of 
the 3-methylhistadine method is. 

Dayton: I think, first of all, that I should say that I have had 
no personal experience using it. I th ink  that there are, cer- 
tainly, some situations where it should not b e  used. There are 
animals, I think that the p ig  may b e  one, where the pool sizes 
i n  the blood are such that 3-methylhistadine i s  definitely not a 
good technique to use. In the work  that Young has done-out 
of Harvard or  MIT, I’m not sure w h i c h  . , . MIT, thank you  . . . 
for rats and humans, there seems to b e  some fairly good indi- 
cations that it does prov ide  a good indicator; probably as 
good as a lot of the other methods, w h i c h  also have their 
problems, as I am sure you  are aware. O n e  of the problems 
with 3-methylhistadine, because of i ts  measuring actin and 
myos in  or the residues (methylated residues f rom act in and 
myosin) is that there are, as I indicated, muscle proteins i n  
many other cells other than just muscle. So, if we’re ta lk ing 
about a particular muscle protein turnover, w e  have to con-  
sider the fact that w e  are also gett ing myof ibr i l lar  protein 
turnover f rom many other tissues in  addi t ion to muscle. It is 
possible that the turnover of these proteins i n  these tissues is 
more  rapid than it is in muscles, so they may  contr ibute a 
disproportionate amount.  Young d i d  address this in some of 
his work,  but  I suspect that, i n  some cases, it may  b e  a bi t  
higher than the numbers h e  came u p  w i th .  

K i m  Maruvama, Dow Chemical: I have two questions: Are 
there any known inhibitors for CAF? 

Davton: Yes; do y o u  mean physiological o r  otherwise? 
Maruyama: Otherwise. 
Dayton: Yes, all the inhibitors that tend to inhibi t  sulfhydryl 

proteases-that I‘ve tried, anyway-wi l l  also inh ib i t  CAF: 
lodoacetate. Leupeptin, etc. 

Maruyama: The second question: Do y o u  have any idea 
what  sort of hormona l  control  there is on the activity of these 
enzymes! 

Dayton: No. That‘s a very good question, and I, personally, 
do not have any  data on that. I know that Go ldberg  has done 
some work  o n  hormonal control. He has also, at different 
times, worked w i th  CAF, and I would suspect that h e  would 
have some data that I, personally, have not seen published. 

Graham Trout, Colorado State University: Calc ium acti- 
vated factor has been impl icated in  the increase i n  tenderness 
of meat postmortem, but other researchers have shown that 
there‘s no reduct ion on cold-shortened muscle, and  very l itt le 
reduct ion in shear values w h e n  it’s been aged. Do you  see 
this fitt ing i n  w i t h  the role of ca lc ium activated factor? 

Dayton: I th ink that D r .  Goll may talk about this later on, so 
1 ’ 1 1  pass the buck  a l itt le bit. Dr .  Goll is ta lk ing tomor row.  I 
think that there clearly are-and this is go ing  to be sort of a 
sidestep answer, because I don’t k n o w  the answer to your 
question-probably several factors involved i n  the tenderness 
kinds of things, w i t h  the myof ib r i l  in  degree of contract ion,  
the state of the Z-disk, ancl other k inds of things, If, i n  fact, 
CAF doe5 p lay  a ro le  i n  tender izat ion.  i t  p robab ly  deals 
pr imari ly w i th  the Z-disk, So, on ly  instances where the Z-disk 
w o u l d  h e  a very important determinant would w e  expect to 
see CAF also being important. Whether o r  not there may be  
other compl ica t ing  circumstances i n  cold-shortening, that sort 

of thing, may affect this. I th ink there is a great deal of work  
that needs to be done to clearly establish that CAF plays a 
major role. 
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