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Studies were conducted to determine the post-mortem stability 

of lysosomes  in the white muscle of rainbow trout (Salmo gairdneri) 

and to determine whether lysosomal stability was related to rigor 

mortis and its  subsequent dissolution.     In addition,   isolated lysosomes 

were subjected to different environments  in an attempt to detect some 

of the factors that might influence their stability. 

After slaughter,   fish were aged at either 4 or  15   .     Muscle 

samples were excised from each fish 1 hr post-mortem,   during 

rigor mortis,   soon after the dissolution of rigor mortis,   and after a 

period of aging.     Lysosonnes were extracted by blending the muscle in 

0. 25 M sucrose-0. 175 M KC1-1  mM EDTA in a solution:muscle ratio 

of 4: 1.    After blending,   the mixture was centrifuged at 1000 x G to 



sediment the nuclear-debris pellet,   followed by centrifugation of the 

supernatant at 27, 000 x G to obtain a lysosomal  pellet and a super- 

natant containing the soluble enzymes.    The distribution of the lyso- 

somal enzymes,   cathepsin and a -glucosidase,   was measured in each 

of the above fractions at each sampling interval.     The stability of 

lysosomes was thus followed by monitoring the release of these lyso- 

somal enzymes with time. 

The lysosomal pellet extracted at 1  hr post-naortem contained 

23% of the catheptic activity of the muscle.     This  percentage decreased 

to approximately 15% by the end of rigor mortis with small changes 

noted thereafter.     The nuclear-debris pellet contained a relatively 

constant amount of catheptic activity,   generally 55-65%,   while the 

soluble activity increased witlp decreasing lysosomal activity. 

Approximately one-third of the extractable lysosomes appeared to 

rupture and release catheptic enzymes before or during rigor mortis. 

Freezing and thawing the muscle   four   times reduced the 

catheptic activity in the lysosomal pellet to 8% of the total activity 

and increased the soluble activity to 5 1%. 

IsoHated  lysosomes  rapidly released their enzymes in response 

to environmental conditions,   but once adjusted they were relatively 

stable.      Seventy-five percent of the cathepsins from lysosomes sus- 

pended inO. 25 M sucrose-0. 005 M phosphate buffer (pH 6. 5) at 4 

remained sedimentable for  105 hr. 



Increasing the sucrose concentration toward 0. 5 M and 

decreasing the incubation temperature increased the stability.     The 

minimum release of the enzymes occurred between pH 6 and 7. 

Addition of salts  (NaCl,   KC1,   CaCl  ) decreased the initial solubiliza- 

tion of the enzymes,   but appeared to increase solubilization over a 

+2 
70 hr incubation.     Ca       was more effective in producing this  pattern 

than Na  .     Fish saline had little protective effect relative to distilled 

water.     The detergent Triton X-100  caused nearly complete solubiliza- 

tion of the enzyme. 

The solubilization of a -glucosidase in response to incubation 

conditions paralleled that of cathepsin but was  invariably greater. 

This  suggested that the enzymes have different binding affinities with 

the membrane surface.    However,   when the changing distribution of 

the two enzynnes was determined in aging muscle,   an identical pattern 

resulted. 
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STABILITY OF RAINBOW TROUT  (SALMO GAIRDNERI) 
MUSCLE LYSOSOMES 

INTRODUCTION 

The quality and processing of meats and fish are affected by the 

post-mortem behavior of muscle.    The pale,   soft,   exudative (PSE) 

condition of pork is associated with an extremely rapid and severe 

post-mortem pH   decline   (Cassens,   1966).     Conversely,   a minimal 

pH decrease in beef causes the formation of the dark-cutting condi- 

tion (Lawrie,    1966).    The properties of meat proteins are influenced 

by the rate,   temperature,   and extent of the post-mortem pH decrease 

(Trautman,   1966).    The protein solubility,   water-holding capacity, 

and emulsiflcation ability of pre-rigor muscle is considerably greater 

than post-rigor muscle (Lawrie,   1966; Saffle,   1968).     Low tempera- 

ture storage of beef to permit a softening of the muscle after rigor 

mortis,   the aging process,   is an accepted practice to produce more 

tender meat. 

Halibut displays a similar phenomenon to PSE pork whereby a 

low post-mortem pH produces a dull,   white,   opaque,   soft,   and flabby 

flesh (Tomlinson et al. ,   1965).     Love and Robertson (1968) and Love 

et al.   (1969) found separation of the myotomes  (gaping) to occur pri- 

marily in fish frozen during rigor mortis or in the post-rigor state, 

but never when frozen pre-rigor.     The rigor condition of fish can be 



important in handling and processing.    For example,   fish in the post- 

rigor condition are more pliable and easier to fillet (Bramsnaes and 

Hans en,   1965). 

The biochemical events in post-mortem mammalian muscle 

leading to the onset of rigor mortis have been defined in considerable 

detail.     However,   the resolution of rigor mortis,   the aging process,   is 

only beginning to be elucidated.     Most workers agree that the dissolu- 

tion of the Z line material is an integral step in this  process (Davey 

and Gilbert,   1967,   1969; Fukazawa ert al. ,   1969; Davey and Dickson, 

1970). 

Fish muscle follows a similarly defined biochemical pattern 

leading to the onset and resolution of rigor mortis  (Tomlinson et al. , 

196l).     The minimal amount of connective tissue,   uniformity of the 

muscle and white fibers,   and convenience in obtaining samples make 

fish muscle an excellent system for the study of muscle rigor mortis 

(Buttkus and Tomlinson,   1966). 

Texture deterioration is a more serious  problem in fresh fish 

than in red meats.    This deterioration has been linked to the catheptic 

enzymes (Siebert and Schmitt,   1965).    The cathepsins,   a group of 

lysosomal enzymes,   are the agents of intracellular protein hydrolysis. 

Goettlich-Riemann et^ al.   (1971) and Huang and Tappel (1971) have 

shown that cathepsins act concertedly during protein hydrolysis. 

Cathepsins haye been considered by many (Zender et al. ,   1958) to 



cause protein degradation that results in the r-e«~olution- of rigor mortis. 

Cathepsins  have also been thought to cause the proteolysis observed 

after extended ambient temperature storage of irradiation sterilized 

meats (Cainet^al. ,   1958; Pearson et al. ,   I960; Coleby etal. ,   1961). 

The lysosome is a subcellular organelle containing cathepsins 

and other hydrolytic enzymes capable of intracellular degradation. 

While these enzymes remain within an intact lysosome,   they are 

inactive on external substrates  (de Duve,   1963).     For the cathepsins 

to have a role in the resolution of rigor mortis,   they must be released 

from the lysosome prior to or during the resolution of rigor mortis. 

Thus,   this research is concerned with the in vivo and in vitro stability 

of muscle lysosomes from rainbow trout,   Salmo gairdneri. 



LITERATURE REVIEW 

The sliding filament model of muscle has become the basis for 

detailed investigations  into the structure and mechanism of muscle 

contraction.     The Cold Spring Harbor Symposia on Quantitative 

Biology (1973) contains a complete compilation of current knowledge on 

muscle structure,   composition,   and contraction.     Bendall (1969) and 

the Symposia on the Physiology and Biochemistry of Muscle as a Food 

(Briskey et al. ,   1966,    1.970) are also excellent sources. 

The Biochemistry of Muscle 

Goll (1968) summarized the major aspects of rigor mortis and 

discusses  its resolution.     This was updated (Goll et^ al. ,   1970) with 

considerable discussion of the post-mortem changes  in myofibrillar 

proteins. 

In the living muscle,   a contraction results after a nerve impulse 

triggers the release of Ca+    from the sarcoplasmic reticulum system 

into the interdigitating contractile proteins.     This stimulates the 

+2 
myosin-Mg      -ATP complex to interact with actin and to concurrently 

split ATP.     This actin-myosin cross-bridging is continuously repeated, 

pulling or ratchetting the fibers  past each other,   to produce the 

macroscopic muscle movement.     To terminate the contraction,   Ca 

is removed from the system by active transport,   ATP rebinds to 



myosin preventing interaction with actin,   and the fibers are free to 

slide past each other again,   relaxing, the muscle. 

With slaughter and the termination of the muscle's oxygen 

supply,   the muscle cell expends the myoglobin-bound oxygen.     The 

myofiber subsequently shifts to anaerobic glycolysis,   consuming 

glycogen and producing lactic acid which is responsible for the decline 

in pH from neutrality to pH 5. 5-6. 0.    Without glycogen,   creatinine 

phosphate is expended to maintain ATP levels.     This too is depleted 

and the ATP concentration decreases. 

When the ATP decreases to approximately 30% of its  initial 

+2 
concentration,   the sequestering of Ca       and the plasticizing of the 

actin-myosin system ceases and the proteins permanently interact. 

In the muscle,   this interaction is observed as a loss  of extensibility 

and is termed the rigor mortis state. 

Muscle shortening and subsequent stiffness may or may not 

accompany rigor mortis depending on post-mortem conditions, 

although they are frequently considered part of the definition of rigor 

mortis.    A muscle that goes  into rigor with little contraction will 

display slight stiffening.     The typical stiff rigor state will appear 

when a contractile-producing stimulus is  initiated when the ATP is 

nearly exhausted and the actin-myosin interaction cannot be reversed. 

The rate of rigor onset can be accelerated by increases  in 

temperature.     The severity of rigor is also affected by pre-mortem 



glycogen levels,   excision of the muscle,   and inherent tension of the 

muscles  (de Fremery,   1966; Herring,   1968). 

With myosin bound to the actin filament and ATP synthesis 

terminated,   the rigor state would be assumed to be permanent.    How- 

ever,   the muscle apparently regains its flexibility and softness  in a 

process termed the resolution of rigor mortis  or aging.     Goll (1968) 

reported that the muscle's ability to maintain isonnetric tension slowly 

declines after attaining a maximuna tension development,   although 

complete macroscopic extensibility did not return. 

In reviewing efforts to understand the resolution of rigor mortis, 

Goll (1968) and Goll et aL   (1970) concluded that relatively few changes 

were observed in the soluble proteins or in the connective tissue 

(Herring et^ al. ,   1967; de Freme;ry and Streeter,   1969) that were Ukely 

to be responsible for the macroscopic changes  in muscle.    However, 

Bodwell and Pearson (1964) and Eino and Stanley (1973a) found that 

the sarcoplasmic proteins were hydrolyzed in post-naortem muscle. 

Because of their importance in muscle structure and contraction, 

myofibrillar proteins were suspected to be responsible for the physi- 

cal changes in the aging of meat.     Increases in the solubility of myo- 

fibrillar proteins with aging have been observed by numerous  investi- 

gators  (Khan and van den Berg,   1964b; Davey and Gilbert,   1968; 

Sayre,    1968; Baliga et al. ,   1969; Davey and Dickson,   1970).     Extensive 

biochemical research and ultrastructural observations  indicate a 



weakening of the actin-myosin interaction with post-mortem storage. 

This allows some "slippage" of the myofilaments and a decrease in 

isometric tension. 

The dissolution of the Z line also appears to be a major mech- 

anism in the resolution of rigor.     Ultrastructural observations show 

a disorganization or absence of the Z line in aged muscle and a ten- 

dency for the fibril to be broken at the former location of the Z line 

(Davey and Gilbert,   1967).     Biochemical studies  indicate that bonds 

holding the actin filaments to the Z line were weakened or disrupted 

by post-mortem storage. 

Proteolytic enzymes have been held responsible for the aging- 

tenderization of meat (Zender et al. ,   L958) and fish (Siebert,   1962). 

Locker (i960) concluded that bacterial proteolytic enzymes were not 

responsible for the tenderization and aseptic meat was observed by 

Sharp (1963) and Davey and Gilbert (1966) to display the typical post- 

mortem behavior.    Working with fish,   Lerkeetal.   (1967) concluded 

that there was no significant bacterial proteolysis  until spoilage 

became evident.    Despite evidence of proteolysis  in post-mortem 

muscle (Sharp,   1963; Khan and van den Berg,   1964a,   b; Suzuki et^ al. , 

1967;  Parrish et al. ,   1969; Manita etal. ,   1970),   its   extent and 

importance has been disputed.     Locker (i960) found increases in free 

amino acids but no increases  in N-terminal groups and concluded that 

proteolysis was not a significant factor in aging.    Bodwell and Pearson 
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(1964) and Martins and Whitaker (1968) found that bovine muscle 

cathepsins were inactive on myofibrillar proteins.     The a   -actin and 

tropomyosin-troponin fractions were not proteolytically destroyed 

during aging (Goll etal. ,   1970). 

In contrast to these findings,   Eino and Stanley (1973a) reported 

catheptic activity on the salt soluble (0. 6 M KC1) and insoluble pro- 

teins  of beef muscle.     Incubating muscle fibers in a cathepsin solution 

reduced the tensile properties of muscle fibers  (Eino and Stanley, 

1973b).     Trypsin quickly removed the Z line from myofibers  (Goll 

et_al. ,    1970).     Evidence that cathepsins may cause the degradation of 

the Z line was  presented by Penny (1968) and Fukazawa et al.   (1969). 

These authors found that fibrils  prepared post-mortem without the 

presence of cathepsins and other soluble cellular materials did not 

show a loss of the Zline.    However,   when muscle fibrils were incu- 

bated with a partially purified cathepsin solution, only a limited 

increase in the tendency of the fibrils to rupture was noted (Tokiwa 

and Matsumiya,   1969). 

Further evidence for proteolysis affecting the texture was noted 

from studies with irradiation sterilized meat (Cain et^ al. ,   1958; 

Pearson etal. ,   1958,   1 960;  Coleby et al. ,   1 96 1; Bailey and Rhodes, 

1964).     Radiation did not inactivate the proteolytic enzymes and,   with 

storage,   extensive degradation of the muscle occurred. 



A second explanation for the Z line degradation has been 

presented by Goll (1968),   Goll e£ al.   (1970),   and Busch et al.   (1972). 

Incubation of muscle fibrils with Ca       ions and a partially purified, 

endogenous muscle protein resulted in degradation of the myofibril. 

This  protein has not been characterized nor has the in vivo cellular 

location been determined.     Removal of this protein may account for 

the results  of Penny (1968) and Fukazawa et al.   (1969) mentioned above. 

Rigor Mortis in Fish 

The ultrastructure and post-mortena biochemical behavior of 

fish muscle are basically similar to mammalian and avian muscle 

(Tomlinson and Gieger,   1962; Tomlinson et al. ,   1964;  Partman,    1965; 

Buttkus and Tomlinson,   1966).     In contrast to long fibers of mam- 

malian and avian muscle,   short fibers are arranged between the myco- 

commata or sheets of connective tissue of fish muscle.     Red and white 

muscle fibers are distinctly separated in fish,   with the white muscle 

comprising the food portion.     Fish muscle varies considerably from 

anterior to posterior in myocommata and myotome composition (Love, 

1970). 

The lowest post-mortem pH reached in many species was pH 

6. 2 to 6. 6,   although in some species such as halibut,   the pH may fall 

to 5. 5  (Pawar and Magar,   1965; Buttkus and Tomlinson,   1966). 

Tomlinson et_ al.   (196l) related the degree of exhaustion and storage 
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temperature to rigor mortis  in several species of fish including 

rainbow trout.    Rigor mortis occurred earlier and persisted for a 

shorter length of time when fish were exhausted before death or held 

at a higher storage temperature after death.     Rainbow trout,   unexer- 

cised and stored post-mortem at 17-19  C,   went into rigor at 8. 5 hr 

and softened by 24 hr.    At 0     (in ice) the times were 14. 5 and 79. 5 hr, 

respectively.    An exhausted rainbow trout stored in ice was in full 

rigor within 1 hr and was softening by L4„ 5 hr post-mortem.     Fraser 

et al.   (1961) reported the method of catching greatly affected the 

degree and duration of rigor mortis and increasing storage tempera- 

tures accelerated the onset of rigor. 

An increase in free amino acids during aseptic aging of mackerel 

muscle was noted by Manita et_ al.   (1970).    A decrease in protein 

solubility through the fifth day of storage on ice was followed by an 

increase on further storage (Baliga et al. ,   1969).     Minimum solubility 

coincided with the highest level of actomyosin and the maximum 

rigidity of rigor. 

Tokiwa and Matsumiya (1969),   using a prescribed blending 

treatment to disrupt fish muscle,   determined the ratio of fibers con- 

taining less than five sarcomeres to the total number of fibers.     This 

ratio increased during post-mortem aging,   reflecting the degradation 

of the Z line and easier fragmentation.     Carp myofibrils  isolated at 

death and resuspended in buffered salt solutions  (pH 4. 5,   0   ) did not 
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increase in fragmentation with storage.    When partially purified carp 

muscle cathepsin was added to the suspension,   the fragmentation 

increased,   but not to the extent observed in vivo.     Tokiwa and 

Matsumiya (1969) concluded from their results that under conditions 

of post-mortem aging,   fragmentation of myofibrils was not a direct 

effect of muscle cathepsins. 

The Cathepsins 

Cathepsins are a group of intracellular enzymes of animal tissue 

origin which hydrolyze proteins  under acidic conditions.     Currently, 

five groups  of cathepsins are recognized,   although revision is likely 

as their functions are further characterized.     The cathepsins pre- 

sently recognized are:   A (EC 3. 4. 2. -),   Bl and B2  (EC 3. 4. 4. -), 

C  (EC 3. 4. 4. 9),   D (EC 3. 4. 4. 23) and E (EC 3. 4. 4. -).     The following 

summary of the cathepsins was compiled from reviews by Barrett 

(1969,   1972) and Mycek (1970). 

Catheps in A--This  enzyme hydrolyzes N -carbobenzoxy- a-L- 

glutamyl-L-tyrosine,   a synthetic substrate for pepsin.     Its specificity 

is toward the carboxy terminal L-anaino acid residue of a polypeptide, 

unless that location has a basic residue or proline.     Its activity on 

intact proteins  is  probably limited.     Cathepsin A is considered to be 

lysosomal and possesses a pH optimum of 5. 0 to 5. 4.     Cysteine does 

not activate the enzyme,   nor does iodoacetamide cause inhibition. 
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Cathepsin B--This enzyme was originally determined by its 

deamidation of benzoyl-arginine amide,   a synthetic substrate for 

trypsin.     Cathepsin B has been found to consist of two enzymes,   Bl 

and B2; the former can be distinguished from the latter by its ability 

to hydrolyze a   -N-benzoyl-D, L-arginine p-nitroanilide and benzoyl- 

D, L-arginine 2 -naphthylamide.     Endopeptidase activity as well as 

trans peptidation reactions are characteristic of cathepsin B.     The pH 

optima for synthetic substrates range from 5. 0 to 6. 5;  however, 

cleavage of trypsinogen to trypsin is maximum at pH 3. 6 and maxi- 

mum production of TCA soluble peptides from hemoglobin occurs at 

pH 4. 0 to 4. 5.     Cathepsin B was found to be lysosomal,   but possessing 

low activity in muscle.     Since a cysteine residue is in the active site, 

activation can be achieved with cysteine and other sulfhydrals. 

lodoacetamide and p-chloromercuribenzoate inhibit its activity^ 

Cathepsin C--The deamidation of glycine -L-phenylalaninamide is 

the characteristic property of cathepsin C.     It also transfers dipeptides 

with a free a -amino group from a peptide to water.    Near pH 5. 0, 

hydrolysis  predominates while at pH 7. 0 to 8. 0    amide or ester pep- 

tides are polymerized.     Because other acceptors can compete with 

water for the dipeptide,   the enzyme is frequently referred to as 

dipeptidyl transferase.     This lysosomal enzyme has an essential thiol 

group and is activated by thiol reagents and inhibited by thiol-blocking 

reagents.    Cathepsin C is a glycoprotein. 
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Cathepsin D--This  is the major acid protease of many animal 

tissues.     It has few low molecular weight substrates and is inactive 

toward the synthetic substrates of cathepsins A,   B,   and C.    Assays 

for cathepsin D are based on release of hydrolytic products from 

proteins,   usually hemoglobin,,    Maximum endoprotease activity toward 

hemoglobin is  in the range of pH 3. 0 to 3. 5„     Cathepsin D is  unaffected 

by the standard thiol,   serine,   or metal activators  or inhibitors.     In 

some tissues several isoenzymes of cathepsin D exist.     The lyso- 

somal fraction contains this glycoprotein. 

Cathepsin E--While similar to cathepsin D in substrate specifi- 

city and active site,   this cathepsin is differentiated by higher activity 

at pH 2. 5 on serum albumin and different immunological properties. 

The occurrence of this  enzyme in muscle has not been detected 

(Lutalo-Bosa,    1970). 

Other lysosomal proteolytic enzymes are;    carboxypeptidase, 

dipeptidase,   and dipeptidyl aminopeptidase.     Barrett (1972) discusses 

evidence of a lysosomal bound,   true collagenase.    Schaub (1964) and 

Etherington (1972) described a collagenase from rat organs,   including 

muscle,   that was active on insoluble collagen at pH 3. 3-3. 5. 

Goettlich-Riemann et al.   (1971) partially purified cathepsins 

A,   B,   and   D from rat liver and found that cathepsins A and B had low 

activity at pH 3. 8 as compared to cathepsin D.    A mixture of all three 

enzymes displayed greater activity than the sum of their separate 
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activities.    Since cathepsins A and B have higher pH optima than 

cathepsin D,   reaction solutions were incubated at pH 3. 8 then adjusted 

to pH 5. 0 or 6. 8.    Relative to individual enzymes or to constant pH 

activities,   a synergistic effect was again observed.    Huang and Tappel 

(1971) partially purified cathepsins C and D and found that denatured 

hemoglobin was only slightly hydrolyzed at pH 3„ 8 by cathepsin D 

alone.     They speculated that cathepsin D was the rate limiting step in 

proteolysis while cathepsin C remoyed the initial products  of hydroly- 

sis and shifted the equilibrium toward further hydrolysis by cathepsin 

D.    Protein hydrolysis was described by Tappel (1969) as a concerted 

action of the lysosomal proteases and peptidases.     Proteins were 

hydrolyzed by cathepsin D primarily,   but also by cathepsin E and 

collagenase.     The peptides and polypeptides were further hydrolyzed. 

by cathepsins A and B.     These smaller peptides were reduced to 

amino acids by specific peptidases,   cathepsin C,   and dipeptidas es. 

Cathepsins  in Muscle 

The pH optima of cathepsin D from mammalian and avian muscle 

are in the range of pH 3. 7 to 4. 4.    Suzuki and Fujimaki (1968) and 

Suzuki et^l.   (1969a,   b) reported rabbit muscle cathepsin to be opti- 

mum at pH 4. 0,   and lodice et_ al.   (1966) found the pH optimum between 

pH 4. 1 and 4. 3.    Bovine muscle possessed a pH optimum between 

pH 3. 7 and 4. 4 (Sliwinski et al. ,   1959).     In addition to the major peak 
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at pH 4. 0,   a second peak was noted at pH 9. 0 (Parrish and Bailey, 

1967).     Multiple optima were also reported in bovine muscle by Eino 

and Stanley (1973a) at pH 3. 8,   4. 8 and 7. 0 with the greatest activity at 

pH 3. 8.     Multiple activity peaks were detected in porcine muscle at 

pH 4. 0,   8. 0 and 10. 0 (Parrish and Bailey,   1966),   pH 3. 8 and 4. 8 

(Lutalo-Bosa and MacRae,  1969),   and pH 4. 0 and 9. 0 (Deng and 

Lillard,   1.973).     The pH 9. 0 activity optimum was the major peak 

reported in rat skeletal muscle (Koszalka and Miller,   1960a,   b). 

Single pH optima were reported in avian muscle at pH 4. 1 to 4. 3 

(lodice et aL ,   1966),   pH 3. 8 (Berman,   1967),   and pH 3. 5 (Fukushima 

et^ al. ,   1971).     Caldwell (1970) reported avian muscle cathepsin to 

have a pH optimum of 3. 0.    Subsequently,   Caldwell and Grosjean 

(1971) found the pH optimum for avian muscle cathepsins A,   B,   C, 

and D to be pH 5. 0,   4. 8,   5. 5,   and 4. 0,   respectively. 

Lutalo-Bosa and MacRae (1969) reported that cathepsin D had 

higher activity in porcine muscle than cathepsins B or C.     However, 

the relative activities of cathepsins B,   C,   and D in the muscle were 

only 52,   2,   and 25% of that in the liver.    The ratio of cathepsins A, 

B,   C,   and D in avian muscle was  100:1:1:10  (Caldwell and Grosjean, 

1971). 

Despite earlier work indicating that cathepsins were inactive 

on myofibrillar proteins  (Bodwell and Pearson,   1964),   the rate of 

hydrolysis by rabbit muscle cathepsin was greatest on the water 
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soluble proteins followed by myosin A,   actin,   and myosin B,   respec- 

tively (Suzuki et al. ,   1969b).     Bovine muscle cathepsins were active 

on water soluble,   salt soluble,   and insoluble meat fractions in a ratio 

of 6. 5:4. 1:2.. 4,   respectively (Eino and Stanley,   1973a). 

The activity of porcine muscle cathepsins was  unaffected by 

NaCl concentrations less than 0. 1 M,   but activity was sharply reduced 

above 0. 5 M (Deng and Lillard,   1973).    However,   activity was 

restored after the NaCl was removed by dialysis.     The enzyme 

activity was also reduced in sucrose concentrations greater than 

0. 3 M. 

A comparative study of cathepsin activity in 13 marine species 

of fish showed large individual variations and the ranges of the species 

overlapped with no evident phylogenic distinction (Wojtowicz and 

Odense,   1972).    Hemoglobin hydrolyzing activity paralleled autolytic 

activity and the pH optima were in the range of 3. 0 to 3. 6.     Twelve 

species  studied by Makinodan and   Ikeda (1969a) possessed pH optima 

ranging from 2. 6 to 3. 5.     The pH optimum for goldfish and rainbow 

trout muscle cathepsin D was 3. 8 (Bird et_ aL ,    1969; Milanesi and 

Bird,   1972).     Salmon muscle cathepsin possessed a pH optimum at 

3. 7 with two minor pH optima at pH 7. 0 and 8. 5 (Ting et^ al. ,   1968). 

Codfish kidney proteinases were found by Dollar and Blackwood (1962) 

to have optinaa at pH 3. 0 to 3. 5 with some activity at pH 6. 5.     Using 

direct incubation and electrophoresis of products,   Reddi etal.   (1972) 
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reported the catheptic activity of winter flounder muscle to have a 

broad pH range,   being maximum at pH 4. 0 but extending to pH 6. 5. 

Groninger (1964) partially purified a proteinase from albacore muscle 

that had a pH optimum of 2„ 4 to 2. 5 and was active against hemoglobin 

but not the typical substrates  of cathepsin A,   B,   and C.     Cathepsins 

A,   B,   C,   and D were detected in carp with pH optima of 5. 0,   6. 4, 

6.4,   and 3.0,   respectively (Makinodan and Ikeda,    1969c,   1971). 

Cod muscle cathepsins were reported by Siebert (1962) and 

Siebert et aL   (1965) to have a pH optima of 4. 3 and 4. 6.     None of the 

synthetic substrates for mammalian cathepsins A,   B,   and C were 

hydrolyzed by cod muscle cathepsins.     Cod muscle was found to con- 

tain about ten times the catheptic activity as mammalian muscle 

(Siebert and Schmitt,   1965) and several times greater dipeptidase 

activity (Schmitt et al. ,   1.966).     In contrast,   Wojtowicz and Odense 

(1972) reported cod white muscle catheptic activity was comparable 

to that of chicken muscle. 

The more rapid autolysis  in the red muscle was attributed to 

the higher proteolytic activity of the red over white muscle (Saito 

and Sameshima,   1958).    Makinodan and Ikeda (1969a,   b,   c)  observed 

acid proteases active near pH 2. 6 to 3. 5,   and in eight of the twelve 

species,   an alkaline protease active near pH 8. 0 to 8. 5 was detected. 

This  latter enzyme was isolated from all the white meat fish (except 

cod) but had little or no activity in red meat fish (albacore,   mackerel, 
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and sardine). The intracellular location of the alkaline protease was 

not determined. 

The lysosomal nature of cathepsin D in fish muscle was estab- 

lished for goldfish (Bird et al. ,   1969),   winter flounder (Reddi et al. , 

1972),   and rainbow trout (Milanesi and Bird,   1972).    An electron 

micrograph of winter flounder muscle showed the lysosomes adjacent 

to the myofibrils  (Reddi et^al. ,   1972). 

Increasing the NaCl concentration above 0. 5% increasingly 

inactivated the flounder muscle cathepsins  (Reddi et^ aL ,   1972). 

a-Glucosidase 

a-Glucos idase,   EC 3. 2. 1. 20,   has been shown to be localized 

in the lysosome (Barrett,   1972)  including rainbow trout lysosomes 

(Milanesi and Bird,   1972).     This enzyme is conveniently assayed with 

phenyl- a-glucoside,   maltose,   or glycogen as a substrate,   but its 

specificity also includes a (1-6) bonds of dextran and glycogen.     In 

addition to hydrolytic reactions,    a-glucosidas e can catalyze trans- 

glycosylations.     This enzyme is  probably a tetramer conaposed of 

26,000 molecular weight subunits  (Barrett,   1972). 

The Lysosomal Concept 

In the early 1950's,   de Duve and co-workers realized that rat 

liver acid phosphatase was associated with a new class  of cytoplasmic 
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granule and that this conferred a latency in the activity of the enzyme 

(Appelmans et aL ,   1955; de Duve et^ al. ,   1955; de Duve,   1964).    The 

lysosomes have since been shown to contain over 50 enzymes capable 

of catabolizing macromolecules of the cell.    A partial list of the 

enzymes includes:    deoxyribonuclease,   ribonuclease,   esterases and 

Upases,   phosphatases,   glucoside.hydrolases,   and peptidyl amino acid 

hydrolases.    Some of these enzymes maybe present in other organ- 

elles,   and others may not be present in all lysosomes.     In general, 

these enzymes are hydrolytic and have acidic pH optima (Barrett, 

1972). 

The lysosome may vary in shape but generally it has a diameter 

of 0. 25 to 0. 50 (JL and is bounded by a single membrane (Wilson and 

Morrison,   1966).    When the membrane is intact,   the enzymes remain 

within the lysosome and are inactive on external substrates.     When the 

organelle is ruptured by a variety of physical or chemical agents,   the 

enzymes are released and become capable of hydrolyzing the cellular 

material (de Duve,   1963). 

Wilson and Morrison (1966) listed three general functions  of the 

lysos ome. 

1)      Ingestion (invagination) of the cell membrane (phagocytosis) 

forms a vacuole for intracellular digestion.     Enzymes  of a 

lysosome are transferred to the phagosome by fusion of the 

two into a digestive vacuole.    Hydrolyzed products then diffuse 

into the cytoplasm and the residue is expelled. 
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2) Autophagy involves the digestion of parts  of the cell (mito- 

chondria and endoplasmic reticulum) as  part of the normal turn- 

over of cellular constituents.     It also involves use of part of 

the cell for energy during starvation,   metamorphic changes, 

and response to disease and injury. 

3) Autolysis proceeds after the actual rupture of the lysosome 

with digestion of the cell. 

More detailed accounts of lysosomal function can be found in Dingle 

and Fell (1969a,  b). 

Sawant et al.   (1964b) demonstrated that purified lysosomes can 

digest liver tissue,   mitochondria,   and microsomes,   although nuclei 

were resistant.    Mego (1971) presented evidence that the intralyso- 

somal pH was maintained at approximately pH 5. 0 by an internal 

buffering system.    This pH is close to the optimum pH for most 

enzymes. 

Physiological agents capable of labilizing the lysosome include 

vitamin A,   streptolysin S,   iron ions,   cysteine,   glutathione,   and 

ascorbate.     Conversely,   the stability of lysosomes is enhanced by 

hydrocortisone,   chloroquine,   cortisol,   and other drugs  (Weissman, 

1964;  Ignarro,   1971a,   b; Chvapil et^ al. ,   1972;  van Caneghem,   1972). 

Heterogeneity of Lysosomes 

Lysosomes from a range of species were shown to have lower 



21 

specific activities of   (3 -galactos idase,   aryl sulfatase and   (3 - 

glucuronidase in muscle relative to organ tissue,   but high specific 

activities of catheps in and ribonuclease (Shibko et_ ah ,   1963; Shibko 

and Tappel,   1964). 

Although liver and kidney lysosomes appeared to have the same 

enzyme compliment,   the liver lysosomes sedimented mainly in the 

light mitochondrial fraction while kidney lysosomes sedimented 

between the nuclear and mitochondrial fractions  (Shibko and Tappel, 

1964).     Romeo etal.   (1966) found after limited differential sedimenta- 

tion that five lysosomal enzymes had a different distribution between 

the nuclear and the low speed mitochondrial fractions.    A differential 

shift of enzymes between control and Triton WR-1339 treated cat 

placental lysosomes separated by isopycnic equilibration    was noted 

by Schultz and Jacques  (1971).    After gradient centr ifugation of a crude 

rat liver lysosomal fraction,   Futai et al.   (1972) found that the ratios 

of three acid hydrolases varied between different fractions  of the 

gradient.    This indicated that the lysosomes were heterogeneous  in 

enzyme content. 

Zonal gradient centrifugation of rat liyer lysosomes by Rahman 

ert al.   (1967) indicated that acid phosphatase and cathepsin C belonged 

to one group of lysosomes and acid ribonuclease and cathepsin D to 

another. 
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Histochemical observations also show a heterogeneity of the 

lysosomes.    Mouse kidney lysosomes stained for aryl sulfatase 

indicated that the reaction product was not distributed uniformly over 

all the organelles that corresponded to the morphological appearance 

of lysosomes (Rowden,   1967).    Histochemical localization of acid 

phosphatase,    (3 -glucuronidase,   and N-acetyl-p-glucosaminidase in 

rat tissues showed these enzymes to be in discrete granules  in the 

cytoplasm (Hayashi,   1967).     The intensity or number of granules that 

stained for each enzyme differed in varying degrees among the tissues. 

Electrophoresis byStahn et al.   (1970) caused rat liver lyso- 

somes richer in aryl sulfatase to migrate further toward the anodic 

pole than lysosomes with  p -glucuronidase. 

The possibility of heterogeneity with different cell types has 

been suggested (Rahman et al. ,   1967).    Canonico and Bird (1970) 

fractionated rat skeletal muscle and found two groups of lysosome-like 

particles.     One group,   believed to be from muscle cells,   contained 

95% of the cathepsin D and acid phosphatase and 75% of the acid ribo- 

nuclease,    p -glucuronidase and aryl sulfatase.     The second group, 

thought to be from macrophages and connective tissue cells,   had a 

higher portion of the latter enzymes.     However,   in beef muscle the 

homogeneous behavior of the individual hydrolases with intracellular 

distribution and isopicnic centrlfugation indicated that a single form of 

lysosome exists (Stagni and de Bernard,    1968). 
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These observations  indicate that lysosomes are heterogenous 

organelles and that they differ among and within the tissues of the 

same animal. 

Lysosome Fragility 

The stability of isolated lysosomes  is dependent on environ- 

mental conditions of osmotic pressure,   pH,   temperature,   ambient 

ions,   and other physical and chemical treatments. 

The importance of osmotic protection was demonstrated by a 

rapid release of acid phosphatase from rat liver lysosomes that were 

suspended in distilled water (Appelmans and de Duve,   1955).    With 

increasing sucrose concentrations at 0-4   ,   lysosomes are increasingly 

stabilized until maximum stability is achieved at 0. 20 to 0. 25 M 

sucrose in rat liver and spleen (Appelmans and de Duve,   1955; Gianetto 

and de Duve,   1955; Rahman,   1963),   guinea pig liver (Turnbull and 

Neil,   1969),   and muscle (Stagni and de Bernard,   1968). 

Elevated incubation temperatures  increase the susceptibility of 

the lysosomes to rupture.     Incubation of rat liver lysosomes  in 0.25 

M sucrose at different temperatures for 45 min showed little or no 

o o 
additional release over the range of 1 to 30  .    But above 30   , 

solubilization of the enzymes  increased with increasing temperature 

(Dingle,   196l).     Using a longer incubation time,   Sawant_et _al.   (1964c) 

found decreased stability as the incubation tenaperature increased from 
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5 to 30  .    Acid phosphatase was almost completely released from rat 

liver lysosomes after 2 hr at 37   ,   but little release occurred at 0 

(Rahman,   1964).    Incubation at 45    caused the release of more enzyme 

than incubation at 37    (Ignarro,   1971a).    To achieve a moderate 

amount of lysosomal breakage to study other labilizers,   incubation at 

37    was used by Weissmann and Thomas (1963),   Sawant et al.   (1964a), 

Balasubramaniam and Deiss (1965),   and Bird et^ al.   (1968). 

The amount of enzyme released from the lysosome increases 

rapidly during the first hours of incubation (Appelmans and de Duve, 

1955).     Incubation at 0    for 78 hr in 0. 45 M sucrose plus glycogen 

(0.4 mg/ml) showed an increasing release of lysosomal enzymes 

(Sawant et al. ,   1964a); however,   in 0. 7 M sucrose the lysosomes 

appeared to be stable for 50 hr at 0-4    before releasing their enzymes 

(Sawant et al. ,   1964c).    Bodwell and Pearson (1963) and Burt (1966) 

noticed when they incubated the crude muscle homogenate before 

centrifugation the extraction of lysosomal enzymes was  enhanced. 

Incubation of lysosomes  in various buffers  indicated that they 

have a maximum stability between pH 6. 0 to 7. 0.    Rat  Uver lyso- 

somes were reported to be labile at or below pH 5, 0  (Appelmans and 

de Duve,   1955; Dingle,   1961),   to have maximum stability between 

pH 6. 8 and 7.2 (Sawant et_ al.. ,   1964a) and at pH 6.4 (Ignarro,   1971a). 

Bovine thyroid lysosomes were most stable between pH 5. 1 and 7. 3 

(Balasubramaniam and Deiss,   1965),   rat kidney lysosomes were most 



25 

stable between pH 6. 0 and 7. 0 (ShibJco and Tappel,   1965),   and lyso- 

somes from chicken muscle were most stable between pH 5„ 0 and 6. 0 

(Caldwell and Grosjean,   1971). 

Inorganic salts can either enhance or retard the release of 

lysosomal enzymes.    The effect can be dependent on ionic strength. 

Gianetto and de Duve (1955) reported that isotonic NaCl at 0    was not 

able to retain the integrity of rat liver lysosomes without the presence 

of 0. 25 M sucrose.    Ignarro (1971a) reported that the sodium ion 

markedly decreased lysosome stability.     Rat liver lysosome stability 

+2 +2 
was  unaffected by 1 mM Ca     ,   stabilized by Zn     ,   and labilized by 

Cu       and Hg       (Chvapil et al. ,   1972).    Sawant et al.   (1964a) reported 

that aryl sulfatase availability was  increased with addition of 5 mM of 

+2 +2 
Ca       or Mg      and that this effect was reduced with EDTA.     Verity 

e^al.   (1968) found a labilizing effect with increasing Na    and K 

+2 +2 
concentrations.    But with increasing Ca      and Mg       concentrations a 

biphasic solubilization curve was obtained.     The lower concentrations 

(2-10 mM) allowed association of enzymes and membrane and reduced 

the enzymes' solubility. 

Increasingly severe blending treatments  released a greater 

portion of the enzymes from the lysosome (Gianetto and de Duve, 

1955;  Parrish and Bailey,    1967).    Alternately freezing and thawing 

also released the enzymes  (Gianetto and de Duve,   1955; Sawant et al. , 

1964c; Parrish and Bailey,   1967).     Nonionic detergents such as 
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Igepal-630 and Triton X-100 were also effective in labilizing the 

lysosomal membrane (Rahman,   1963; Stagni and de Bernard,   1968). 

Shibko etal.   (1965) and Shibko and Tappel (1965) observed that 

the release of lysosomal enzymes was a two-stage process.     Initially 

the enzyme would hydrolyze the substrate while remaining membrane- 

bound and sedimentable.     Later the enzyme was released from the 

membrane and became uns edimentable. 

The original lysosomal concept envisioned simultaneous release 

of the enzymes when the lysosome ruptured.    However,   the release 

of various enzymes in response to the conditions listed above was 

not always uniform.     In the control sample of rabbit liver lysosomes, 

the free activity of   (3 -glucuronidase increased from 7 to 9% while 

acid phosphatase increased from 15 to 23% during incubation 

(Weissmann and Thomas,   1963).     In rat liver,   aryl sulfatase,   acid 

phosphatase,   and ribonuclease did not become available to external 

substrates to the same extent after incubations at different times, 

pH's,   osmotic strengths,   or temperatures  (Sawant et al. ,   1964a). 

Ribonuclease generally exhibited slower release than the other two 

enzymes.     Freeze-thawing released all of the aryl sulfatase and 

P-glucuronidase,   but acid phosphatase and acid ribonuclease remained 

partly associated with the membrane (Sawant et al. ,   1964c).    Five 

enzymes from beef heart were liberated from the lysosome in differ- 

ent proportions with varying concentrations  of sucrose or Triton X-100 
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(Romeo et al. ,   1966).    A graded release of p -galactosidase,    p - 

glucuronidase,   cathepsin,   and ribonuclease from rat and beef 

skeletal muscle lysosomes resulted from increasing Triton X-lOO 

concentrations (Stagni and de Bernard,   1968).     Different Triton X-100 

to protein nitrogen ratios were necessary to cause complete release 

of each enzyme.    Verity et al.   (1968) found that acid phosphohydro- 

lase,   N-acetylglucosaminidase,   and  p  -glucuronidase responded 

individually to changing mono- and divalent ion concentrations. 

Differences  in response of the same enzyme from different 

tissues was noted by Rahman (1964).     Rat liver lysosomes almost 

completely released acid phosphatase in 2 hr at 37   ,   but little release 

occurred at 0   .    Spleen and thymus lysosomes failed to release their 

acid phosphatase into solution at either 0 or 37   . 

The release of enzymes from the lysosome reflected both the 

membrane character of the organelle and the presence of different 

enzyme-membrane bonds conferring structure-linked latency upon 

individual lysosomal enzymes  (Sawant et al. ,   1964a;  Verity £t al. , 

1968). 

Lysosomes in Muscle 

Tappel et_al.   (1965) surmised that "Lysosomal enzymes are 

important in many hydrolytic processes in meats,   including those of 

pbst-mortem autolysis,   aging and tenderization,   and hydrolytic pro- 

duction of flavor constituents. " 



28 

The lysosomal nature of the catheptic enzymes was demonstrated 

in mammalian muscle (Parrish,   1965; Parrish and Bailey,   1967; 

Canonico and Bird,   1970; Ono,   1970),   avian muscle (Caldwell and 

Grosjean,   1971),   and fish muscle (Birdetal.,   1969; Milanesiand 

Bird,   1972; Reddi et al. .   1972). 

The difficulties in extracting intact lysosomes from muscle 

tissue were described by Bird et al„   (1968,   1969),   Caldwell and 

Grosjean (1971),   Milanesi and B ird (1 972),   and Warrier et al.   (1972). 

The lower lysosomal enzyme activity in muscle relative to the organs 

also makes assay more difficult (Shibko £t aL ,   1963; Bird et al. , 

1968).     However,   osmotic and thermal treatments of beef lysosomes 

revealed a higher stability of muscle lysosomes compared to liver and 

kidney lysosomes  (Stagni and de Bernard,   1968). 

Although a homogeneous population of muscle lysosomes was 

indicated (Stagni and de Bernard,   1968),   individual solubilizations of 

the enzymes were reported for bovine and avian muscle.     Lutalo-Bosa 

(1970) found the average percentages of free enzyme from bovine 

loin and flank muscles were 33% for cathepsin B,   50% for cathepsin 

C,   and 7% for cathepsin D.     Caldwell and Grosjean (1971) reported 

the percent nonsedimentable cathepsin A,   B,   C,   and D from chicken 

breast muscle to be 26,   29,   41,   and 14% respectively. 

Several authors have attempted to relate the release of lyso- 

somal enzymes with the post-mortem properties of muscle.     The 
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homogenization and assay of Warrier et aL   (1972) failed to detect 

latency in fish muscle lysosomes,   but there was an increased activity 

of lysosomal enzymes  in the exudate obtained from the muscle follow- 

ing freezing.     Free hydrolytic activity in the juice expressed upon 

ultracentrifugating beef muscle fragments was measured at 0,   2,   and 

8 days post-mortem (Valin,   1970).     The amount of free cathepsin D 

increased from 2. 5 to nearly 15% during the rigor process of 2 days, 

with no subsequent change at 8 days.      (3 -Glucuronidase remained low 

the first 2 days,   then increased to approximately 10% free activity. 

Lutalo^Bosa (1970) blended and centrifuged bovine muscle after 

various aging periods and measured the enzyme in the two portions 

as a measure of lysosomal breakdown.     The enzymes  in the super- 

natant were considered to be released from the lysosome while that in 

the sediment was considered to be bound within the lysosome.     Cathep- 

sin B after 2 hr aging was 25-30% released and it increased to 35-40% 

after aging  14 days.     Cathepsin C was 50% released soon after slaugh- 

ter and showed little subsequent change.     Cathepsin D was  initially 

near zero percent released,   increasing to 15-20% free enzyme during 

the first two days,   and changed little thereafter. 

Ono (1971) fractionated bovine muscle into a soluble super- 

natant,   a lysosome fraction,   and a low speed pellet of undisrupted 

tissue and fibrillar protein which was  extracted with desoxycholate. 

The initial percentage of   (3 -glucuronidase and   (3 -galactosidase in the 
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lysosomal fraction was approximately 18%,   decreasing to 5% in 10 

days with much of the decrease occurring during the first 4 days. 

Acid ribonuclease decreased from 12 to 3% over the same period. 

Noting a parallel increase between liberation of amino acids and 

solubilization of enzymes  (desoxycholate soluble plus supernatant), 

the author suggested that lysosomal activation was essentially com- 

plete within 4 days post-mortem. 

Eino and Stanley (1973a) attempted to relate rigor mortis in 

bovine muscle with the changes  in soluble cathepsin activity.     The 

specific activity of cathepsins soluble after blending in 2% KC1 on 

endogenous muscle proteins  (insoluble in 2% KC1) and water soluble 

proteins  increased for 6 days post-mortem,   then specific activity 

declined on the endogenous substrate but not for the water soluble 

substrate.     The data were interpreted as  indicating a breakdown of 

the lysosomal membrane with a resulting release of cathepsins during 

the initial 6 days followed by changes in the endogenous  protein. 

Blending the muscle in the presence of Triton X-100 only increased 

the specific activity 20-30%,   but the specific activity was not constant 

over the aging period. 

The above work indicated that lysosomes may rupture and 

release their enzymes post-mortem.    However,   it is difficult to 

determine the extent of the lysosomal breakdown in the work of 

Warrier et al.   (1 972) and Valin (1970).     The assumption of Ono (197 1) 
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that other lysosomal enzymes may be used as a marker for the cathep- 

sins has been shown untenable by many researchers.    The specific 

activity increases reported by Eino and Stanley (1973a) may reflect 

decreased protein solubility during rigor mortis rather than increased 

soluble cathepsin activity.    No explanation for the marked differences 

in solubilization of the four cathepsins was offered by Lutalo-Bosa 

(1970).     Nor was an attempt made to isolate and assay a fraction 

containing intact lysosomes.     Without this fraction,   it is difficult to 

differentiate the enzyme released in vivo from that released by blend- 

ing,   or to differentiate intact  lysosomes from undisrupted tissue. 
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METHODS 

Rainbow Trout 

Rainbow trout (Salmo gairdneri) Mt.   Shasta strain were main- 

tained at the Food Toxicology and Nutrition Laboratory of the Depart- 

ment of Food Science under conditions described by Lee et al.   (1967). 

The age of the fish ranged from 9 to 1 5 mo during the research on 

lysosomal stability and their weights increased from approximately 

150 to 400 g during this period.    The ad lib, diet was based on fish 

protein concentrate and herring oil (47% protein,   20% oil). 

Determination of the rigor state of the muscle was by tactile 

observation (Tomlinson et aL ,   1961).     Changes were sufficiently 

evident for determination of appropriate sampling times.     The pattern 

observed in this work closely resembled that reported by Tomlinson 

et al.   (1961) for rainbow trout. 

Lysosome Extraction 

The fish were captured in a net and stunned by a blow on the head. 

They were immediately weighed,   headed,   eviscerated,   and packed in 

ice while transported to the laboratory. 

In the laboratory,   muscle samples for lysosomal extraction 

were prepared by excising the muscle from the carcass and removing 

the skin.    Any red muscle from the lateral line or subcutaneous areas 
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was carefully removed.    White muscle,   both dorsal and ventral to 

the lateral line,   was expressed through a hand operated extruder with 

0. 00 9 inch holes.    Four grams  of the extruded muscle were added 

to 16. 0 ml of a cold (5°) 0. 25 M sucrose-0. 175 M KC1-1 mM EDTA 

extracting solution (Ono,   1971)  in a glass homogenizer tube.     The 

sample was blended for 2 sec with a Tissumizer blender (Tekmar Co. ) 

run through a Gra Lab Universal Timer.     This blender had a cylin- 

drically shaped,   slotted external stator and a revolving internal rotor 

(20, 000 rpm).     The design was comparable to that described by 

Caldwell and Grosjean (1971).     The slurry in the glass tube was then 

homogenized by one up and down pass with a rotating (1000 rpm) 

teflon pestle of the Potter-Elvehjem type. 

The slurry was transferred to a centrifuge tube and centrifuged 

at 1000 x G for  10 min at 4    to remove insoluble cellular material. 

This  pellet material was resuspended in 10. 0 ml of the extracting 

solution,   given a short burst (about 0. 5  sec) with the Tissumizer 

blender,   and recentrifuged under the same conditions.     The two 

supernatants were combined,   weighed,   and centrifuged at 27, 000 x G 

for 20 min to form the lysosomal pellet.     The pellet from the second 

1000 x G centrifugation,   designated the sediment,   was weighed,   and 

2. 0 g were resuspended in 8. 0 ml of extracting solution.     This 

material was disrupted by a 0. 5 sec burst with the blender.     The 

pellet from the 27, 000 x G centrifugation,   termed the lysosomal 
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pellet,   was similarly weighed,   and resuspended either in 5. 0 or 

8. 0 ml of extracting solution by a short burst with the blender.     The 

weight of the 27,000 x G supernatant,   termed the supernatant,   was 

determined by subtraction and a 5. 0 or 10. 0 ml aliquot taken. 

A   2 % Triton X- 100 solution was added to each of the three 

fractions to yield a 0. 2% final concentration.     Initially,   the fractions 

were   held for a minimum of 30 min on ice to allow disruption of the 

lysosome by the Triton X-100.     Later,   they were held at room 

temperature to ensure more complete disruption.     Frequently,   when 

decanting the supernatant of the 1000 x G centrifugation a layer of 

cheesecloth was needed to prevent a pellicle from being transferred. 

Whenever a sample was not being manipulated,      it was kept on ice to 

minimize lysosomal disruption and enzymatic activity.     The procedure 

is summarized in Figure 1. 

An antibiotic,   chlortetracycline at 100 ppm,   was used on the 

dressed fish in the second in vivo study at 15    to control bacterial 

growth (Tarr,    196l; Davey and Gilbert,   1968;  Penny,   1968).     In one 

experiment where lysosomes were incubated at 15     for 70 hr,   the 

antibiotic was added to the suspension media. 

In Vitro Stability of Lysosomes 

For the studies on the stability of extracted lysosomes,   up to 

150 g of ground muscle were blended (Tissumizer only) in four volumes 
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4. 0 g muscle 
16. 0 ml 0. 25 M sucrose-0. 175 M KCl-1 mM EDTA 
blend 2 sec 
homogenize one up and down cycle 
centrifuge 1000 x G   10 min 

10. 0 ml sucrose-KCl-EDTA 
blend 0. 5 sec 
centrifuge 1000 x G   10 min 

weigh 
resuspend 2. 0 g in 8. 0 ml 

sucrose-KCl-EDTA 
0.2% Triton X-100 

Sediment 
rr 

weigh 
centrifuge 27, 000 x G   20 min 

weigh 
resuspend in 5.0 or 8. 0 
ml sucrose-KCl-EDTA 

0.2% Triton X-100 

take 5.0 or 10. Oml 

0.2%, Triton X-100 

Supernatant 

Lysosome 

Figure 1.    Procedure for extracting lysosomes from fish muscle. 
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of the sucrose-KCUEDTA extraction solution for the minimum time 

necessary to completely disrupt the tissue.    After centrifuging at 

1.000 x G for 10 min,   the pellet was discarded and the supernatant was 

centrifuged at 27, 000 x G for 20 min.    This supernatant was dis - 

carded.    The lysosomal pellet was removed from the centrifuge tubes 

and mixed with a spatula.    A typical yield of lysosomal pellet from 

150 g of muscle was 4. 9 g.    Portions were transferred to appropriate 

test solutions and suspensions were made by several passes through 

a large bore pipet. 

After the lysosome suspensions had been incubated for the 

desired time,   3. 0 or 4. 0 mi aliquots were removed,   they were centri- 

fuged immediately in a Spinco L2 ultracentrifuge at 20, 300 x G and 

4    for 20 min,   and the supernatant was immediately decanted.    The 

small pellet was resuspended in a volume of distilled water equal to 

that of the supernatant.    Triton X-100 was added to all samples to 

produce a 0. 2% solution and allowed a minimum of 30 min to disrupt 

the lysosomes.     If the enzyme analyses were not made within a few 

hours,   the samples were frozen and held at -23    until assayed. 

Stability of the lysosome was defined on the basis  of sedimenta- 

tion at 20, 300 x G (Dingle,   1961; Shibko et al. ,   1965; Caldwell and 

Grosjean,   1971).     Enzyme activity was measured in both the super- 

natant and the pellet.     The amount of lysosomal breakage,   termed 

free or soluble enzyme,   was expressed as the percentage of 
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supernatant (soluble) enzyme activity to the sum of the activities of 

the supernatant and pellet- 

Enzyme Assays 

The cathepsin assay was based on the hemoglobin degradation 

method developed originally by Anson (1938) and modified by Ting 

et aL   (1968).     This assay was generally considered to determine 

Cathepsin D.     However,   Tappel (1969),   Huang and Tappel (1971) and 

Gottlieb-Riemann et al.   (1971) have shown that other catbepsins were 

also active in the enzyme preparation such as that used in this study. 

A 2% solution of denatured hemoglobin (hemoglobin standardized 

for protease assay--Nutritional Biochemicals Corp. ) was used as 

substrate.     The powder was dissolved in distilled water and dialyzed 

for a minimum of 2 days at 4    against four changes  of distilled water. 

After dialysis,   the hemoglobin was diluted to approximate volume, 

the pH was reduced to 3. 5 with 1 N HC1,   12. 5 mg Thimerosal,   NF 

(sodium ethylmercurithiosalicylate) per 500 ml were added,   and the 

solution was diluted to volume.     The hemoglobin solution was stored 

in the refrigerator until used. 

For the assay,   3. 0 ml of 2% hemoglobin (pH 3. 5) and 3. 0 ml of 

0. 4 M acetate buffer (pH 3. 5) were added to a 25 ml Erlenmeyer flask. 

The flasks were placed in a shaker water bath at 37   .    After tem- 

perature equilibration 1. 0 ml of enzyme preparation was added. 
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Exactly 2 hr later,   10. 0 ml of 5% trichloroacetic acid (TCA) were 

added to stop the reaction and precipitate the proteins.     The flasks 

were  incubated for at least 30 min before the precipitated proteins 

were removed by filtration through Whatman #1 filter paper. 

An enzyme blank was prepared for each sample by incubating 

a flask with hemoglobin and buffer in the water bath for 2 hr.     The 

enzyme was added and the flask was shaken for 30 sec before addi- 

tion of TCA. 

Absorbance at 280 nm was measured on a Beckman DB spectro- 

photometer against a reference blank.    Activity was expressed as the 

increase in absorbance per ml enzyme preparation per 2 hr. 

In an attempt to increase the sensitivity of the assay procedure, 

the products of hemoglobin hydrolysis were reacted with Folin's 

reagent according to the procedure of Ting et al.   (1968).     Into 3. 0 ml 

of the filtrate 7. 0 ml of 0. 5 N NaOH were pipetted.    After mixing, 

2. 0 ml of diluted Folin's reagent (Phenol Reagent,   Fisher Scientific 

Co. ) were added and the solution mixed.     Exactly 8 min later,   the 

absorbancies  of the samples and blanks were measured at 650 nm 

against a water reference.    Activity was expressed as the increase 

in absorbance of the sample (after subtraction of its blank) per ml 

enzyme solution per 2 hr. 

The a -glucasidase enzyme assay followed the procedure out- 

lined by Barrett (1972) with the substrate and pH conditions used by 
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Milanesi and Bird (1972) for fish muscle  a ^glucosidase.     The sub- 

strate was 0. 035 M p-nitrophenyl- a -D-glucopyranos ide.     To 0. 50 ml 

of substrate in a centrifuge tube was added 0. 50 ml of 0. 10 M acetate 

buffer (pH 4.0).    After temperature equilibration,   0.50 ml of enzyme 

preparation was added,   the tube was swirled and incubated for Z hr 

at 37   .     The reaction was  stopped by addition of 1. 50 ml of 3. 3% TCA 

and the mixture was  incubated for at least 5 min before centrifugation. 

Two ml of supernatant were removed to a second tube and 1. 0 ml 

bicarbonate-carbonate buffer was added (0. 5 M NaHCO- and 0. 5 M 

Na  CO_).     Bright light was avoided and samples were read at 420 nm. 

The blank was  initially prepared as above using distilled water in 

place  of the enzyme solution for the experiments  on pH  and   tem- 

perature.    Some error was  introduced by using this blank,   particularly 

in the assay of the sediment portion.    Subsequently,   a blank was  pre- 

pared for each sample by adding the enzyme after addition of TCA. 

Technicon Automated Enzyme Analysis 

An automated method of Tappel (1968) was tried for the cathepsin 

assay using the AutoAnalyzer equipment (Technicon Instruments 

Corp. ).     Reagents and proportions were identical,   although incubation 

times and sampling rates were changed.    An ice slush bath was 

utilized to keep the enzyme samples on the sampler cold.    The process 

is  schematically depicted in Figure 2.    The sampler was set for 
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Spectrophoto- 
meter 

A 660 nm 

Debubbler 

Recorder 

Figure 2.    Schematic diagram of the cathepsin assay using the 
AutoAnalyzer equipment. 
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20 samples per hr and enzyme samples were alternated with water to 

give  1. min of the enzyme solution followed by 5 min of water.    After 

mixing the substrate and enzyme,   they were incubated for  1 hr at 

37    and the hydrolysis products were dialyzed against distilled water. 

To this dialysate the biuret-phenol reagents were added,   incubated, 

debubbled,   and the absorbance was measured at 660 nm on a Beckman 

DB spectrophotometer equipped with a recorder.     Enzyme blanks 

were prepared by boiling the solution 10 min and filtering out pre- 

cipitated proteins. 

Electron Micrographs 

To observe the composition of the lysosome pellet,   electron 

photomicrographs were prepared.     Two lysosomal pellets were pre- 

pared,   the first was fixed immediately after preparation,   the other 

was resuspended for 24 hr at 15     in the sucros e-KCl-EDTA solution 

before fixation. 

The fixation,   staining and microtoming of the pellets was 

performed by the Oregon State University Electron Microscopy 

Laboratory under the direction of A. H.   Soeldner.     The procedure 

in brief was:    fixation in gluteraldehyde and embedding in 2% ion agar, 

OsO    fixation,   dehydration in a series of acetone baths,   UrAc stain- 
4 

ing,   removal of agar with propylene oxide in acetone,   embedding in 
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Bojar,   and sectioning.     Photomicrographs from 9, 500 to 85, 000 X 

were taken of representative samples  of the pellets. 
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RESULTS AND DISCUSSION 

Cathepsin D Assay 

The Technicon equipment was unsatisfactory,   primarily due to 

the low activity of the muscle cathepsins.     The absorbance base line 

of 280 nm absorbing compounds that dialyzed from the substrate and 

buffer solution fluctuated approximately 0, 02.     The activity peak from 

a 1000 x G supernatant of a 10% muscle homogenate was increased 

over the substrate base line by an absorbance of 0. 10.    A blank of 

this  supernatant had an absorbance increase of 0. 075,   which resulted 

in a difference of only 0. 025 between the enzyme and blank.     Peaks 

were usually blunt and irregular necessitating extrapolation to the 

peak.     The error involved in approximating the area of a peak was 

also large relative to the difference between the sample and blank. 

To test the system with a higher activity enzyme source, a 10% liver 

homogenate was prepared with its boiled blank.     The sample peak had 

an absorbance of 1.'9,   while the blank was only 0. 23.    This system 

would probably work well for studies on liver or other tissues where 

catheptic activity is considerably higher.    An absorbance of 0. 5 was 

-3 
produced by a  1 x 10       M tyros ine standard. 

To optimize the system and distinctly separate each sample 

peak,   a 1 hr incubation followed by a 27 min period for the biuret- 

phenol color development and a sampling rate of one sample and blank 
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per 12 min removed anytime saving advantage of the system. 

Enzyme samples with higher protein concentrations occasionally 

plugged the dialyzer unit with protein coagulated during the 37 

incubation. 

A comparison of the automated method using the biuret-phenol 

color development to the manual hemoglobin assay measured by 

absorbance at 280 nm showed the automated method to be nearly twice 

as sensitive.     However,   the lack of precision and operational diffi- 

culties    led  to its abandonment for this work. 

Difficulties were encountered with the manual cathepsin assay 

in producing a linear absorbance response that approached the origin 

as the enzyme concentration decreased.    Preparation of the blank by 

incubating the substrate followed by addition of the enzyme and 30 

sec later the TCA solution resulted in a line that approached the ori- 

gin.     Addition of the TCA before the enzyme produced a blank with 

lower absorbance (Figure 3).     Gianetto and de Duve  (1955) described 

an analogous  procedure to achieve a line that started at the origin. 

All cathepsin assays were subsequently prepared with a zero time 

blank by adding the enzyme 30 sec prior to the TCA. 

In addition,   the assay was not exactly linear with enzyme 

concentration (Figure 4).    This slight downward curvature,   frequently 

observed with proteolytic enzymes,   was  possibly attributable to the 

multiplicity of enzymes involved and bonds being hydrolyzed.     Other 
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Figure 3.     Measured absorbance of assay using different methods of 
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Figure 4.     Relationship between cathepsin concentration and activity. 
The 100% enzyme was the  1000 x G supernatant of a 1:3 
muscle to sucrose-KCl-EDTA solution.     Dilutions were 
prepared with the sucrose-KCl-EDTA solution. 
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factors maybe limiting diffusion rates,   inability to measure the initial 

velocity,   and deviation from a direct relationship between bonds 

cleaved and TCA soluble 280 nm absorbing products  (Dixon and Webb, 

1964). 

Increasing the incubation times also produced a tendency toward 

deviation from linearity (Figure 5).    This has been observed in muscle 

cathepsins studies (Groninger,   1964; Parrish and Bailey,   1966; 

Lutalo-Bosa and MacRae,   1969). 

A Michaelis-Menten saturation curve resulted from varying the 

substrate concentration.    A substrate concentration of 2% hemoglobin 

(0. 86% in the assay) was sufficient to approach maximum velocity 

under these conditions.    Since a crude enzyme preparation was used, 

the kinetic parameters were not calculated. 

The pH optimum was at approximately pH 3. 5,   with relatively 

uniform activity between pH 3.25 and 3.75  (Figure 6).    This corre- 

sponded to other muscle tissues  (Barrett,   1972).    Siebert (1962) found 

cod muscle cathepsin to be optimum at pH 4. 3,   but Makinodan and 

Ikeda  (1969a) reported a range of pH 3. 0 to 3. 5 for most fish and 

Wojtowicz and Odense (1972) reported a range of pH 3. 0 to 3. 6. 

Salmon muscle cathepsin was optimum at pH 3. 7  (Ting et al. ,   1968) 

and rainbow trout muscle cathepsin was reported to have an optimum 

at pH 3. 8 (Milanesi and Bird,   1972). 
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Measurement of hydrolysis products by the Folin's method was 

approximately 40% more sensitive than absorbance at 280 nm.     How- 

ever,   considering the careful timing required for color development, 

this was not judged to be a sufficient improvement to warrant its  use. 

Nucleotide interference by absorbance at 280 nm,   if present,   was 

accounted for by the blanks.     Lysosomal ribonuclease of rainbow trout 

had very little  activity at pH 3. 5  (Ting £t al. ,    1968;  Barrett,   1972; 

Milanesi and Bird,   1972). 

Extraction of Lysosomes 

The early work showed that lysosomes were susceptible to 

hypoosmotic (< 0. 2 M sucrose) solutions  (Appelmans and de Duve, 

1955;  Gianetto and de Duve,   1955).     In the absence of osmotic pro- 

tection,   Caldwell and Grosjean (1971) found 46% of the cathepsin D to 

be nons edimentable,   whereas with a 0. 44 M sucrose solution only 3% 

was nons edimentable.     Lutalo-Bosa (1970) used 0. 15 M KC1 and Ono 

(1971) used a 0. 175 M KC1-0. 25 M sucrose solution to extract 

lysosomes from beef muscle.     Cold 0. 25 M sucrose with the pH kept at 

neutrality by 6 M KOH was used by Stagni and de Bernard (1968) for 

rat and beef muscle.     When extracting lysosomes from fish muscle, 

Birdetal.   (1968,   1 969) and Milanesi and B ird (1 972) used a solution 

of cold 0. 25 M sucrose containing 1 mM EDTA and adjusted to pH 7. 2. 
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From these observations it was decided to test extraction solu- 

tions containing 0. 25 M sucrose and 1 mM EDTA with and without 

0. 175 M KC1 for the yield of lysosomes.     To 16. 0 ml of extraction 

solution,   8. 0 g of muscle were added,   then blended for 2  sec and given 

one up and down pass with the teflon pestle-glass tube homogenizer. 

Four fish of varying post-mortem age (held at 4   ) were each extracted 

with the two solutions  (Table  1).     The addition of 0. 175 M KC1 to the 

extraction solution increased the yield of lysosomes by approximately 

9%.     Most of this activity increase was from the sediment while the 

soluble activity was relatively constant. 

Table  1.    Comparison of cathepsin distribution with and without KC1 
in the sucrose extracting solution. 

Age Post- 
mortem 

(hr) 

Solution Sediment 

(%) 

Ly sosomes 

(%) 

Supernatant 

(%) 

1 
a 

sucrose 
sucrose-KCl 

83. 9 7. 3 8.7 
72. 7 16.8 10. 5 

42 sucrose 79.4 4.2 16.5 
sucrose-KCl 70. 8 14. 8 1.4. 4 

90 sucrose 74. 0 6. 3 19. 7 
sucrose-KCl 71.8 14.0 14.2 

168 sucrose 77. 7 5. 5 16. 8 
sucrose-KCl 68. 7 14. 9 16. 4 

a0. 25 M sucrose-1 mM EDTA 

0.25 M sucrose-1 mM EDTA-0. 175 M KC1 
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To determine whether a higher osmotic pressure in the extrac- 

tion solution would improve the lysosome yield,   0. 175 M KC1-1 mM 

EDTA extraction solutions with 0. 25 M or 0.. 50 M sucrose were 

tested.     The higher sucrose concentration showed only a slight 

increase,   from 13.5 to 15.0%,   in the percentage of enzyme in the 

lysosome fraction.    Therefore,   the extraction solution of 0.25 M 

sucrose-0. 175 M KC1-1 mM EDTA was used in the subsequent 

experiments. 

Since the high viscosity when using 8. 0 g of muscle to 16. 0 ml 

of sucrose-KCl-EDTA extraction solution resulted in transferring and 

centrifuging problems,   the quantity of muscle per sample was 

decreased to 4. 0 g.    The incubation time for the enzyme assays was 

correspondingly increased from 1 to 2 hr. 

Blending times reported in the literature for extraction of 

muscle lysosomes varied with the tissue,  blender type,   and volumes 

blended (Parrish and Bailey,   1967;  Lutalo-Bosa,    1970;  Ono,   1970, 

1971; Caldwell and Grosjean,   1971).     Bird et al.   (1969) and Milanesi 

and Bird (1972) extracted fish muscle lysosomes with a 1:9 muscle 

to sucrose solution blended for 2 sec and rehotnogenized by three upand 

down passes with a tissue homogenizer. 

To determine the appropriate blending treatment for these 

conditions,   4. 0 g of extruded muscle in 16. 0 ml extracting solution 

were blended with the Tissumizer blender for 2,   5,   10,   or 25 sec 
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followed by one up and down cycle  with the glass and teflon tissue 

homogenizer.     The tissue homogenizer was  shown in preliminary 

trials to produce a fine,   uniform disruption,   but it was incapable of 

homogenizing the extruded muscle without prior blending. 

The largest lysosome yield was with the minimum treatment 

(Table 2).    As the blending time was increased the catheptic activity 

in the lysosomal and sediment fraction decreased and that in the 

supernatant increased.     This  suggested that more lysosomes were 

ruptured and cathepsin was solubilized as the severity of the treatment 

increased.    Approximately half of the enzyme activity was found in the 

sediment.     This large portion of the enzyme in the low speed or 

nuclear pellet was observed by Milanesi and Bird (1972) and Reddi 

et al.   (1.972). 

Table 2.     Distribution of cathepsin in the muscle fractions with 
different blending treatments. 

Fraction 
Tre 

a 
atment 

2 5 10 25 

(%) (%) (%) A%) 

Sediment 64. 3 5 9. 1 61. 7 55. 2 

Lysosome 18. 7 15. 3 14. 1 13. 3 

Supernatant 17. 0 25.5 24. 2 31. 5 

Seconds of blending 4. 0 g muscle in 16. 0 ml of 0. 25 M sucrose- 
0. 175 M KC1-1 mM EDTA followed by one cycle with the homo- 
genizer. 

n =  3 
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Bird et^ al.   (1968) attributed the high lysosomal content of the 

nuclear fraction to the homogenization procedure required for muscle 

tissue.    A reduction in the proportion of enzyme in the nuclear 

fraction is  possible by more severe homogenization,   but an undesir- 

able increase  in soluble activity results  (Table 2).     The greater lyso- 

some  yield from bovine thyroid illustrated the difficulty of muscle 

extraction (Balasubramaniam and Deiss,   1965).    After 20 sec with a 

Potter-Elvehjem homogenizer,   12% of the thyroid cathepsin activity 

was  in the 800 x G pellet,   40% was  in the 15, 000 x G  lysosomal 

pellet,   and 48% was in the supernatant. 

The suggestion was made that some of the lysosomes or 

solubilized enzyme may have agglutinated to the nuclei (Bird £t al. , 

1968).     Other possibilities included binding of soluble enzymes to 

insoluble protein or entrapment in the large volume of the pellet. 

Microscopic examination of this  pellet,   using phase contrast micros- 

copy,   indicated that there was a large anaount of undisrupted material 

along with muscle fibrils and other cell debris.     The 0. 175 M KC1 

would not extract the myofibrillar or connective tissue proteins which 

comprise 70-75% and 2-5% respectively of the total fish muscle 

protein (Tarr,   1969).     Baliga etal.   (1969) found the majority of the 

fish muscle protein was soluble in solutions greater than 0. 2 M KC1. 

One technique to differentiate active from lysosomal-bound 

enzyme is to incubate an aliquot in a substrate with osmotic protection 
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for the lysosomes.    The intact lysosomes are not ruptured during the 

assay,   only the active or free enzyme is measured.     To another 

aliquot,   Triton X-100 was added prior to incubation to rupture all the 

lysosomes.    This aliquot measured the total enzyme activity and the 

difference between the aliquots represented the enzyme bound within 

the lysosome (Appelmans and de Duve,   1955; Sawant et al. ,   1964a,   c; 

Birdetal. ,   1969; Milanesi and Bird,   1972).    As Shibko et al.   (1965) 

demonstrated,   an enzyme bound to a membrane fragment or ruptured 

lysosome would be active in the high sucrose substrate even though it 

may be sedimentable. 

To determine whether this method would work for this research 

and whether the Triton X-100 treatment would completely disrupt the 

lysosomes,   aliquots  of a lysosomal suspension were given the follow- 

ing treatments.     The control had no additional treatment.     The freeze- 

thaw aliquot was frozen and thawed three times to rupture the lyso- 

somes.     The Triton X-100 treated sample was compared to the freeze- 

thawed for completeness of enzyme release.     To determine whether 

the ratio of active to total enzyme could be ascertained by the method 

above,   another aliquot was incubated in substrate and buffer with 0.25 

M sucrose.    For comparison,   the final aliquot was centrifuged 

(27, 000 x G) and the unsedimentable enzyme in the supernatant was 

meas ured. 
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The control,   freeze-thaw,   and Triton X-100 aliquots were nearly 

identical suggesting that the two labilizing agents were equally effec- 

tive and the lysosomes in the control rapidly released their enzymes 

under the assay conditions  (Table 3).     The lower values for the super- 

natant showed that some of the enzymes were sedimentable and these 

first three aliquots did release the enzymes. 

Table 3.    Release of cathepsin from the lysosome by various treat- 
ments. a 

Treatme nt 
Control F reeze-thaw Triton Sucrose Supernatant 

Trial 1 0. 164 
0. 166 

0. 165 
0. 156 

0. 165 
0. 164 

0. 159 
0. 150 

Trial 2 0. 090 
0. 091 

0.098 
0.097 

0. 094 
0. 090 

0. 063 
0. 059 

Trial 3 0. 055 
0. 058 

0.061 
0. 050 

0. 056 
0. 054 

0. 044 
0. 045 

Values are absorbance changes per ml enzyme solution per 2 hr. 

That sucrose had little protective effect can be seen from 

comparison with the Triton X-100 treated aliquots.     Gianetto and 

de Duve (1955) reported that pH 5  or below and incubation times 

longer than 10 min at 37    released rat liver lysosomal enzymes. 

Those conditions were exceeded in the assays needed to measure 

these cathepsins.    Therefore,   the criterion for intact lysosomes was 
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sedimentability.    To ensure disruption of the lysosome for assay, 

0. 2% Triton X-100 was added to all samples 30 min before assay. 

Since each fish was to be sampled at different times,   the 

uniformity of the enzyme extraction between different locations in the 

muscle was determined.     Random sampling was not used because 

excisions within a muscle undergoing rigor mortis alters the pattern 

of rigor mortis  (de Fremery,   1966). 

Fresh fish were cut into anterior,   mid,   and posterior sections, 

and the distribution of cathepsin between the three fractions was 

determined (Table 4).    Analyses of variance of these data indicate 

that location was nonsignificant (p > . 05) for all fractions.     Total 

activity differences were also nonsignificant,   although the anterior 

muscle appeared to have more catheptic enzymes.     Therefore, 

sampling at aging times proceeded from anterior to posterior,   and 

differences were considered to be due to aging and not location. 

Changes  in Cathepsin Distribution 
with Aging 

Nine trout aged at 4    were each extracted four times  post- 

mortera to determine the distribution of the catheptic activity.     The 

anterior portion of the muscle was  sampled at 1 hr when the muscle 

was  in the pre-rigor state; another sample was taken at 20 hr when 

the muscle was in rigor mortis; another at 44 hr soon after post-rigor 



58 

Table 4.     Uniformity of distribution of cathepsin within a 
rainbow trout. 

L, ocation 
Fraction Anterior Mid P osterior 

(%) (%) (%) 

Sediment 60.8 60. 6 61.2 

Lysosome 18.8 19.2 20.0 

Supernatant 20.4 20.2 18.8 

Total activity 5.23 4. 75 4. 54 

a 
Absorbance per 4. 0 g muscle per 2 hr 

n = 5 

softening*   and the final sample from the posterior at 92 hr when the 

flesh was very soft.     The rate of rigor mortis and resolution of rigor 

mortis corresponded to that described by Tomlinson et aL   (1961). 

The trout were in rigor by 15 hr,   and were soft and flexible at 40 hr 

post-mortem.     The data (Table 5,   Figure 7) showed that total catheptic 

activity remained relatively constant through the rigor mortis period, 

although the 92 hr samples  indicated a decrease.     This decrease may 

be due,   in part,   to the lower initial level of cathepsin found in the 

posterior of the fresh fish (Table 4).    An increase in catheptic activity 

with aging,   as reported by Dollar and Blackwood (1962)  or Lutalo-Bosa 

(1970),   was not observed. 

The percentage of enzyme in the sediment remained remarkably 

constant throughout the aging period,   despite the large textural 

changes that had taken place in the muscle.    A one-way analysis of 



Table 5.    Effect of aging on the extraction of in vivo lysosomes at 4  . 

Time 
a 

Activity Percent Activity 
(hr) 

Total   Sediment Lysosome   Supernatant L/L+S*3 Sediment   Lysosome   Supernatant 

1 4. 16 2.24 0. 97 0. 96 0. 50 

20 4.33 2.35 0.85 1.12 0.43 54.2 19.6 26.2 

44 4.01 2.14 0.72 1.16 0.39 53.1 18.0. 28.8 

92 3.44 1.83 0.50 1.12 0.31 52.8 14.7 32.5 

a 
Values are absorbance changes per fraction per 2 hr 

The L/L+S is the ratio of the enzyme activity in the lysosomal fraction to the enzyme activity in 
the lysosomal plus supernatant fractions. 

n = 9 

U1 
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Figure 7.     Percentages of cathepsin in fractions  extracted from trout 

aged at 4°.    n = 9 
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variance of the percentage of enzyme in the sediment at the various 

aging times was nonsignificant (p > .05).     This  indicated that the 

blending procedure and subsequent extraction was probably unaffected 

by changing myofibular strength or protein extractability. 

The percentage of cathepsin in the lysosomal pellet decreased 

significantly (p < .01) from 23. 3 to 14. 7% with a corresponding 

significant (p < .01)  increase in supernatant catheptic activity.    A 

major portion of this decrease occurred prior to the resolution of 

rigor mortis.     However,   by 92 hr only 37% of the lysosomes appeared 

to have released their catheptic enzymes.    The decreasing ratio of 

lysosomal to lysosomal plus  soluble activity further reflected the 

steady release of lysosomal cathepsins. 

The time sequence of rigor mortis can be altered by changing 

the temperature of the muscle (Tomlinson et al. ,   1961).     To deter- 

mine whether the changes in lysosomes and rigor mortis were linked, 

the previous experiment was  performed at 15   .    A 100 ppm antibiotic 

dip minimized bacterial proteolysis (Tarr,   196l). . 

The results showed that a pattern similar to the 4    trial 

resulted (Table 6,   Figure 8) but with both the rigor mortis  period and 

changes in catheptic activity occurring sooner.    The rigor mortis 

period in this case extended from 12 to 25 hr post-mortem versus  15 

to 40  hr at 4   .     The percentage of catheptic activity in the sediment 

fraction remained relatively constant (analysis of variance was 



Table 6.    Effect of aging on the extraction of in vivo lysosomes at 15 

Time 
a 

Activity Percent Activity 
(hr) 

Total Sediment Lysosome   Supernatant L/L+Sb Sediment  Lysosome Supernatant 

1 

12 

4. 36 

4.09 

2. 57 

2. 36 

1, 00                 0. 80 

Q. 72                 1.01 

0. 56 

0. 42 

58.9             22.8 

57.7             17,6 

18.2 

24. 7 

24 3.71 2.21 0.54 0.96 0.36 59.5 14.6 25.8 

47 3.43 1.84 0.56 1.04 0.35 53.0 16. 2 30.8 

Values are absorbance changes per fraction per 2 hr 

The L/L+S is the ratio of enzyme activity in the lysosomal fraction to the enzyme activity in the 
lysosomal plus supernatant fractions, 

n = 8 
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nonsignificant,   p > . 05),   despite a decrease after 48 hr.    Again no 

change was  observed in the sediment fraction to indicate the textural 

state of the muscle.    The lysosomal fraction showed a significant 

(p <  . 01) decrease in catheptic activity through the rigor mortis 

period followed by little subsequent change.    At the dissolution of 

rigor mortis,   about 35% of the lysosomes appeared to release their 

cathepsins with the corresponding significant increase in supernatant 

activity.     The lysosomal activity to lysosomal plus supernatant activity 

also shows a decrease in lysosomal activity for the first 24 hr post- 

mortem. 

These results contrasted with the work on bovine muscle of Ono 

(1971) and Eino and Stanley (1973a).     Ono (1971) reported that the 

release of p-glucuronidase,   (3 -galactosidase,   and acid ribonuclease 

was nearly complete in 10 days,   with the major release occurring 

during the first 4 days.     It was assumed that these enzymes could be 

used as markers for cathepsin.    However,   the lysosomal enzymes 

were not always released simultaneously (Weissmann and Thomas, 

1963; Sawant et al. ,   1964a,   c; Lutalo-Bosa,   1970; Caldwell and 

Grosjean,   1971). 

Eino and Stanley (1973a) reported the specific activity of bovine 

muscle cathepsin in a 36, 900 x G supernatant increased during the 

first 6 days post-mortem.    This was followed by no change in specific 

activity on water soluble substrate and a decrease on endogeneous 
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(insoluble in 2% KC1) protein.    Their interpretation was that a 

release of catheptic enzymes occurred during the initial aging period, 

followed by a subsequent structural alteration of proteins to make the 

substrate resistant to cleavage.    Unfortunately,   the total extractable 

activity was not reported to distinguish whether the increase in 

specific activity was from a release of enzyme or a lower protein 

solubility during rigor mortis. 

Lutalo-Bosa (1970) used an extraction procedure for bovine 

muscle comparable to Eino and Stanley (1973a),   but the results were 

more closely related to this research,    Cathepsin D activity was 

initially near zero in the supernatant,   and increased to only 15-20% 

during the first 2 days,   with little subsequent change.    Cathepsin B 

was 25-30% soluble at 2 hr post-mortem and increased to 35-40% 

with aging,   while cathepsin C was 50% soluble soon after slaughter 

and showed no subsequent change.    A partial release of cathepsin D 

into the expressible fluid during the rigor period was noted by Valin 

(1970). 

The only other worker to separate the lysosomes from the 

cellular debris was Ono (1971) and rather than measure total activity, 

the debris was extracted with desoxycholate.     Others combined debris 

and lysosomes,   or discarded the former without assay.     Hence,   it is 

difficult to compare the results of this study to those reported in the 

literature. 
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The two storage trials  in this paper showed a decrease in the 

percentage of enzyme in the lysosome fraction before and during 

rigor mortis.    The release of approximately 35% of the enzyme may 

be adequate to produce sufficient proteolysis for the textural changes. 

Also,   these results do not rule out any long term proteolysis  of the 

muscle proteins by the cathepsins.     However,   the relatively low 

levels  of cathepsins  in muscle,   the unfavorable pH of in vivo muscle, 

and the low activity on the structural proteins  suggests that a near 

total release of cathepsins would be expected if the enzymes were to 

have a significant role in the resolution of rigor mortis. 

Cathepsin D tends to remain more sedimentable than other 

lysosomal enzymes  (Sawant et al. ,    1964a;  Lutalo-Bosa,   1970; 

Caldwell and Grosjean,   1971).     These results could be interpreted as 

the lysosomes being broken,   but with cathepsin D still sedimenting 

with the membrane.     If this were the case,   it is difficult to conceive 

of a membrane-bound enzyme penetrating into and hydrolyzing the 

highly structured muscle proteins. 

The possibility that cathepsins were released from the lysosome 

but bound to other pellet material was studied.    Since freeze-thawing 

disrupts lysosomes (Parrish and Bailey,   1967;  Ono,   1970),   three fish 

were alternately frozen at -34    and thawed at 4    four times.     Holding 

the muscle in the unfrozen state was minimal and the elapsed time 

from slaughter to extraction was 28 hr. 
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The lysosome extraction procedure showed a marked increase 

in supernatant enzynae activity and a decrease in sediment and lyso- 

somal enzyme activity (Table 7).     Trout held for 28 hr at 4    without 

freezing had 19% of the cathepsin in the lysosome (Figure 7) compared 

to 7. 9% for the freeze-thawed fish.    Therefore,   freeze-thawing 

caused the partial release of the catheptic enzymes from the lyso- 

some and the enzyme did not appear to be bound to the lysosome or 

sediment fractions. 

Table 7.     Catheptic enzyme distribution after in vivo 
freeze-thawing. 

Fish 
Sediment 

(%) 
L ysosome 

(%) 
Supernatant 

(%) 

1 39.5 7. 5 53.0 

2 41. 8 6. 1 52. 1 

3 40. 8 10. 0 49.2 

Average 40. 7 7. 9 51.4 

An extreme blending procedure was tested to determine 

whether the catheptic activity in the lysosome fraction would approach 

zero.     The muscle was blended 30 sec,   given three cycles with the 

homogenizer,   followed by another 30  sec of blending.    A control 

portion of the same muscle was given the standard blending treatment. 

The results (Table 8) indicated that after severe disruption most of the 

catheptic activity was removed from the lysosomal pellet (compare to 
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Table 8.    Catheptic enzyme distribution after extreme 
blending of the muscle. 

Fish 
Sediment 

(%) 
Ly sosome 

(%) 
Si ipernatant 

(%) 

1 66.2 4. 0 29. 8 

2 58.0 3. 5 38. 5 

3 74. 8 2. 6 22. 6 

Control 58. 0 22.0 20. 0 
(Fish 1) 

Table 5).    Activity was not lost in the blending since the total cathep- 

tic activity extracted in the control was less than the blended muscle. 

The higher percentage of activity in the sediment with this treatment 

than with the freeze-thawing experiment suggested that  binding of 

soluble enzyme to insoluble cellular components may occur with 

extended blending. 

Another possibility was that the low speed centrifuging and 

decanting procedure allowed material from the enzyme-rich sediment 

to be removed with the supernatant and subsequently to become part 

of the lysosomal pellet.     The low speed supernatant was recentr ifuged 

at 1.000 x G,   but negligible enzyme activity was detected in the small 

pellet. 

These results  indicated that this procedure was capable of 

detecting the release of cathepsin from the lysosomes. 
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The calcium-activated sarcoplasmic factor (Busch etal. ,  .1972) 

may be lysosomal.    Being unique to muscle it probably would be 

abundant and the lysosome breakdown observed in this work may 

release a sufficient quantity of this factor to cause the post-rigor 

softening. 

Electron Microscopy of the 
Liysosomal Pellet 

Electron photomicrographs were taken of the lysosomal pellet 

to observe the composition of this fraction and the presence of intact 

lysosomes.    A fresh sample and a sample suspended for 24 hr in the 

sucrose-KCl-EDTA solution at 15° were prepared. 

Observations indicated no apparent differences between the two 

samples.    Mitochondria and lysosomes were the predominant struc- 

tures,   the former appeared to be naore numerous.     Fibrous material 

and smaller tubules and/or partially collapsed vacuolated organelles 

were abundant.     No myofibrils were evident.     The lysosomes stained 

uniformly gray a-nd the mitochondria exhibited the cristae  structure 

(Figure 9).     It was impossible to determine the existence of ruptured 

lysosomes  in either sample. 

Stability of Lysosomes In Vitro 

In vitro stability studies were undertaken to determine the 
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Figure 9.    Electronmicrograph of the lysosomal 
pellet.     18, OOOX 
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breakdown of lysosomes under less complex conditions than in muscle 

tissue.    The initial trial determined lysosomal  stability under what 

was  considered to be favorable conditions of a 0. 25 M sucrose- 

0. 005 M phosphate buffer  (pH 6. 5) solution at 4  ..    During the incuba- 

tion,   samples were withdrawn and centrifuged.    Catheptic enzyme 

activity was measured in the supernatant and resuspended pellet. 

The enzymes remained associated with the lysosomal pellet for 

the entire holding period of 105 hr  (Table 9).     There was an imme- 

diate increase in solubilized enzyme from approximately 10 to 25%. 

This may have reflected lysosomes damaged or weakened during 

preparation or a rapid response to environmental conditions.     Sub- 

sequently,   there was little change over the entire time period.     This 

indicated that either the lysosomes  remained intact or that the cathep- 

sins  remained bound to the membrane and were sedimented with it. 

These results varied with those of Sawant et al„   (1964a,   c) who found 

that rat liver lysosomes in 0.7 M sucrose or 0. 45 M sucrose plus 

glycogen (0.4 mg/ml) held at 0-4    released their enzymes during 

extended incubation. 

Portions of another crude lysosomal pellet were suspended in 

solutions of HO,   and 0. 1 M,   0. 25 M,   and 0. 5 M sucrose in 0. 005 M 

phosphate buffer pH 6. 5 at 4   .    An aliquot of each suspension was 

taken periodically and the relative activities of soluble and sedi- 

mentable cathepsin were determined.     The data (Table 10,   Figure 10) 
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Table 9.    Stability of lysosomes  in 0. 25 M sucrose- 
0. 005 M phosphate buffer (pH 6. 5) at 4°. 

Enzyme in 
Supernatant 

(%) 

9. 8 

26. 7 

20. 6 

24. 6 

25. 9 

28. 8 

24. 8 

Time Total Activity3, 

(hr) 

0 0. 05 1 

5 0. 075 

10 0. 068 

20 0. 065 

36 0. 054 

50 0. 066 

105 0. 038 

Absorbance per ml per 2 hr 



Table 10.    Release of cathepsin from lysosomes at different osmotic pressures. 

Sucrose Concentrations 

0.0 M 0. 1 M 0. 25 M 0.5 M 
Time P« ercent Percent P< 2 r cent Percent 
(hr) Total Soluble Total Soluble Total S( Dluble Total Soluble 

Activity3- Enzyme Activity3- Enzyme Activity3- Enzyme Activity Enzyme 

2 0. 062 64. 5 0.062 37. 1 0. 082 17. 1 0. 056 12. 5 

13 0. 054 64.8 0.065 40.0 0.084 27.4 0. 068 19. 1 

25 0. 055 67.3 0. 063 38. 1 0.078 26. 9 0. 064 23.4 

40 0. 051 70. 6 0.047 46.8 0. 081 24. 7 0. 056 21.4 

65 0. 049 67.3 0.048 52. 1 0.075 28. 0 0. 066 16.7 

111 0.055 65.4 0.058 46. 6 0. 072 25. 0 0. 058 19. 0 

15 8 0. 059 59.3 0.062 53.2 0. 074 33. 8 - - 

Blend 
10 sec 0. 049 73. 5 0. 058 58. 6 0. 063 58. 7 0. 047 59. 6 

Absorbance per ml enzyme per 2 hr 
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showed a rapid (predominantly within 2 hr) release of catheptic activity, 

followed by relatively little change for the remainder of the 158 hr. 

This rapid initial release followed by a period of stability agreed with 

Appelmans and de Duve (1.955),   who suggested that differences must 

exist between individual granules in resistance to osmotic disruption. 

Blending the remaining lysosomes for 10 sec increased the 

soluble enzyme in each sucrose solution (Table 10). Gianetto and 

de Duve (1955) reported that increased blending released increasing 

amounts of enzyme. Since a lower proportion of the lysosomes that 

survived the lower osmotic pressure were disrupted by the blending 

(Figure 10), there appeared to be a relationship between stability to 

osmotic disruption and stability to blending. 

The relationship of enzyme release to osmotic pressure taken 

after  13 hr (Figure 11) was similar to that of shorter term stability 

studies by Appelmans and de Duve (1955),   Gianetto and de Duve (1955), 

Parrish and Bailey (1967),   and Turnbull and Neil (1969).     Maximum 

stability was approached with a 0. 25 M sucrose solution. 

Incubation of lysosomes at pH 4. 9,   6. 0,   and 7. 3 for 5 hr at 4 

in 0. 25 M sucrose and 0. 2 M acetate buffer (pH 4. 9) or phosphate 

buffer (pH 6. 0 and 7. 3) showed that the lysosomes were most stable at 

pH 6. 0  (Table  11).    The increased ionic strength may account for the 

greater stability of the buffered lysosomal preparations. 

To check the effectiveness of the Triton X-1.00 in releasing the 

cathepsins,   the remaining lysosome suspensions from the pH 
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Table 11.    Release of cathepsins after incubation at 
various  pH values. 

PH El ercent S' 
0 hr 

olubl e Enzyme 
5 hr 

Change 

4. 9 15. 3 25. 0 9.7 

6.0 20.0 20. 9 0. 9 

7. 3 26.4 30. 0 3.6 

Unbuffered 
6. 6 12. 8 18.4 5. 6 

n = 2 

experiment were treated with 0. 2% Triton X-1.00 for 0. 5 hr at ambient 

temperature and centrifuged,   and the supernatant and sediment 

activity was measured.    All samples  showed approximately 90% 

release of cathepsins.     These results with Triton X-100 agree with 

those of Bailey (1967),   Verity et al.   (1968),   and Ignarro (1 97 la). 

Differences  in cathepsin release after the blending treatment 

given to the lysosomes in the osmotic pressure experiment and the 

more extensive release by the Triton X-100  in the pH experiment 

indicated that a study was required to determine conditions for 

complete solubilization of the cathepsins.    A. lysosomal suspension 

was divided into five parts,   the control was centrifuged without any 

labilizing treatment and the remaining four were given freeze-thawing 

and/or Triton X-100 treatments before centrifuging.     The percentage 

of soluble cathepsin indicated the effectiveness  of the treatments. 
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The results  (Table 12)  indicated that the 0. 2% Triton X-100 

treatment at ambient temperature for 30 min was the most effective. 

Triton X-100 at 0    was less  effective,   while freeze-thawing and 

blending,   as shown earlier,   did not completely solubilize the catheptic 

activity. 

Table 12.     Release of cathepsin by various solubilizing 
treatments. 

Soluble 
Treatment Enzyme 

(%) 

Control 10.0 

Freeze-thaw 3 times 39. 6 

Freeze-thaw,   followed by Triton 
X-100 at 0° 77. 8 

Freeze-thaw,   followed by Triton 
X-100 at ambient temperature 97. 3 

Triton X-100 at ambient temperature 95. 1 

n = 2 

Accordingly,   all subsequent pellets were resuspended in 

distilled HO and 0. 2% Triton X-100 at ambient temperature for a 

minimum of 30 min to enhance the release of the enzymes. 

The protective effect of fish saline (Holmes and Stott,   i960) was 

studied to determine whether the physiological salt concentrations 

would protect the lysosomes.     The results  (Table 13) show that the 

saline provided little additional stability to the lysosomes over 

distilled water,   which released about 65% of the cathepsin (Table 10). 
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a 
Table 13.     Effect of fish saline on lysosome stability. 

Soluble 
Treatment Enzyme 
 (%) 

0. 25 M sucrose 37. 6 

Fish  saline 60. 1 

0. 25 M sucrose plus half strength 
fish saline 36. 4 

0.25 M sucrose plus fish saline 26.8 

a o 
Lysosomes were incubated at 4    for 3 hr in the various 
solutions, 

n = 2 

However,   the addition of saline to the sucrose provided slightly 

greater stability than the sucrose alone.    Appelmans and de Duve 

(1955) found NaCl and KCl to have only a temporary protective effect 

for the lysosome. 

Dingle (1961) found that rat liver lysosomes were increasingly 

less  stable at temperatures above 30   ..    The fish lysosome suspen- 

sions were therefore incubated at 4    and 15     in a 0. 25 M sucrose 

solution with 100 ppm chlortetracycline for 70 hr.    The presence of 

chlortetracycline in the assay of the supernatant enzymes,   but not in 

the sedimented enzyme,   necessitated a correction factor for the 

supernatant.     The absorbance of the antibiotic  in the hemoglobin 

substrate decreased after incubation and the blank,   with unincubated 

antibiotic,   was higher than normal by an absorbance of 0. 020.     This 
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value was therefore added to each supernatant before the distribution 

percentages were calculated. 

Incubation at 4    caused a slow increase in lysosomal release 

and incubation at 15     resulted in a slightly greater rate of release, 

particularly during the first 30 hr (Table  14,   Figure 12).    Also 

studied was the effect of 0. 15 M NaCl,   0. 14 M KC1,   and 0. 02 M 

CaCl9  in 0. 25 M sucrose on lysosomal stability.     The plasma concen- 

trations of Na    and K    in Salmo gairdneri were  145 mM and 3 mM and 

the muscle concentrations were  12 mM and 140 mM respectively 

(Holmes and Donaldson,   1969).     Tarr (1969) listed representative 

+       + +2 
concentrations of Na   ,   K  ,   and Ca       in fish flesh at 102,   35,   and 5 to 

8 mM, respectively.     NaCl and KC1 had a labilizing action,   increasing 

the solubilization of the cathepsins about 25% after 70 hr.     The 

CaCl_ was more effective and increased solubilization about 40%. 

Therefore,   the salts of approximate physiological concentra- 

tions  increased the release of catheptic enzymes from fish muscle 

lysosomes,   although not at a rapid rate.    Sawant £t al.   (1964a) had 

+2 +2 
noted 5 mM Ca       or Mg       increased the availability of aryl sulfatase 

from rat liver lysosomes and suggested that enzyme-membrane salt- 

linkages were involved.     Verity et aL   (1968) found Na    and K    to 

increase solubility of   (3 -glucuronidas e and N-acetyl-glucosaminidase 

from mouse liver lysosomes but not acid phosphohydrolase.     Divalent 

+2 +2 
Ca       and Mg       caused decreased availability of the latter two 
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Table 14.     Release of cathepsin with different temperatures and salts. 

Time 
a 

Treatment 
(hr) 4° 15°. 

0. 15 M 
NaCl 

0. 14 M 
KC1 

0. 02 M 
CaCl2 

Total Acti •* b 

0 0. 069 0.073 0. 062 0. 064 0.075 

5 0. 068 0. 073 0. 056 0. 050 0. 069 

15 0. 067 0. 065 0. 052 0. 052 0. 058 

30 0. 068 0. 064 0. 060 0. 063 0. 070 

50 0. 067 0. 046 0. 054 0. 055 0. 055 

70 0. 066 0. 051 0. 064 0. 058 0. 068 

Soluble Enzyme (percent 

0 23.0 24.0 12. 0 19.6 31.2 

5 23. 6 30.2 15. 9 19.2 39. 8 

15 29. 6 33.8 17. 4 16.5 45. 1 

30 24. 9 39. 1 36. 4 32. 6 54.6 

50 27. 5 37.8 36. 1 32.7 68.8 

70 32.2 36.3 48.4 41. 4 68.0 

•a. 

Incubated in 0. 25 M sucrose with. 100 ppm chlortetracycline.    Salt 
o 

treatments were incubated at 4  . 

Change in absorbance per ml per 2 hr 

n = 2 
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enzymes at low (ca.   5 mM) concentrations by membrane aggregation 

and increased binding or trapping of enzymes.     Higher divalent ion 

concentrations increased the release of the enzymes  (Verity et^ al. , 

1968). 

Previous experiments suggested that there could be a hetero- 

geneity of the lysosomes  in muscle.    The rapid breakdown of some 

of the lysosomes with subsequent stability of those remaining may 

indicate a varying population with different stabilities. 

This was an important point for interpretation of the in vivo 

stability studies.     The blending and centrifugation procedure succeeded 

in isolating only about 23% of the enzymes  in the lysosomal fraction, 

even though in a living tissue nearly all of the lysosomes should be 

intact.     Inferences made from changes  in this 23% assumed that 

muscle lysosomes were homogeneous,   at least for the extraction. 

The extraction pattern with increasing blending times (Table 2) 

showed that at the gentlest treatment, an equal amount of lysosomal 

and soluble enzyme were recovered.     But the majority of these 

lysosomes appeared to be resistant to additional mechanical disrup- 

tion.     The initially soluble enzymes may have come from readily 

disrupted lysosomes and their    rupture during aging was not 

detected. 

Another approach to determine lysosome heterogeneity and 

enzyme binding was to compare the release of two lysosomal 
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enzymes,   cathepsin and   cu-glucosidase, under identical conditions. 

The   a-glucosidase enzyme assays were measured against a 

reagent blank in the temperature and pH effect experiments.     How- 

ever,   it was observed that an average error for ten samples was 0. 9% 

for the supernatant and 10. 2% for the sedimented enzyme.     The 

reagent blank had a lower absorbance than the enzyme blank,   thereby 

increasing the apparent enzyme activity.     The percentage of solu- 

bilized enzyme was therefore consistently slightly low.   Subsequent 

to the temperature and pH experiments,   each enzyme sample was 

measured against its own blank.     Data of these trials indicated that 

the a -glucosidase produced a linear response to enzyme concentration 

and passed through the origin (Figure 13). 

For the temperature stability trials,   a lysosome pellet was 

suspended in 0. 1 M sucrose to produce a measurable but moderate 

amount of enzyme release.     One aliquot was used for the initial 

distributions  of enzyme and other aliquots were incubated at 4,   15, 

and 37     for 2 hr.     The percent soluble activity was determined in 

each aliquot.     The unincubated sample showed an unequal release of 

the two enzymes  (Table 15,   Figure  14).     The percentage of soluble 

Qf -glucosidase was approximately twice that of cathepsin.     During 

incubation,   both enzymes were released.    As the temperature was 

increased,   the amount of free enzyme increased and more a - 

glucosidase activity was released than cathepsin.     This response to 
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Figure  13.     Relationship between a -glucosidase activity and enzyme 
concentration.     The  1.00% enzynae was the 1000 x G 
supernatant with Triton X-100 of a 1:4 muscle to sucrose- 
KC1-EDTA solution blended 20 sec.     Dilutions were pre- 
pared with water. 
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Table  15.     Release of cathepsinand of-glucosidase in 
response to incubation temperature and pH. 

Sample 

0 hr 

4°   2 hr 

15° 2 hr 

37° 2 hr 

pH 3. 0 2 hr 

pH 4, 0 2 hr 

pH 5. 1 2 hr 

pH 5. 9 2 hr 

pH 6. 8 2 hr 

pH 7. 7 2 hr 

n = 2 

Soluble Enzyme 
Cathepsin a-Glucosidase 

(%) (%) 

19. 6 44. 1 

25. 0 55. 6 

28. 8 56. 7 

31. 9 73. 4 

37. 6 84. 9 

-- 84. 4 

42.5 7 9. 8 

14. 1 56. 2 

29.4 52. 0 

32. 6 61. 1 
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temperature is in agreement with data of Dingle (1971),   Rahman 

(1964),   Sawantetah   (1964c) and Shibko and Tappel (1965). 

The pH of another set of aliquots from the above lysosome 

suspension was altered,   incubated in 0. 1 M sucrose for 2 hr at 4   , 

readjusted to the initial pH,   and tested for enzyme distribution.    As 

noted earlier,   maximum stability of the lysosomes was at approxi- 

mately pH 6 to 7 (Table 15,   Figure  15).     Protein insolubility at the 

lower pH values  increased variation,   but the pH of minimum enzyme 

release was clearly evident.     The fish muscle lysosomes  showed 

behavior similar to that of rat liver (Appelmans and de Duve,   1955; 

Dingle,   1961; Sawant et al. ,   1964a; Shibko and Tappel,   1965; 

Ignarro,   1971a),   bovine thyroid (Balasubramaniam and Deiss,   1965), 

and muscle (Parrish and Bailey,   1967; Caldwell and Grosjean,   1971). 

At pH 6 to 7,   there was no increased solubilization of cathepsin over 

the unincubated control,   while a -glucosidase showed an increase. 

Below and above pH 6 to 7,  both enzymes showed solubilization. 

Again cathepsin remained more strongly associated with the sediment 

than  or-glucosidase.    This differential release with pH was noted 

between acid phosphatase and (3 -glucuronidase in rat liver by Ignarro 

(1971a). 

The release of enzymes in different sucrose concentrations was 

restudied measuring both enzymes. In the first trial, portions of the 

lysosome pellet were resuspended in either a 0. 1 M or 0. 25 M 
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sucrose solution.   Two samples were immediately taken from each 

o and the remaining suspensions were incubated for 2 hr at 4  .     The 

data  (Table  16) show that enzyme inactivation did not occur.     The 

percentage of free  or-glucosidase was consistently about twice as 

high as the cathepsin,   regardless of sucrose concentration or holding 

time.   At both sucrose concentrations,   the percentage of free enzyme 

increased slightly with incubation.     The few minutes required to 

resuspend the pellet and the approximately 25 min in the centrifuge 

was  sufficient time for most of the release.    These results are con- 

sistent with the long term storage studies reported earlier.    The 

protective effect of increasing the osmotic pressure was again evident 

in the decreased release of both enzymes with 0. 25 M sucrose. 

Statistical analysis of the data with the paired t-test (1 degree of 

freedom) indicated that the differential release between  a-glucosidase 

and cathepsin was significant (p < . 05) for the 0. 1 M sucrose at 2 hr 

and highly significant (p <  .01) for the 0. 25 M sucrose at 0 hr.     The 

0. 1 M sucrose at 0 hr and 0. 25 M sucrose at 2 hr t values were not 

significantly different.     The increases  in free enzyme after incubation 

were not sufficiently large to be declared significant with this  small 

number of replications. 

Two more trials with resuspended lysosomes in 0. 1 M sucrose 

were conducted. The incubation time was extended to 5 hr at 4 with 

a zero hour sample in the first trial and a 30 min incubation only in 
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Table  16.     Comparative release of cathepsin and  a-glucos idase from 
trout muscle lysosomes. 

Conditions 

Cathepsin a-Glucosidase 
 Activity   Activity  
^   A   ,a Soluble _   ^   .a Soluble 
T0tal (%) TOtal (%) 

0. 1 M sucrose 0 hr 0.116 30.3 0.860 58.6 

0. 1 M sucrose 2 hr 0..117 33.3 0.850 63.6 

0. 25 M sucrose 0 hr 0.094 9.6 0.472 24.4 

0. 25 M sucrose 2 hr 0.092 12.0 0.658 27.4 

0. 1 M sucrose 0 hr 0.184 23.0 1.388 46.9 

0. 1 M sucrose 5 hr 0.180 27.2 1.424 50.9 

0. 1 M sucrose 0. 5 hr        0.181 17.2 2.198 47.9 

a 
Change in absorbance per ml per 2 hr 

n = 2 for the 0,   2,   and 5 hr means 
n = 3 for the 0. 5 hr means 
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the   second trial.     Essentially the same results were obtained 

(Table 16).     The differences between the percentages, of sbliilr' 

bil'ized    cathepsin and   a-glucosidase were highly significant (p <  . 01) 

in all three cases.    Again a-glucosidase was released to approxi- 

mately twice the extent of cathepsin.     The increase in free enzyme 

with incubation frona 0 to 5 hr was  significant (p <  . 05) for the 

cathepsin and highly significant (p < .01) for the  a -glucos idase. 

However as before,   this  increase was small compared to the release 

of enzyme during the sample preparation.    Similar releases of 

enzymes with various  incubation conditions were reported by Weiss- 

mann and Thomas (1963),   Sawant et_ aL   (1964a,   c),   Stagni and de 

Bernard (1968),   Lutalo-Bosa (1970),   and Caldwell and Grosjean (1971). 

To determine the effect of salts on the release of cathepsin and 

a-glucosidase, two lysosomal suspensions from the first trial were 

put in 0. 25 M sucrose plus 0. 3 M NaCl or 0. 04 M CaCl    and incubated 

2 hr at 4°.     The results (Table 17) show that the NaCl had no effect 

on the release of cathepsin,   but reduced the solubilization of  a- 

glucosidase to that of the cathepsin.    The CaCl_ reduced the solubiliza- 

tion of both enzymes from the sucrose control to approximately the 

same level.     Due in part to limited replication,   none of the differences 

between the two enzymes were significant (p > .05).     The effect of 

CaCl    was  significant (p <  .05)  in retaining cathepsin and the NaCl 

was  significant (p < .05) in retaining  a-glucosidase.     The CaCl_ 

showed a high variation with  or-glucos idase and was not significant. 
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Table 17.     Release of cathepsin and a-glucosidase from 
trout muscle lysosomes with different salts. 

Soluble Enzyi me 
Sample Cathepsin 

(%) 
a -Gli ucosidase 

(%) 

Control 12. 0 27.4 

0. 3 M NaCl 12.4 12.2 

0. 04 M CaCl2 5. 1 6.7 

3. 
Each sample contained 0. 25 M sucrose 

n = 2 

The longer incubation times used in the earlier study (Table  14) 

and the different ionic strengths made comparison difficult.     But 

the ionic environment was indicated as an important factor in the 

solubilization of trout muscle lysosomal enzymes as well as for 

mammalian liver enzymes  (Sawant et^ aL ,   1964a;  Verity ert al. ,   1968). 

In Vivo Extraction of  a-Glucosidase 
and Cathepsin 

Cathepsin and  a-glucosidase were simultaneously extracted 

from muscle tissue to determine  whether the differences  observed 

with extracted lysosomes would be apparent in vivo.     The extraction 

procedure was the same as reported before,   with a cellular debris 

pellet,   a lysosomal pellet,   and free enzyme in the supernatant 

assayed for both enzymes.     Three fish were aged at 4    and each was 

sampled at four times post-naortem.     The data (Table 18) show that 



Table 18.     Percentages of cathepsin and   a-glucos idase present in the fractions of trout aged at 4 

Time of  Cathepsin   a -Glucosidase  
Extraction ° Sediment   Lysosome   Supernatant Sediment   Lysosome   Supernatant Citato / r / r 

(hr) btate (%) (%) (%) (%) (%) (%) 

.1 Pre- 
rigor 

64. 3 20. 4 15. 3 58. 9 21. 3 19. 7 

22 Rigor 58. 9 19. 7 21.4 5 9. 5 18..1 22. 4 

47 Post- 
rigor 

65. 8 13. 8 20. 4 5 9. 2 14.2 26. 5 

95 Aged 66. 7 18.4 14. 9 58. 9 14. 8 26. 3 

n = 3 
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the cathepsin followed a similar pattern to that recorded in earlier 

experiments (Tables 5 and 6).    The data for 95 hr had a large experi- 

mental variation between fish and showed an increase in the activity of 

the lysosomal fraction.    The a -glucosidase solubilization pattern was 

very similar to that for cathepsin.     The percentage of a-glucosidase 

present in the lysosomal pellet decreased from 21. 3% at 1 hr to about 

14.5% at 95 hr.     Despite the apparent differences  in enzyme distribu- 

tion in the sediment and supernatant fractions,   the only significant 

differences  (p < . 05) were between the percentages of activity in the 

supernatants at 1 and 95 hr.     Differences detected would be difficult 

to show as being significant because of the relatively large variations 

in the data. 

To determine whether a difference between the percentage 

distribution of catheps in and a -glucos idase initially existed,   three 

more trout were sampled at 1  hr post-mortem.     These results were 

pooled with the 1 hr samples from above to reduce the variability 

(Table 1.9),   but the differences  in the percentages of the two enzymes 

in each fraction were not significant (p > . 05). 

A sensitive measure for the uniformity in distribution of two 

enzymes is to calculate the ratio of their specific activities: 

specific activity  q-glucosidase 
specific activity cathepsin 

"420 
ml enzyme 

A280 
ml enzyme 
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Table 19.    Distribution of cathepsin and  a-glucosidase in 
fresh fish. 

Fraction Percent Activity 
Catheps in a -Glucosidase 

Sediment 60. 7 61. 7 

Lysosome 17.1 21.3 

Supernatant 22.2 17.0 

n = 6 

Since an aliquot of the same preparation was used for both enzyme 

assays,   the protein concentration was  identical and need not be 

determined.     The ratios of specific activity for the pellet,   lysosome, 

and supernatant fractions  of the six trout samples at 1 hr post- 

mortem were 6.06,   7. 19,   and 6. 48 respectively.    An analysis  of 

variance indicated that these ratios were not significantly different 

(p >.05). 

The results with isolated lysosomes indicated that they 

responded rapidly to osmotic pressure and other environmental 

conditions,   but once adjusted they appeared to be relatively stable. 

The marked difference in solubilization between cathepsin and a - 

glucosidase could indicate the presence of either two different groups 

of lysosomes with different resistances to rupture or differential 

release of the enzymes from the membrane.    However,   the non- 

significant difference of the ratios of  a-glucosidase and cathepsin 

specific activity in the three fractions from fresh muscle,   and the 
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identical extraction pattern of both enzymes with different aging 

periods point toward homogeneity.     This  is in contrast to the 

extraction pattern of cathepsins reported by Lutalo-Bosa (1970) and 

Caldwell and Grosjean (1971),   but agrees with the work of Ono (1970, 

1971).     The choice of the enzymes to be studied may be an important 

factor in the observed response. 

Why a different behavior pattern was observed between in vitro 

and in vivo lysosomes in the relative release of cathepsin and  a- 

glucosidase was not apparent.     Perhaps the in vitro release pattern 

was  in response to more subtle effects and was overwhelmed by the 

severity of the homogenization process used for the in vivo extraction. 
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SUMMARY AND CONCLUSIONS 

The post-mortem stability of rainbow trout muscle lysosomes 

was  studied by the release of cathepsin and a -glucos idase from the 

lysosome.     The solubilization of the enzymes was related to the post- 

mortem textural changes in the muscle.     The white muscle was 

fractionated into a nuclear or debris pellet,   a lysosomal pellet,   and 

soluble enzymes.    Electron photomicrographs indicated that the 

partially purified lysosomal pellet contained intact lysosomes along 

with mitochondria,   fibrous and membrane material.    At death, 

20-25% of the catheptic activity resided in the lysosomal pellet.     This 

decreased to .14-16% by the end of the rigor mortis period with only a 

slight decrease noted thereafter.     Increasing the temperature of aging 

accelerated both rigor naortis and release of cathepsin.     The distribu- 

tion of a -glucosidas e was practically identical to cathepsin during the 

aging process. 

These results  indicated that approximately 35% of the lysosomes 

released their enzymes before the resolution of rigor mortis.    This 

assumes that a homogeneous population of lysosomes existed.    What 

effect the release of these enzymes had on the textural properties of 

the muscle was not determined. 

The extracted lysosomes from fish muscle had properties 

similar to lysosomes from other species and tissues;  higher osmotic 
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pressures,    lower temperatures,   and a pH of 6 to 7 enhanced stability. 

Under favorable conditions,   cathepsin remained sedimentable up to 

105 hr. 

With isolated lysosomes,   release of  a-glucosidase was 

invariably greater than release of cathepsin,   however the response of 

these enzymes to the labilizing treatments was  parallel.     Release of 

these enzymes in the presence of different salts would indicate that 

binding between enzyme and membrane was an important part in the 

observed release.    It was possible that one enzyme maybe solubilized 

when a lysosome ruptures while another remains bound.    However,   a 

membrane-bound proteolytic enzyme would probably not be active 

in vivo on the myofibrillar proteins because of the hindrance by the 

membrane to enzyme migration and enzyme-substrate binding.     For 

this  reason,   using sedimentability as the criterion for lysosomal 

rupture and enzyme release was more appropriate than using enzyme 

activity in a high osmotic pressure substrate. 

Despite reports  in the literature of heterogeneity of lysosomes 

in enzyme content,   the comparable release of cathepsin and a - 

glucosidase in vivo and the inability to demonstrate a different enzyme 

distribution or specific activity ratio in the muscle fractions argue for 

a homogeneous population of lysosomes in the muscle of rainbow 

trout,   at least in response to the stresses of blending and aging. 
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The difficulties in disrupting muscle tissue prohibit the 

extraction of most of the lysosomes.     This low yield increases the 

uncertainty of inferences made on in vivo lysosome behavior.    A more 

fruitful approach might be histochemical staining of the lysosomal 

enzymes and direct observation of enzyme distribution in the muscle 

at various times post-mortem.     Determination of whether the 

calcium-activated sarcoplasmic factor discovered by Busch et al. 

(1.972) was lysosomal and its release and activity properties would be 

illuminating.     The intracellular location and activity of the protease 

active near pH 8. 5 should also be studied for possible influences  on 

muscle texture (Koszalka and Miller,   1960a,   b; Makinodan and Ikeda, 

1969a,   b). 
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