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ABBREVIATIONS

BAA,

BANA,

DAN,

Dip-F,

DTT,

EDTA,

EGTA,

FPM,

GTA,

NPM,

/? -CMB ,

PMSF,

SDS,

TCA,

TLCK,

TMA,

Tricine,

Tris,

z,

Benzoyl-arginineamide

Benzoyl•-arginine-naphthylamide

Diazoacetylnorleucine-methy!ester

Diisopropyl-fluorophosphate

Dithiothreitol

Ethylenediamine tetraacetic acid

Ethylene glycol bis(3-aminoethyl ether)-ru,ru,rw',/V',-

tetraacetic acid

Cu-Folin positive matter

Glycyl-tyrosineantde

Ninhydrin positive matter

R-Chloromercuribenzoic acid

Phenylmethylsulphonyl fluoride

Sodium dodecylsulfate

Triehloroacetic acid

Tosy1--lysine-chloromethy1ketone

Trimethylamine

Tris(hydroxymethyl)methylglycine

Tris(hydroxymethyl)aminomethane

Benzyloxycarbonyl

     In this study, the author uses tTproteaseir as a
wor•d which includes both an endopeptidase and an exo-
peptidase. On the other hand, he uses "proteinase!i
as a word whieh means only, an endopeptidase.
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CHAPTER I

INTRODUCTION

It is well-known that fish meat deteriorates more

rapidly than mammalian meat after death. For many

years, this phenomenon has been recognized vaguely as

the muscle protein degradation by muscle proteases.

Sakai 1 ) and Ohya and Shimada 2 ) reported on the post-

mortem protein breakdown of fish muscle in 1914 and

1923, respectively. Until 1970, much attentions

were mainly paid on an acid proteinase(cathepsin D)

in fish muscle as a factor which might cause post

mortem protein breakdown3 - 13 ). Among these situation,

Makinodan ~t al. 5) revealed a unique heat stable

proteinase in fish muscle. Later, they also revealed

that Cathepsins A, B, C14 ) and a neutral proteinase

(tentatively called asub-endopeptidase)15) exist in

fish muscle(see reviews by Makinodan16 ,17)).

On the other hand, in 1950s and 1960s, there.

were many reports on the post-mortem protein break-

down of mammalian and chicken meat from the view of

meat ageing18-49) (see reviews by FUjimaki and Oki

tani 50 ) and Okitani 51 )). Furthermore, from the studies
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mainly on musele dystrophy, there have been known to

exist some proteases in muscle as well as other
tissues52-56). These earlier studies on rnusele

proteases, however, were confined to mainly cathepsin D,

of which activity is easily deteetable in crude muscle

extract. In comparison with aeid proteinase, studies

on neutral proteinases in muscle were very few since

detection of the activity was diÅíficu]-t in the crude

extract.

     Recently, chromatographie procedures for proteins

haKre been markedly developed. These new purification

technique made it possible to detect some neutral

proteinase activities which had not been detected in

the crude extract, by eliminating co-exsisted their
inhibitors(see reviews by Laskowski, Jr. and Kato57)

and Murachi 2t ae.58)).

     Generally, post-mortem pH in muscle is eonsidered
to be around 6.o-6.s for fish muscle59-63), while

that for mammalian muscle to be below 6.o51). There-

fore, if muscle protea$es would participate in the

post-rnortem protein breakdown, they could show aeti-

vities around pH 6.0-6.5.

     In the present studies, the author re-examined

autolysis of fish mUscle after death(CHAPTER II) and

                          2



the distribution of some known proteinases in fish

muscle(CHAPTER III). In CHAPTER IV, the author
                   'did closer examination on two acid proteases(cathe-

psins A and D) and diseussed them in relation to

autolysis. Detection and characterization of some

neutral proteinases whieh have never been known to

distribute in fish muscle will be deseribed in CHAP-

TERS V and VII. In CHAPTER VI, two proteinase inhi-

bitors in fish muscle wiU be also deseribed.

3



                    CHAPTER II

              AUTOLYSIS OF FISH MUSCILE

                                      '                                                  2)                              1)     In earlier studies, Sakai , Ohya and Shimada
and ohya et ae,64) reported the eÅífects of pH, tem-

                'perature and some salts on the rate of autolysis of

fish muscle homogenate. Subsequent studies by Ohya
and sunt65), yoshimura 2t ae.66) and Fujii and To-

                                      'mita67) indicated the inerease of TMA and NH3 under

                                                68)sterilized condition, while Shimidu and Kiriyama
                 12)                     reported that some antiseptiesand Manita 2t ae.

eonsiderably lowered the rate of autolysis.
     In lgs7, shewan and Jones69) showed the increase

of some amino acids during autoZysis. Recently,
Makinodan 2t ae.62) showed the increase of amino

acids and peptides during autolysis in the presence

of chloramphenicol. They also indicated the changes

of the SDS polyaerylamide gel electrophoresis pattern
during autoiysis62). it is noteworthy that they

used blocks of fish muscle in the study.

     In this chapter, the author re•-examined autolysis

of fish muscle both quantitatively and qualitatively,

using iibloeksti and timuscle homogenateTt.

                          4



                 MATERIALS AND METHODS

Autol sis of itblocksii and "musele homo enateri

     Carp(Cy/?iLina6 caiLl?Lo) of approximately 900g was

obtained from a commercial suppZier. Carp was killed

by decapitation, eviserated and washed by water imme-

diately to be free of blood. Only white muscle was

collected in an iced beaker. Small pieces of rnuscle

were used as ttblocks". These rtblocksii were incu-

bated at 370C with 3 volumes of ntng2a solution con'-

taining 3mM NaN3 for indicated time in the figures"

and homogenized with a Waring blendor. 'tMuscle

homogenateii was prepared by homogenizing 1 volume of

musele and 3 volumes of Ringeit solution containing

         with a Waring blendor.3mM NaN       3
 uantitative anal sis on autol sis

     To stop the reaction, 5%(w/v) TCA was added to

homogenate of tiblocksTt and Ttmusele homogenate!!.

TCA soluble amino acids and peptides filtered through

Toyo No.5c Åíilter paper were determined by the method
                                        71)                   70)                       and Lowry 2t qe.of Yemm and Cocking                                           , respec-

Lively. These values were expressed as the differ-

gnce before and after incubation.

5



ualitative anal sis on autol sis

     Homogenate of "blocks" was directly treated by

SDS and analyzed with SDS polyacrylamide gel electro--
                                                    72)phoresis according to the method of Weber and Osborn .

For the molecular weight estirnation, known marker

proteins(bovine serum aZbumin, ovalbumin and cyto-

chrome c) were run on the same geZ.

Effect of rotease inhibitors on autol sis

    An aliquot of the soZution of protease inhibitors

was added to the "muscle homogenate" to get the final

concentration as indicated in the table and incubated

at 370C for 24hr. Then, quantitative analysis was

performed as descr•ibed above.

                   fi RESULTS

1. Increase of TCA soluble e tides and amino acids

sdÅ}2zl,I}g-{l,2twgj.gu autolss

     As shown in Fig.1, the amounts of TCA soluble

peptides(abbreviated as FPM in the figure) of !'blocksi'

and ttmuscle homogenatei! were increased as a funetion

6
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Fig.1. Increase of ninhydrin positive matter(NPM)
and Cu-Folin positive matter(FPM) during incubation
at 370C as tiblocksit and i'muscle homogenate" in the

presence of 3mM NaN3.
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of time as well as those of amino aeids(abbreviated

as NPM in the figure). Higher values were observed

for both FPM and NPTv! in the case of "musele homoge-

nateri than tiblocks". This fact $uggests that some

biochemical changes after death might take place

more easily in t!muscle homogenate" than iiblocksi!.

2. Chan es of SDS ol acr lamide el electro horetic
]2sMt!Ng]:n-g-zUxi-!g2,XE2.Et dur atl

     Fig.2.' shows the changes of the SDS polyacryZ-

amide gel elgctr'gphoretic pattern. The intensity

of some protein bands indicated as 't-'! became Zess

densp dependent on, the incubation time. ' On the''

other hand, ,the intensity of some protein bands '-indi-

cated as ti+!' became more dense dependent on the ineu-

bation tirne. Those changes suggest that some pro-

tein-degradation might take place in "blocks" du.ring

     The results obtained from Figs. 1 and 2 show

thaV some proteolytic systems possibly concern with

the post-mortem protein degradation. In order to

elarify what proteolytic system might coneern, auto-

lysis of iimuscle homogenate" in the presence of

various protease inhibitors was quantitatively

examined.
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Fig.2. Changes of SDS polyacry!amide gel electro-
phoretic pattern of carp rnuscle itbloeks" during incu--
bation at 370C in the presence of 3mM NaN3. Ele-
ctrophoresis was earried out as described in MATERIALS
AND METHODS in 159o polyacrylamide slab gel. (+)
shows the protein bands of which intensity gradually
increased, and (-) shows the protein bands of which
intensity gradually decreased. Molecular weight
markers were as follows: bovine serum albumin(67,OOO),
ovalbumin(45,OOO) and cytochrome c(12,OOO).
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3. EÅífect of yotease inhibitors on autol sis

     As shown in Table 1, high concentration of EDTA

and EGTA inhibited the increase of FPM and NPM.

Pepstatin and leupeptin slightly inhibited those of

FPM and NPM. • On the other hand, iodoacetic acid

greatly enhanced FPM. The reason for the increasing

effeet is not elear.

Table 1. Effect of protease inhibitors on autolysis.

Chemicals(final concentration)
-SR!s:LfL32}Lg-s}.s}2Ei,.}LEI,.lix.S.2Z2eiativeactvt(of)

Cu-Folin Ninhydrin
None
Pepstatin(1 uglme)
Leupeptin(2 ug/me)
Dip-F(1 mM.)

•Soybean trypsin inhibitor(100 ug/me)
DAN + cu2+(each 1 mM)
1?CMB(O.06 mM)
Iodoacetamide(10 mM)
Iodoacetic acid(10 mM)
EDTA(1 mM)

    (5 mM)
   (10 mM)
EGTA(1 mM)

    (5 mM)
   (10 mM)

1OO

 87
 89
 70
113
108
 89
 99
263
 88
 74
 56
105
 85
 80

1OO

 77
 88
 95
102
111

 94
102
 98
 52
 43
 51

 96

 53

 59
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                      DISCUSSXON

     shewan and Jones69), uchiyama 2as ae.59), Manita

2t ae.i2) and Makinodan 2t ae.62) reported the increase

of TCA soluble amino acids during autolysis of fish
                                          62)muscle. In particular, Makinodan 2t ae.                                              showed

the increase of peptides and the changes of SDS poly-

acrylamide gel electrophoretie pattern and suggested

the participation of some proteolytic systems in fish
                                               73)muscle autolysis. Recently, Makinodan 2t ae.

also showed metaUo, serine and/or cysteine protei-
nases74) might take part in autolysis. Results

presented herein support their suggestions. Seki
            75)                reported that SDS polyaerylamide geland Watanabe

electrophoretic pattern of carp muscle myofibrils

showed a gradual decrease in the intensity of the

troponin T, or-actinin and a gradual appearance of the

15,OOO dalton protein and several other protein bands
in the presence of ca2+ during autoiysis.

     The author eannot, however, eliMinate the addi-

tional possibility that the post-mortem protein degra-

dation may due to the non-enzymatical reaction, since

the increase of TCA soluble amino acids and peptides

were recognized to some extent even in the presenee

                         11



of some protease inhibitors(Table 1). There have been

many reports suggesting the protein degradation after
death in rnammalian and ehicken muscze18,28,36,38,44-47,

76-1OO)(see reviews50'51'101)). on the other hand,

some investigators have denied the proteolysis after
death20'25'49'102"105)(see reviewsl06'107)). Recently,

Takahashi et ae.105) showed the release of a protein

factor that modified the actin--myosin interaction in

the post-rigor muscle. These discrepancies among

the reports suggest that the proeess of the post-

mortem protein degradation may be markedly complicated.

Thus, it is very likely that there underlies any

unknown mechani$m in this process. The author,

however,surmises that proteolysis proceeds in the

post-mortem fish muscle from the results presented

in this chapter., At present, it is unknown what

kind(s) of proteinase may relate to the proeess.

In CAHPTERS MV, V and VII, the author will show some

possible proteinases relLating to the post-mortem

protein degradation.
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CHAPTER II!

     CONFIR}JIATION OF AN ACID PROTEINASE(CATHEPSIN D),

A NEIJTRAL PROTIE]INASE(TENTATIVELY CAI,LED A SUB-IENDO--

PEPTIDASE)AND AN AI,KALINIE PROTEINASE IN THE MUSCLE OF

VARIOUS FISH

     As described in CHAPTER I, there has been known

to distribute at least three proteinases, namely
cathepsin D3'6-12'108-120), sub--endopeptidasel5'21),

and alkaline proteinase5'10'108,122'128) in fish

muscie(see reviews by Makinodan16'17)). Recently,

Makinodan 2t ae.129) showed that these proteinases

exist in muscle oÅí various species of fish including

deep sea fish.

     In this chapter, the author confirmed the exis-

tence of these three proteinases in muscle of various

fish by examining the effect of pH on the activities

and •studied their distribution arnong various species

of fish.

13



MATERIALS AND METHODS

Pre aration of the crude enz me solution

     Carp(CyRitina6 caitRZo), rainbow troub(Saemo gaiza-

dneit"), red sea bream(/DagiLu6 nzay'oiz), flat fish(LZnzancZa

h27zz2n6teini) and black halibut(EoR621ta gittgoitj2tvi)

were obtained alive. White croaker(n7zgyiLo6omu6

a/zg2ntaiEa6), common mackrel(77tachu7zu6 ju1?onica6)

and yellow tail(S2aioea qainqu2zaadiata) were obtained

in rigor state. Ten grams of each fish muscle were

homogenized with 20me of 33mM phosphate buffer, pH 7.2,

in a Waring blendor at top speed for a minute and

stood at 49C for 3hr. The supernatant obtained at

13,OO04g for 30min was dialyzed against the same

buffer to get the crude enzyme $olution.

Measurement of the roteinase activities

     Cathepsin D, sub-endopeptidase and aZkaZine

proteinase activibies were determined as the hydro-

lytie activities against hemoglobin, hemoglobin and

easein, respectively, according to the method of
Kunitz130) or Anson131).

     Cathepsin D activity was assayed in a reaction

mixture containing 19o(w/v) acid denatured hemoglobin,

330mM formate buffer, pH 3.0, and O.5me of the

14
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enzyme solution in a total volume of 5me. The

reaction mixture was incubated at 37eC for an hour.

     Subri-endopeptidase aetivi-ty was assayed in a

r ea etion mi xtu re eon tainin g 1 9o (w/ v) a ei d dena tu red

hemoglobin, M2mM citrate-phosphate buffer,pH 7.2,

and O.5me of the crude enzyrne soluLion in a total
volume of 2.sme at 370c for 2hr15).

     Alkaline proteinase activity was assayed in a

reaction mixture containing 1%(w/v) heat dertatured

easein, phosphate buffer(100mM KH2P04-50MM Na2B407),

pH 8.0, and O.5me of the enzyme solution in a total

volume of 2.5me at 630C for an hour.

     In each assay, reaction was stopped by adding

5% (w/v) TCA and TCA soluble products formed were

eolorimetrically deterrnined according to the method
of Lowry 2t ae.71) for cathepsin D and alkaline

                              70)                                  for sub-endopepti--proteinase or Yemm and Cocking

dase. Each proteinase activity was expressed as

nano moles of tyrosine equivalent released per me

of the enzyme solution per hour. In order to study

the effect of pH on each proteinase activity, 100mM

citrate-20mM Na2HP04 buffer for cathepsin D or 100mM

KH2P04-50mM Na2B407 buffer for sub-endopeptidase

and alkaline proteinase was used.
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     Protein was determined aecording to the method
               71)of Lowry 2t ae.                   using bovine serum albumin as the

standard.

             RESULTS AND DISCUSSION

1. Effect of H on the activities of cathe sin D

sub-endo e tidase and aZkaline roteinase Åírom fish

muscZe

     As shown in Fig.3, these three proteinase aeti-

vities were detected in common rnaekerel, white croaker

and black halibut muscle. Though the specific acti-

vities of these proteinases were different among

species, almost the same pH dependencies of three

proteinases were recognized.
2. Distribution of the activities of cathe sin D,

sub-endopeptidase and alkaline proteinase from the

musele of various fish speeies

     Table 2 shows the distribution of three protei-

nase aetivities in carp, red sea bream, rainbow trout,

flat fish and yeUow tail muscle. Each enzyme

activity was detected in the muscle of aU fish

examined. llowever, each proeeinase activity in

rainbow trout and flat fish was relatively high,

                         16
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Fig.3. Effect of pH on the activities of cathepsin D
(A), sub-endopeptidase(B) and alkaline proteinase(C)

from the musele of common mackerel(M), white
eroaker((EÅr----O) and black halibut(O-"--O).

9

while that in red sea bream and yellow tail was low.

Since the amounts of eaeh muscZe proteinase activity

were different among species, these differences might

reflect the rate of autolysis of various fish.
                              132)                                  , the existenee     In earlier review by Tarr

of the aeid proteinase supposed to be cathepsin D

Was shown in fish muscle. Subsequent studies have

17



Table
in the

2. Average values
               . muscle of vamous

of three
     . specles

proteinase
of fish.

activities

Cathepsin D Neutral
proYein.ase.

Alkaline
prote-nase

Carp

Red sea bream

Rainbow trout

Yellowtail

Flat fish

    14.5
 (7.6 - 22.8)

     2.3
 (1.5 -- 3.0)

    20.7
(l6.5 - 25.5)

     5.6
 (5.2 - 6.l)
    61.3
(59.2 - 63.3)

 (5.

 Åq5.

"9.

ao.

(29.

 i5.8
5 - 26.6)
  8.6
O - l2.4)
 30.2
3 - 40.0)
 ll.4
O -- ]3.7)

 31.2
O - 33.4).

    36.5
(18.6 - 56.0)

    42.5
(38.0 - 51.2)

    56.3
{44.9 -- 69.4)

    33.5
(32.3 - 35.0År

    69.7
(67.4 - 72.4)

The values of eaeh proteinase activity were the average of.3-4
experiments.

  revealed the disLribution of cathepsin D in rnuscle
                              6-9,11,11O,113,115,116)  of various speeies oÅí fish ,
                        118)         117)                            . Muscle alkaline protei-              and squid  shrimp

  nase has been alsQ known to distribute widely in
  various fish5'10'123). on the other hand, reports

                                          15,111)  on sub-endopeptidase ha$ been limited .
  Recenuy, Makinodan et ae.129) showed that sub-

  endopeptidase distributes in the musele of common

  mackerel, sardine, horse mackerel, white croaker,

  lizard fish and some deep-sea fiSh sueh as black

  halibut, soft eelpout, peetral rattail and thread-

  fin hakeling.
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     Data shown in ehis chapter confirm that these

three proteinases widely distribute in the muscle

of various species of fish. From the view point

of the post-mortem protein degradation, it is un--

likely that alkaline proteinase takes part in the

process, since the proteinase requires rather high

temperature around 60 0C Åíor the activity. It is

unknown, however, whether cathepsin D and/or sub-

endopeptidase may partieipate in the process. In

particular, cathepsin D has long been thought to

be the only enzyme partieipating in autolysis.

Hence, as described in the following chapter` , the

author purified cathepsin D from earp muscle and

examined the possibility to coneern with the muscle

protein degradation after death.

19



                  CHAPTER IV

     PURIFICATION AND PROPERTIES OIF' TWO ACID PROTE-

ASES FROM CARP MUSCLE

SECTION I. CATHEPSIN D

     Earlier studies on the intracellular proteases

have been confined to acid proteases mainly to cathe-

psin D(EC.3.4.23.5). So far as musele proteinases,

cathepsin D has been thought to be the only enzyme
                                               2)to exist unti1 1960. Sinee Ohya and Shimada

showed that the optimum pH for autolysis was around

pH 4.8, the existence of an acid proteinase in fish

musele has been surmised for a long time
in igss, sieberti08) and saito and samejilha3) demon-

strated the enzymologieal properties of fish muscle

cathepsin D for the first time using the erude muscle

extract. Since then, many investigaeors have paid

attentions on cathepsin D in re2ation to the post-
mortem protein degradation7,9,11,108-120).

                    109)     Siebert 2t ae.                         purified cathepsin D frorn

cod muscle about 3,OOO-fold against the erude extract.
Later, Bird 2t ae.8), Reddi et ae.114) and ueno 2t

   133)aZ. reported that fish muscle cathepsin D dis-

                         20



tributed in lysosomes. Reddi 2t a2.114) also showed

that hydrolysis of the sarcopZasmic Åíraction by the

rnuscle lysosomal fraction of winter flounder oeeurred
                             117)at pH 3.0--7.0. Doke et ae, reported that the

optimal hydrolysis of sareopZasmic fraetion by the

crude muscle extract of 7Zea/?ia mo66anz21ica oceurred

at pH 5.0. However, it is unknown whether the

hydrolysis is due to eathepsin D or not.

     Whereas eathepsin D is physiologicalZy considered

to take part in the intracellular protein degradation
            133-135)in lysosomes , it is uncertain whether fish
musele eathepsin D concerns with autolysis. There-

fore, the author purified cathepsin D from earp

muscle as an eleetrophoretically homogeneous prepa-

ration and examined whether the enzyme participates

in the post-mortem protein degradation.

MATERIALS AND METHODS

Measurement of the roteinase activities

     Activities of cathepsins A, B, and C were mea-

sured by the hydrolysis of the following substrates,
respectively: z-Glu-phe136), BANA137) and GTA138).
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Cathepsin D, sub-endopeptidase and alkaline protein-

ase activities were determined as deseribed in CHAPTER

III. Effect of cathepsin D on carp musele myofib-

rils was examined by SDS polyacr:lamide gel electro-
        72)           . Carp muscle myofibrils were preparedphoresis
according to the method of Tokiwa and Matsumiya13).

Purifieation of car muscle cathe sin D

     Unless otherwise described, all operations were

done at 40C. Carp(Cy/?ieinu6 ca7t/?Zo) of approximately

900g were obtained from a commercial supplier.

Carp was killed by decapitation, eviserated and washed

by water immediately to be free of blood. Only

whiice muscle ofl,OOOg was colleeted and homogenized

with 2,OOOme of 100mM NaCl containing lmM EDTA in a

Waring blendor for 1 min at top speed. After standing

for 30min, homogenate was centrifuged at 13,OOO xg

for 30min. The supernatant was dialyzed against

100mM NaCl containing lmM EDTA overnight(crude soZu-

tion). To the crude solution, IM HCI was added

to adjust pH 4.2 and the suspension was heated at

300C for 10min, and then pH of the suspension was

re-adjusted to the original pH with IM NaOH and

the solution was eentrifuged at13,OOOxg for 10min

to remove the precipitate(acid treated fraetion).
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Powdered ammonium sulÅíate was added to this fraction

to get 609o saturation(w/v). After standing for

3hr, the precipitate was colleePed by the eentrifu-

gation at 13,OOOxg Åíor 30min and dissolved in 100mM

NaCl containing lmM EDTA. This solution was dialyzed

against 100mM NaCl eontaining lmM EDTA overnight and

centrifuged at13,OOOxg for 10min to remove the preci--

pitate(ammoniurn sulfate fraetion). Cold acetone

(-200C) was added to this fraetion to get 309o(v/v)

acetone soZution, stood for 2hr at --20eC and eent-

rifuged at 13,OOOxg for 30min. Then, cold acetone

was added to the supernatant to get 609o(v/v) acetone

solution, stood for 2hr at -20eC and centrifuged at

13,,OOOxg for 30min. The precipitate was collected

and dissolved in 5mM Tris-HCI buffer, pH 8.0, con-

taining 20mM NaCl, lmM EDTA and 100mM sucrose(buffer

A). The solution was dialyzed again'st buffer A

overnight and centrifuged at 13,OOOxg for10min to

get the c[Lear solution(acetone fraction). The ace-

tone fraetion was applied on a column(2.2X18cm) of

DEAE-Sephadex A--50(from Pharmacia Fine Chemicals)

equilibrated with buffer A and eluted with O.02M.

O.12M. O.22M and O.52M NaCl in buffer' A. The frac-

tion eluted with O.12M NaCl were pooled(DEAE--Sephadex
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fraction). This frae"tion was dialyzed against Vo

(w/v) glycine solution overnight, coneentrated to

4me with a Collodion bag and applied on a preparative

eZectrofocusing(LKB 2117 Multiphor). The electro--

focusing was performed at 8watts for 10 hr and then

the proteolitically active fractions were desorbed

from the gel by 50mM phosphate buffer, pH 7.0, con-

taining 20mM NaCl, lmM EDTA and 100mM sucrose(buffer

B). Each fraetionis pH was measured by suspending

each gel in a small amount of distiUed water. The

active fractions were pooled and dialyzed against

buffer B overnight(electrofocusing fraction). This

fraction was concentrated to 3.6me with a CoZlodion

bag and applied on a column(1.5x90cm) of Sepharose

6B(from Pharmacia Fine Chemicals) equilibrated with

buffer B. The elution was earried out with buffer B

and the active fractions were pooled(Sepharose frac-

tion).
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                  RESULTS

1. Purifieation ojr cathe sin D from car rnu.scle

     Fig.4 shows the elution profile of cathepsin D

from a column of DEAE-Sephadex A-50. Cathepsin D

was eluted with O.12M NaCl. Cathepsin A was detected

in the fractions eluted with O.22M DIaCl. Further

purification and properties of cathepsin A wiU be

described in the subsequent secbion. The DEAE-

Sephadex fraction of cathepsin D was separated into

many proteins by the electrofocu$ing(Fig.5). The

highest activity of cathepsin D was observed in the

fractions of pH 5.3-5.4. The elution profile of

the electrofocusing fraction from a column of

Sepharose 6B is shown in Fig.6. The enzyme was

eluted as a $ingle peak which corresponds to one

obvious protein peak. Table 3 gives data on a

typical purification of eathepsin D from carp musele.

Purification of the final enzyme preparation was

about 2,OOO-fold over the crude enzyrne solution

with a yield of 3.6%. As shown in Fig.7, the

final preparation gave a single band in disc eleetro-

phoretic analysis and the band coincided with the

activity which was determined from another geZ.
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Fig.5. Elution profile of DEAE-Sephadex fraction
of eathepsin D from a preparative electrofocusing
of LKB 2117 Multiphor. The DEAE-Sephadex Åíraction
(18mg) was applied on the slab gel of Ultrodex and
eleetrophoresed. Then, fraetions of 2.5me were
eollected., Chromatographic procedures are detailed
in MATERIALS AND METHODSe
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Fig.6. Elution profile of the electrofocusing
fraction from Sepharose 6B gel filtration. The
electrofoeusing fraction(O.75mg) was applied on a
column(1.5Å~90cm) of Sepharose 6B and eluted with
bufÅíet' B at a flow rate of 4me /hr. Then, frae-
tions of 5me were collected.

Table 3.
muscle.

Purification of cathepsin D from carp

Fraction Volume
 (me)

Protein
(mglme)

     beActivity PuriÅíication
 (-fold)

Yield
 (%)

Crude enzyme
Acid treatment
(pH 4.2)

Ammonium sulfate
fraetionation(O-60%)

Aeetone fractionation
(30-60%)
DEAE-Sephadex A-50
chromatography
Electrofocusing
Sepharose 6B gel
filtration

2720
1570

 85

 50

 40

 17
 15

6.54
3.8o

10.2

3.50

O.200

O.075
 O.022

•- es

124
140

1150

1120

91O

800
815

  1
  1.9

  5.9

 17

240

 560
2000

1OO
65

29

17

 11

 4.0
 3.6

x
 Nanomoles tyrosine
ve be.

 Calculatgd from the
equivalents per
absorbance at
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me enzyme
280nm.

solution per hour.
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Fig.7. Disc eleetrophoretie anaZysis of the puri-
fied cathepsin D preparation. Sepharose fraction
(40ug) was applied on 7.59o polyacrylamide gel and
electrophoresed as described in MATERIALS AND ME-
THODS. The gel was stained with Coomassie brilli-
ant blue R-250. The graph demonstrates the enzyme
aetivit.y determined by 3mm sec,t'ions of another gel
which was electrophoresed simultaneously.

Neither activitY of cathepsins A, B,

endopeptidase and alkaline proteinase

in the final enzyme preparation.

c

was

nor sub-

 detected
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2. Some ro erties of car muscle cathe sin D

/Ohy6icochenztcae Rieop2ieU26

     Fig.8 iUustrates the estimation of the molecular

weight by gel filtration. The molecular weight of

earp muscle eathepsin D was estimated to be 41,OOO.

From the position of the most aetive fraction in the

electrofocusing(Fig.5), the isoeZectric point was

determined to be 5.4.

 10
S8
96
2-

•g

.s

g2
E

Cytochrome c

                 Etution votume(mt)

Fig.8. Molecualr weight estimation of carp musele
cathepsin D by Sephadex G-100 gel filtration.
A column(1.5x90cm) was equilibTated with buffer B

and eluted with the same buffer at a flow rate of
7me/hr. Mo'leeular weight markers were as follows:
bovine serum albumin(67,OOO), ovalbumin(45,OOO),
chymotrypsinogen A(25,OOO) and cytochrorne c(12,400).
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Enzynzatlc p7zoR2ntt26

(1) Effect of inhibitors on the activity

     As shown in Table 4, the enzyme activity was

completely inhibited by the addition of pepstatin
(lpg/me) and DAN+Cu2+(each lmM) which are known to

inhibit an aspartic proteinase74'140). Dip-F and

soy bean trypsin inhibitor whieh are known to inhibit
a serine proteinase74'140), had no effect on the acti-

vity. DTT+EDTA(each 2mM) which is known to activate
a cysteine proteinase74'140), and /?-cMB(lmM) which

is known to inhibit a cysteine proteinase74'140), had

no effect on the activity. DTT+EDTA and o-phenan-

throline(lmM), which are known to inhibit a metallo
          74,1 40)                  , had no effect on the activity.proteinase
                                                    '
Solvents such as ethanol,methanol and i6o-propanol

as well as lmM cysteine and glutathione had no effeet.

But, 2-mercaptoethanol increased the aetivity about

209o.

(2) Effeet of temperature on the activity

     The optimum temperature for lhr incubation was

around 500C(Fig.9). When the enzyme was pre-incu-

bated in the absence of substrate in 1.0M formate

buffer, pH 3.2, for 30min, it was fairly stable at

400C, retaining about 859o of the fulZ activity, but

lost about 859e of the activity at 500C.
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TabIL e

muscle
4. Effect
 cathepsin

of
D

.

inhibi tors on the activity of carp

Inhibitor Concentration Relative
activity(%)

None
Pepstatin
DTT + EDTA
Dip-F
Soy bean trypsin
inhibitor
o-Phenanthroline
1, CMB

       2+DAN + Cu

1 pg/me
O.2 mM (each)
1 mM
100 ug/me'

1 mM
1 mM
1 mM (each)

1OO

 o
102

107
112

1OO

 90

 o

  300
T8
{-

E
ocr2o

t'"

-ut

.
8
cv100
År

•t
År

--vU(

o

                   20 30 40 50 60
                     Temperature(OC) -
Fig.9. Effect of temperature on the activity
musele cathepsin D. Ineubation was carried
the indieated temperature.
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(3) Effect of pH on the activity

     Effect of pH on the hydrolysis of hemoglobin by

the enzyme is shown in Figs. 10 and 11. When 1.0M

buffer(final concentration of O.6M) was used, optimum

pH was found to be 2.6-2.8(Fig.10). At the acidic

limit, the activity fell off rapidly with pH and on

the less aeidic side, the eurve showed a distinct

shoulder near pH 4.0. The pH curve obtained with

O.2M buffer(final concentration of O.12M) showed the

optimum activity near.pH 3.2 and did not form any

shoulder(Fig.11). When the enzyme was pre-incubated

in the absence of substrate at 370C for 30min with

50mM glycine-HCI(pH 1.0-2.7), formate(pH 3.0-5.0),

acetate(pH 5.0-6.0) and phosphate(pH 6.0-8.0) buffers,

the activity was stable in the range of pH 3.0-5.0

and rather stable in the range of pH 5.0-7.0, while

it was quite labile at pH 2.0.

(4) Effect of the enzyme on the hydrolysis of carp

muEcle myojribrils

     As illustrated in Fig.12,' at p}I 3.2, the high

moleeular weight and 45,OOO dalton bands vanished and

many distinct bands appeared after 24 hr incubation.

-This phenomenon was not observed in the presence of

pepstatin. At pH 6.5, the electrophoretic pattern
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Fig.10. Effect of pH on the activity of carp musele
eathepsin D in O.6ty1 buffer. The buffers used were
as follows: glycine-HCI(e---'{), formate(H) and
acetate (e--e) .
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'Fig.11. Effect of pH on the aetivity of carp muscle
cathepsin.D in O.,12M buffer. The buffers useq were
as fol2ows: formate(H), acetate(e-•-e) and phos-
phate ( e-• --{) .
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Fig.12. SDS polyacrylamide gel electrophoretic ana-
lysis on carp muscle myofibrUs treated with carp
musc]e cathepsin D. A reaction mixture which con--
tained 5.5pg eathepsin D, 170mM formate buffer(a-c)
or phosphate buffer(d-f), lmg myofibrils, 100ppm
chloramphenieol and lvg/me pepstatin(c,f) or above
mentioned buffer(a,b,d,e) in a totaZ volume of 2.5me
was incubated at 370C for 24hr. SDS polyacrylamide
gel electrophoresis was'carried out as described in
MATERIALS AND METHODS on 159o polyaerylamide slab
gel: (a); zero hour ineubation at pH 3.2, (b); with-
out pepstatin at pH 3.2, (c); with pepstatin at
pH 3.2, (d); zero hour incubation at pH 6.5, (e);
without pepstatin at pH 6.5, (f); with pepstatin at
pH 6.5.
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hardly changed after incubation either in the pre-

sence or absence of pepstatin.

   Effect of pH on the hydrolysis of carp muscle myo-

fibrils in the absence or presenee of 3M urea is pre-

sented in Fig.13. The optimum pHs for the hydrolysis

of myofibrUs in the absence and presence of 3M urea

were found to be 3.2 and 4.0, respeetively. Myofib-

rils were not hydrolyzed above pH 6.0. The activity

in the presence of 3M urea was lower than that in the

absence of it at every pH examined.
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                                                  'Fig.13. Effect of pH on the hydrolysis of carp muscle
myofibrils by carp muscle cathepsin D in the presence
(H) or absence(am) of 3M urea. The buffers
used(final concentration of O.12M) were as fo[Llows:
formate(pH 2.4-4.5),acetate(pH 4.5-6.0).
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3. Intracellular distribution of ear musele cathe-
      135)uttinD
     It is reported that fish muscle cathepsin D8,114,

133,214,215) exists in lysosomes as well as organ

cathepsin D. In order to examine the intraceUular

distribution of the enzyme, tissue must be disin-

tegrated to the desired degree. In case of fish

rnuscle, the muscZe tissue cannot be destroyed by such
gentle homogenization as for organ tissues216), abun-

dant of lysosomal enzyme activity being remained in

myofibriUar fraetion. However, severe homogeni-
zation will induce more destrucLion of particles.

 In anyway, the author adopted a Waring blendor for '

homogenizing musele tissue. •'
    '     Carp ordinary muscle was homogenized with 4

volumes of ice eold O.25M suerose eontaining lmM EDTA

in a Wa]?ing blendor at top speed for 30sec. The

homogehate was fractionated with differential centri-

fugation: 800xg for 10min for the myofibrillar 'frac-

tion(Mf); 10,OOOxg for 10min for the mÅ}tochbndrial

fraction(Mit); 27,OOOxg for 30min for the lysosomal

Åíraction(Lys); 79,OOOxg Åídr 90min for the micrdsomal

fraction(Mic) and the finaZ supernatant traetion(Sup).

Each pellet was suspended in O.25M sucrose eontaining
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lmM EDTA and O.19o(v/v) Triton X-100. Appropriate

Triton X-100 was also added to the supernatant frae-

tion.

     Fig.14 shows the intraceUular distribution of

earp muscle cathepsin D. Relative specifie activity

was the highest in Lys fraetion, but there was no

significance between the values of Lys and Mic frac-

tion. Thus, c;Lear uneven loealization of cathepsin D

in lysosomes was not shown in the present study.

The cause may be attributed to the rupture of lyso-

somes by the homogenlzation, possible heterogeneous
popuiation of iysosomesli4'2i5), or muscie iysosomes

being small size and specific gravity in comparison
with those of organs217).

                         '
                      DIscussroN

     Makinodan and'Ikedall'136) reported some proper.-

ties of carp muscle cathepsin•D using the partially

purified prep,aration. The resuZts presented here•

almost coincide with theirs. The author also examined

the effect of carp musele cathepsin D on autolysis

using the purified preparation. '
     Molecular weights of 32,OOO, 38,OOO and 50,OOO
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results are the means of 5 experiments.

are reported for the muscle cathepsin D from winter
flounderl14), 7iZaRia moh6ameical17) and cod7,109),

respectiveiy. sieberti41) stated that moiecuiar

weight should not be taken as a strong criterion for

cathepsin D since that of cathepsin D showed species

and tissue diversity. As for cathepsin D from rat
and chicken muscle. 36,ooo142), and 42,ooo-4s,ooo143)

have been reported, respectiveZy. The activity of

carp inusele eathepsin D was inhibited by pepstatin
          2+             , but hardly affected by DTT+EDTA, Dip-F,and DAN+Cu

                          •3 9



 soy beah trypsin inhibitor, o-phenanthroline and

 p-CMB(Table 4). The moleeular weight was estimated

 to be 41,OOO(Fig.8) and bhe iso-eleetric point to be

 pH 5.4(Fig.5). From these results, the enzyme was

 identified as cathepsin D under the classification
by Barret134). carp muscle cathepsin D was not

affected by cysteine(data not shown), and this resuit
was similar with muscle cathepsin D from chicken143)

                       11 7)and 7ieaRia nzo66anzZtca . The activity was stimu-

lated about 40% by 2-mercaptoethanoi. This result
eoincided with that reported by Makinodan and Ikedall).

     The optimum pH with IM buffer(final 6oncentration
                                                    'of O.6M) was 2.6-2.8, but with O.2M buffer(finaZ con-
          'centration of O.12M) it was near 3.2. The cause of

sueh differenee of optimum pH is not clear. The

optimum pH is possibly influenced by the effect of
                   144)the ionic strength . The pH activity curve with
     '1.0M buffer showed a shoulder near pH 4.0. It is
  '
well-known that cathepsin D shows a shoulder on the
iess acidie side of the optimum pH134). The optimum

pH value, 3.2, was lower in comparison with 4.6 for
                                                    'eod muscle cathepsin D against urea denatured hemo-
globin7'109). About 2-s9o of the maximum activity was

found around pH 6.5 on eod muscle cathepsin D7,109),
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but no activity was observed at sueh less acidie pH

with carp muscle cathepsin D(Figs. 10 and 11). The

optimum pH of 7tZal?ta nzo66amatca musele cathepsin D

with 40mM acetate buffer against acid denatured hemo--

globin is 2.8 and the curve of pH dependeney of the
activity showed a shoulder near pH 4.oM7). The

differenee of the optimum pHs among eod, carp and

7ieaRia neo66amQca depends possibly on the different

substrates used rather than speeies speeificity.

As for cathepsin D from mammalian muscle,, the optimum

pHs of 4.0 have reported with O.05M-O.25M acetate
buffer against urea denatured hemoglobin44,142).

     The optimum temperature of lhr ineu-bation was

about 500C, bu•t the enzyme was very labile at the

same ternperature in the absence of the substraee.

The protective effect of the substrate against heating
is generaiiy reeognizediO). The opt"imum temperature

                                     oof chicken musele cathepsin D was 40 C and the acti-
vity at sooc was ve]cy low143). The property is '

different from that of earp muscle cathepsin D(Fig.9).

     The acid proteinase'activity has been observed

in fish muscle for a long time and it was the only

enzyme known to exist in muscle before 1960. 0n

the other hand, post-mortem pH of fish muscle does
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not drop so mueh as mammalian musele. RecenUy,
                62)Makinodan 2t ae.                    reported that the ultimate pH

for post-mortem carp musele is 6.3-6.6. This fact

makes it difficult to relate musele cathepsin D to

autolysis. Carp muscie eathepsin D showed a typical

endopeptidase nature, since it acted on hemoglobin
and reieased nona or deca peptides15), and the re-

leased products from hemoglobin were further hydro-
iyzed by museie cathepsin A136). These faets seem

to suggest that muscle cathepsin D is possibly in--

volved in the initial stage of the post-mortem protein

degradation.

     The auehor sought the activity around neutral

pH range of carp musele eathepsin D. The optimum

pH for the hydroZysis of hemoglobin was near 3.2

(Figs. 10 and 11), but that for myofibrils in the

presence of 3M urea was near 4.2(Fig.13). However,

eonsidering the decrease in the maximum activity in

thepresenceof 3M urea, this shift in optimum pH

relates to the unstability of the enzyme due to lower
pH conditions and the presence of urea134,145).

Myofibrils were not hydroZyzed at pH 6.5(Fig.12).

This faet denies the possibiLity of the participation
of muscle caehepsin D in autolysis. Reddi' et ae.114)

                        42



carried out an interesting study about cathepsin D

from winter flounder muscle and reeognized that

muscle lysosomalL fraction hydrolyzed the sarcoplasmic

fraction at pH 3-7. But the lysosomal fraction

might contain some protease(s) other than cathepsin D.
                             146)                                  reported that when     Kazakova and Orekhovich

rat liver cathepsin D was coupled to activated

Sepharose, the enzyme were totally inactive in the

acidic medium and exhibited the maximum activity at

pH 7.0 against hemoglobin. If this is true, the

relation of lysosomal-bound cathepsin D to autolysis

may be possible. However, the same experiment in

other laboratory eould deteet no change in p}l optimum
in comparison with the free enzymei34), nor couid

the author for carp muscle cathepsin D.

     From the above results, the participation of

musele cathepsin D in autQZysis is very doubtful.
Geist and crawfordM5) reported that kish muscie

cathepsin D did not pZay any significant role in

the post-mortem protein degradation during cold

storage. Cathepsin D, however, distributes widely
in tissues of various animaisi34). This fact may

suggest that cathepsin D is probably a physio-

logically important enzyme and takes part in the
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metabolism of proteins in the cell.
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SECTION II. CATHIEPSIN A

     Since cathepsin A(EC.3.4.16.1) was first found
in bovine spieen148), it has been shown to distribute

wide]y in mammaiian tissuesi49). However, the homo-

geneous preparations,have been only obtained from bovine
spleen56'150), rat liverl51,152), pig kidneyl53,154),

but not from muscle. Makinodan and Ikeda14) cla-

rified ,the existence of cathepsin A in fish muscle

and investigated the properties of the enzyme. The

enzyme preparation they used stiU contained some
                      14)                         . Thus, it has been desi-contaminated proteins

rable to obtain a homogeneous preparation to know

preciser properties and its relation to autolysis.

By using preparative electrofocusing, the author

purified cathepsin A from carp(CgRitina6 caieRio) muscle

as an electrophoretically homogeneous preparation

and reinvestigated its properties. , The author also

examined whether the enzyme participates in the post-

mortem protein degradation.

                 MATERIALS AND METHODS

Measurement of the roteinase activities

Cathepsin A activity was measured by the hydro--
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lysis of Z-Glu-Phe aecording to the modified method
of Makinodan andlkeda136), unless otherwise described.

The reaction mixture contained 120mM acetate buffer,

pH 5.0, 7mM Z-Glu--Phe and the enzyme soluti'on in a

total volume of 1.0me was incubated at 370C for lhr.

The reaetion was stopped by 2.59o TCA, and released phenyl.

alanine was colorimetricaUy determined by the method
                    70)                       . Activity was expressed asof Yemm and Cocking

nanomoles of phenylalanine released or the absor-

bance at 570nm per me of the enzyme solution per

hour. Effect of cathepsin A bn the muscle myo-

fjbrils prepared aecording to the method described

in SECTION I were examined by SDS polyaerylamide
gei eieetrophoresis72). specific conditions and

other additions are described in the legends. Disc

ele'etrophoresis was carried out according to the
               139)                    . Protein was determined accor-method of Davis
                                   71)ding to the method of Lowry 2t ae,                                       using bovine

serum albumin as the standard, or the absorbance at

28Onm.

     ActivitieS of cathepsins B, C, and D were deter-
                                        137)mined according to the method of Barret                                             , DE LA
Haba 2t ae.138) and Makinodan and ikeda120), respec-

tively.
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Purification of car muscle eathe sin A

     Unless otherwise described, aU operations were

carried out at 40C. Cathepsins A and D were sepa-

rated by DEAE-Sephadex A-50 chromatography as desc-

ribed in SECTION I. Cathepsin A fractions eluted

from DEAE-Sephadex were pooled, dialyzed overnight

against 19o glycine(w/v) solution and concentrated

to 4.2me with a CoUodion bag. The concentrated

solution was applied on a preparative electrofo-

cusing at 3-8watPs for 10hr, each gel yas paeked into

a small column and eLuted with an aliquot of O.2M

acetate buffer, pH 5.0. The pH of e.ach fraetion

was measured by suspending gel ;n small amount of.
   '
distiUed wa.ter. To remove Ampholine contaminated,
                                     tteach fraction was dialyzed against O.2M acetate

buffer, pH 5.0. The active fTactions were pooled
                                                 'and concentrated to 3me with a CoUodion bag. The
                                                '                                                   'concentrated solution was applied on a column(1.5Å~

90cm) of Sepharose 6B(from Pharmacia Fine Chemicals)

equiiibrated witl{ 50mM phosphate buffer, pH 7.0,

                               'containing 20rnM NaCZ, lmM EDTA and 100mM sucrose

(buffer B). The elution was carried out with the
      'same buffer and proteolytically active fractions

were pooled as the final preparation.
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                  RESULTS AND DISCIJSS!ON

1. Purification of eathe sin A from car muscle

     As shown in Fig.4 of SECTION I, eathepsin A

eluted with O.22M NaCl from DEAE-Sephadex A-50.

Fig.15 shows the elution profile from the electro-

focusing. The highest activity was observed around

pH 4.6 fraction. The elution profile of this frac-

tion from Sephar'ose 6B is shown in Fig.16. Table 5

shows a typical purification ehart of cathepsin A

from carp muscle. ?urification of the.final enzyme

preparation was about 1,700-Åíold over the erude

enzyme solution with a yield of 1.5%. As shown in
                                                'Fig.17, the final preparation gave a single band

in disc electrophoretic analysis and the band coin-

cided with the aetivity which was determined from
             'another gel. Neither activity of cathepsins B,

C, nor D was observed in the final preparation.
2. Some ro erties oic car muscle cathe sin A

/Dhg6tcoch2micae 1?izol?2iztZ26
                                 '
     The molecular weight of carp muscle cathepsin A

was determined by gel filtration on Sepharose 6B

(Fig.18). The molecular weight was estimated to
be 36,ooo. Makinodan and Ikeda136) showed 34,ooo

                          48



6.0

5.5

5.0

=a

14,

4.0

3.5
o      10 15 20 255

Fraction number(2.5mtlfraction)
so

1.oo

   Ao.75 S
   iot

g
O.50.År.

   IE
   8
   f'

on,.a.

   6.

,i

O.15

O.10 E

oo5 5

o

A
c
8
?
x
B

B
Åq

Fig.15 Elution profile of DEAE-Sephadex fractipn of
cathepsin A from a preparative eleetrofocusing on
LKB 2117 Multiphor. DEAE-Sephadex fraetion(14mg)
was applied on the slab gel of Ultrodex and electro-
phoresed as described in MATERIALS AND METHODS.
Then, fractions of 2.5me were collected.
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Fig.16 Elution profUe of the electrofocusing frac-
tion of cathepsin A frorn Sepharose 6B gel filtration.
The electrofoeusing fraction(O.82mg) was applied on
a coiumn (1.5x90cm) of Sepharose 6B and eZuted with
buffer B at a flow rate of 6me/hr. Then, fractions
of 5me were collected.
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Table 5. Pun' Åíication of eathepsin A from carp muscle.

-Xt•

Fraetion Volume Px'otein Activity PuriÅíication Yield
 (me) (mglme) (-fold)                                   (%)

Grude enzyme
Acid tteatment
(pH 4.2)

Ammonium sulfate
fractÅ}onation(O-60%)

Acetone fractionation
(3 o - 6 o dip ) .
DEAE-Sephadex A-50
chro rnato graphy

ElectrQfoeusing
Sepharose 6B gel
fÅ}ltration

2720
1570

  85

  50

 35

 18
  8

 6.54
 3.80

10.2

 3.50

 O.103

     x- ee O.072
 O.020

O.279
O.394

3.43

4.06

1.64

1.92
1.45

   1

  2.5

  8

  28

 379

 640

1700

1OO

 82

 38

 27

 8.8

 4.6
 1.5

 x
;k ce

Nanomoles phenylalanine equivalents per mZ enzyme solution per hour.
Caiculated from the absorbance at 280nm.

                       'and iwata 2t ae.155) showe.d sl,ooo using partiany

purified preparation. The reason for those dis-

crepancies is unknown. From the position of the

most active fraction in the eleetrofocusing(Fig.15),

the isoelectric point of carp muscle cathepsin A
                                              'was estimated to be pH 4.6.

EnzymaUc /?iLOR2itti2b

(1) Effeet of the inhibitors on the activity

     Table 6 shows the effect of protease inhibitors

on the activity. Chelating reagents, such as EDTA

EGTA or o-phenanthroline had no effect. However,

Dip-F, PMSF, iodoacetamide, antipain and HgCl2 comp-
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Fig.17. Disc electrophoretic analysis of the purified
carp muscle cathepsin A preparation. Sample(50vg)
was applied on 7.5% polyacrylamide gel and electro-
phoresed as described in MATERIALS AND METHODS.
The ge[L was stained with Coomassie brilZiant blue
R-250. The graph demonstrates the enzyrne activity
determined by 3mm sections of another gel which was
electrophoresed simultaneously.
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 Fig.18 Molecular weight estimation of parp muscle
 cathepsin A by Sephadex G-100 gel fUtration. A
 column(1.5Å~90) was equilibrated with buffet B and
 eluted with the same buffer at a flow rate of
 7me/hr. Molecular weight ma.rkers were as foUows:
 boVine serum albumin(67,OOO), ovalbumin(45,OOO),
 chymotrypsinogen A(25,OOO), myoglobin(18,OOO), cyto-

Table 6. EffeetJ oÅí inhibitors on the activity of
carp muscZe cathepsin A.

!nhibitors Concentration Relative
activity(x)

None
EDTA
o-Phenanthroline
2-Mercaptoethanol
       `lodoacetamide
 ,Dlp-F
PMSF
HgCl2
Nal
NaBr
Antlpain

1 mM
lTrrnrvl!

1 mh '
O.1 mM
O.1 rnM
O.l mM
Z rrtM

l mM
2 pg/rnl

100
100
100
l42
  o
  o
  4
  8
l25
123
  o
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letely inhibited the activity. Those findings
coincided with those of Makinodan and Ikeda136).

             156)Iwata et ae.                  reporteq that 2-mercaptoethanol

redueed the activity to 719o, but as shown in Table 4,

2-mercaptoethanol, Nal and NaBr activated the acti-

vity. From the result described above, serine and

cysteine residues in the enzyme molecule may be

involved in the active site.
S(Z-L!llÅí!lgg!-g.ll--t2ggLI2glggL!]iEzg-.g!g--!1!g-.flLg!Eli!j,.!y2)EÅífectoftemeratureonthactvt

     Fig.19 shows the temperature dependency of the

activity. The enzyme showed the maximum activity

at 400C, while it showed only 35% of the maximum

activity at 500C.

(3) Effect of pH on the activity

   As shown in Fig.20, the enzyme was active between

pH 3.0-6.0 with the optimum pH at 5.0. No aetivity

was detected at pH 6.5 that was near to the post-
mortem pH range59-63). Makinodan and xkedai36)

and iwata 2t ae.i56) reported that the optimum pH

for Z-Glu-Phe was pH 5.0.

(4) Substrate specificity

     Z-Glu-Tyr has ,been known to be a typicaL sub-
                                              148)strate for cathepsin A frorn mammalian tissues .

However, carp musele cathepsin A showed more affi-
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Fig.19 Effect of tempera-
ture on the activity of
carp muscle cathepsin A.
Incubationwas carried out
at the indicated tempera-
ture and the activity was
determined.

Fig.20. EÅífect of pH on the
hydrolLysis of Z-Glu-Phe by
carp muscle. cathepsin A.
The buffer contained 10mM
acetic acid and 10mM Tricine
was adjusted to various pH
values with IM HCI or IM
NaOH.
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 Table
psin A.

7. Substrate speeificity of ca rp muscle cathe-

Substrate Relative
activity(%) Km(mM)

Z-Glu-Phe
Z-Glu-Tyr
Z-Phe-Tyr
Z-G1y--Phe

Z--G1y-Pro

1OO
 61

 81

 31

  o

3.

4.

N

N

N
 t

52

76
  -'}e'

.D
  -t"
-. D

  es
.D

.x.

Not determined.

Table 8.
protein

 Carp muscle
substrates.

cathepsin A activity on various

Substrate Relative activity (Z)

Z-Glu-Phe

Hemoglobin

Myoglobin

Bovipe serum albumin

Ovalbumin

Chymotrypsinogen A

Cytochrome c
Insiulin

Glucagon

Muscular homogenate

MyofibriUar protein
Sarcoplasmic protein

100

  o

  o

  o

  o

  o

  o

  o

  o

  o'

  o

  o
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nity for Z-Glu-Phe than Z-Glu-Tyr(Table 7), as al-
              136)                   . The Km values determined byready reported

Lineweaver-Burk plot for Z-Glu-Phe and Z-Glu-Tyir

were 3.52mM and 4.76mM, respectively. Kawamura
2t ae.157) reported that pig kidney cathepsin A

hydrolyzed Z-Gly-Pro slightly, but carp muscle

cathepsin A did not hydrolyze it at aZl.

     Bovine spleen cathepsin A was reported to show
certain endopeptidase aetivity158'159). Therefo]re,

the author examined the activity on commercially

obtained protein substrates and endogenous proteins

(Table 8). As a result, carp musele cathepsin A

did not show anyproteolyticaetivity against such

protein substrates.

(5) Effeet of the enzyme on autolysis

     Effect of the enzyme on carp musele myofibrUs

vias examined by SDS polyacrylamide gel electropho-

resis(Fig.21). The mixture of carp musele myo-

fibrils and the enzyme was incubated at pH 5.0 or

6.5 at 370C for 24hr.

     At pH 5.0, the degradation of high molecular

weight protein supposed to be myosin heavy chain,

67,OOO dalton protein, 50,OOO-55,OOO dalton protein

supposed to be actin was' recognized. But the
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degradation was not influenced by Dip-F, the inhibitor

of ehe enzyme. Theirefore, the enzyme did not seem

to concern with the degradation. Cathepsin D shows

the activity to some extent at pH 6.0 as deseribed

in SECTION I, so this degradation was probably due

to cathepsin D contaminated in musele homogenate.

After death, the muscle pH dropped around 6.5 in carp
      62)         . At pH 6.5, however, no change was obser--muscle

ved than the degradation of myosin heavy ehain and

the increase of the protein band above 67,OOO dalton

protein. Conclusively, cathepsin A did noÅÄJ concern

with the protein breakdown at pH 6.5 as weU as at
pH s.o. Recenuy, Konagaya160) reported that severai

peptidases exist in Åíish muscle and they act at neut-

ral pH range. At present, it remains to be eluci-

dated to clarify the relation between these peptidases

and autolysis.
     Makinodan and ikeda136) suggested that carp muscie

cathepsin A aeted on sareoplasmic protein, but in this

study, the purified enzyme did not degrade endogenous

Ip]f'o'beins(Table 8). [I]he difference of -the resulLts

was probably due to the fact that autolysis of sarco-

plasmic protein whieh might be caused by cathepsin D

was not completely eliminate in the experiments by
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Fig.21. SDS polyacrylamide gel electrophoretic ana-
lysis of earp muscle myofibrils treated with carp
muscle cathepsin A. A reaction mixture contained
2ug of cathepsin A, 130mM aeetate(pH 5.0) or phos-
phate(pH 6.5) buffer, le26mg of myofibrils,
100ppm ehloramphenicol and lmM Dip-F(+) or above
mentioned buffer(-) in a total volume of 2.5me
was incubated at 370C for 24hr.

Makinodan and lkeda136). .
     The author examined the subce]-lular loealiza-

tion of the enzyme in carp muscle, but clear data

were not'obtained. Judging from the properties

described above, however, carp muscle cathepsin A

belongs to lysosomal carboxypeptidase A defined
         140)by Barret .
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(6) Combined aetion of carp muscle cathepsins A
and Dl61)

     Combined action of cathepsins A and D on hemo-

globin at pH 4.5 was originally reported using par-

tially purified chicken musele enzymes by Iodice
2t ae.55). Later, Makinodan and ikeda136) recog-

nized the combined action of carp muscle cathepsins

A and D. These reports are important as the data

that a combined proteolytic action for the protein

degradation was manifested, although it was on the

exogenous protein, hemoglobin. However, the enzyme

preparation used in the above mentioned study

still contained contaminated proteins, so the author

re-investigated the combined action using the puri-

fied enzymes.

     Fig.22 shows the combined action of carp muscle

cathepsins A and D on hemoglobin at pH 4.5. Cathe-

psin A alone did not aet on hemoglobin, whUe cathe-

psin D hydrolyzed it almost linear with respect to

the incubation time. On the other hand, the inc-

rease of ninhydrin positive matter observed when

both enzymes were added simultaneously was much

greater than when cathepsin D alone was added.

The results show that peptides hydrolyzed from hemo-
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Fig.22. The combined aetion of carp muscZe eathepsins
A and D on hemoglobin at pH 4.5. A reaction mix-
ture contained 25mg hemoglobin, eathepsins(A;5ug,
D;11vg) and 100mM aeetate buffer, pH 4.5.

globin by cathepsin D was further hydrol-yzed by cathe-

psin A. Thus, the combined action of carp muscle

cathepsins A and D on hemoglobin was eonfirrned.

Subsequently, the author examined the action of cathe-

psin A against the condensate of 59o TCA soluble pro-

duets formed by cathepsin D from hemoglobin. TCA

was removed from the filtrate by shaking with ethyl-

ether and condensed by a rotary evaporator. But,
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any ninhydrin positive matter was not detected. For

the combined action, the co-existence of cathepsins

A and D in the reaction rnixture may be absolutely

required, or the substrate for cathepsin Aexistsin

5% TCA insoluble fraction.

    In addition, the author also examined the combined

action of these enzymes on carp muscle myofibrils
                                              13)prepared by the method of Tokiwa and Matsumiya

and on the sarcoplasmic proteins prepared as the

supernatant fraction of the musele homogenate by the

centriÅíugation at 13,OOOxg fo]7 30min. Cathepsin D

showed the proteolytic activity on them, but cathe-

psin A did not. On the basis of the present results,

it may be coneluded that carp muscle cathepsin A is

not included in autolysis.

62



CHAPTER V

     PARTIAL PURXIF'XCATXON AND PROPERTIES

DENT CYSTEXNE PROTErNASE(CALPArN) AND XTS

INHIBMTOR(CAI,PASTATIN) FROM CARP MUSCI[Z,E

OF ca2+-DEPEN-

 IENDOGENOUS

     sinee a ca2+--dependent cysteine proteinase(eaipain,

                                             162)EC.3.4.22.17) was first reported in rat brain , and

its endogenous inhibitor(calpastatin) was fir$t reported
                                          164,165)            163)                 and bovine eardiac mu$ele ,in rat liver

calpain and calpastatin have been known to distribute
                                58)                                   . There are twowidely in various animal tissues

subclasses of ealpain(calpains I and lr) and both of
                                                  58)thern show the maximum activity at neutrai pH range .
                            2.+                               eoneeneration and cal-Calpain r require$ umolar Ca
                          2+                             eonÅëentration for theirpain Xr requires mmolar Ca

full aetivities, re$pective2y. /

     On the other hand, sinee post-mortem pH in muscle
                                              59-63)of white meat fish i$ thought to be around 6.5
and po$L-mortem intraceuulay ca2+ coneenkration in

ehicken mu$eie eo be io-4Mi66), calpain pos$ibLy takes

part in the post-mortem protein degradation. Thus,

the author soughe ealpain and calpa$tatin ancl detected

them in earp mu$ele. Zn this ehapter, parViai puri-
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fication and characterization of them from earp

wiU be described.

muscle

MATERIAI[,S AND METHODS

Measurement of the roteinase activities

     Calpains I, II, trypsin(Sigma Type I), or-chymo-

trypsin(Sigma Type II) and papain(Sigma) aetivities

were assayed with easein according to the methoddof
Kunitz130). The standard reaction mixture contained

an appropriate voiume of the proteinase solution,

O.59o(w/v) casein and 50mM Tris-HCI buffer, pH 7.5

for trypsin, papain and calpains or pH 8.1 for ct-

chymotrypsin in a total volume of 1.6me. The mix-

ture also contained 10mM cysteine and 2mM EDTA in

the ease of papain assay, 20mM cysteine and O.lmM
  2+Ca in the case of calpain I assay or 20mM cysteine
          2+and 5mM Ca in the case of calpain II assay.

After incubation at 300C for 10min in the ease of

trypsin, or-chymotrypsin and papain assays, or for

30min in the case of calpains assays, the reaetion

was stopped by 59o(w/v) TCA and the aeid soluble

products formed weye eolorimetricaUy determined
                                          167)aecording to the method of Ross and Schatz or
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in the case of trypsin and or-chymotrypsin assays,
                                        71)aecording to the method of JLowry 2t ae. . A

blank value was obtained from the identieal reaetion

mixture that lacked casein for trypsin, or-chymotrypsin
                                    2+and papain assays or that lacked Ca                                       for ealpain

assays. One unit of each enzyme was defined as

the amount that caused an icrease in the absorbance

at 750nm of 1.0 for the above mentioned ineubation

time. Specific assay conditions and other additions

are detailed in the legends.

Measurement of the cal astatin activit

       For determining of the effect of calpastatin

on the proteinase activity, an appropriate volume

of the calpastatin and proteinase solution was pre-

incubated at 300q for 5min. The proteinase activity

was then measured as described above. The inhibi-

tory activity which reduced 1 unit of the proteinase

was defined as 1 unit of calpastatin. In the case

of the assays in the chromatography 50ve of rat liver

calLpain II which was kindlLy gifted f]rom Dr.Tanaka

and Dr.Murachi, Department of Clinical Seience,

Faculty of Medicine, Kyoto University, was used.
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Detection of cal ains I IX and ea[L astatin in car

muscle

     All procedures were performed aecording to the
method of Murachi et ae.i68), uniess otherwise desc-

ribed. For the purification, 20mM Tris-HCI buffer,

pH 7.5, containing 5mM 2-mercaptoethanoZ, lmM EGTA

(buffer A) was used. Mineed carp(CyRittnu6 caitRio)

musele was homogenized with 3 volumes of buffer A con-

taining O.25M suerose in a Waring blendor for 3min

at top speed. After centriÅíugation at 105,OOOxg

for 60min, the supernatant was condensed to 8.0me

by Amieon PM-10 membrane and applied on a eoZumn

(3Å~87cm) of Ultrogel AcA 34(from LKB) equilibrated

with buffer A. Elution was carried out with the

same buffer.

Partial urifieation of eal ain II and cal astatin

ifu:g-s2,:R--g-.gszsrocar usl

     Minced carp muscle(247g) was homogenized with

988me of buffer A containing O.25M sucrose in a

Waring blendor for 3min at top speed. The homoge-

nate wfis centrifuged at 105,OOOxg for 60min. The

obtained supernatant was dialyzed against buffer A

overnight to get t)he crude solution. The crude

solution was applied on a column(5x22cm) of DEAE-
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cellulose(from Whatman) and eluted with a stepwise

manner. The calpastatin fractions eluted by O.IM

NaCl and calpain II fractions eluted by O.5M NaCl

were condensed by Amieon PM-10 membrane and then

applied on eolumns(2.5Å~97cm for caZpain II and 1.5x

100cm for ealpastatin) of Ultrogel AeA 34, respec-

ti vel y.

     The molecular weight estimation was obtained

after calibration of the column of Ultrogel AcA 34

(1.5xlOOcm) with the known marker proteins(ferritin,

catalase, aldolase and bovine serum albumin from

Pharmacia Fine Chemicals).

   Protein was determined aecording to the method
               71)                   using bovine serum albumin asof Lowry et ae.

the standard or the absorbance at 280nm.

                         RESULTS

1. Detection of ealpains X, :I and ealpastatin in

carp muscle

     Fig. 23 showed the

solution from Ultrogel

eluted near void volume

 elution profile of the crude

AcA 34. Calpastatin was

, followed by calpains I and II.
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Fig.23. Detection of calpains I, II and calpastatin
in the fraetions eluted from Ultrogel AcA 34 gel
filtration. The condensate of the crude solution
(860mg) was applied on a coZumn(3x87cm) of Ultro-
gel AcA 34 and eluted with buffer A at a flow rate
of 13.8me/hr. Then, 3.5me of each fraction was
eollected.

In eomparison with the activity of calpain II, that

of calpain I was very weak. The amount of ealpain

I in carp muscle seems to be much less than that of

calpain II, so the author could not isolate calpain

I from carp muscle in this study.

2. PartiaZ urification of cal ain II and cal astat in

Ef.!:9IILE29,l:R-!Illl.ES2.L.9rO a USI
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Fig.24. Separation of carp muscle calpain II and eal-
pastatin by DEAE-cellulose chromatography. The crude
solution(7,300mg) was applied on a column(5x22cm) of
DEAE-cellulose equilibrated with buffer A. A step-
wise elution was carried out wiLh buffer A containing
O.05M, O.IM, O.25M and O.5M NaCl. Twenty me of each
fraction was collected at a flow rate oÅí 46me/hr.

     Fig.24 shows the elution profile of the crude

solution from DEAE-eeUulose. While calpastatin was

eluted in O.05M apd O.IM NaCl fraetions, calpaint II

was eluted in O.5M NaCl fractions. Calpain I acti-

vity was not detected in any fractions. Calpastatin

fractions eluted by O.IM NaCl and calpain II fractions

eluted by O.5M NaCl were pooled and used for further
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purifieation by Ultrogel AcA 34, respectively.

     Figs.25 and 26 show the elution profiles of cal-

pain II and eaZpastatin from the columns of Ultrogel

AcA 34, respectiveZy. Active fraetions of calpain II

and ealpastatin were pooled and used in the experiments

described below.
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Fig.25. UZtrogel AcA 34 chromatography of O.5M NaCZ
fraction of the carp muscle calpain II eZuted from
DEAE-eeUulose. The condensate of O.5M NaCl fraction
(240mg) was applied on a column(2.5x90cm) of Ultrogel
AcA 34 equilibrated with buffer A. Seven me of eaeh
fraction was coUected at a fZow rate of 11.8me/hr.
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Fig.26. Ultrogel AcA 34 chrornatography of O.IM NaCl
fraction of carp muscle ealpastatin eluted from DEAE--
celluZose. The condensate of O.IM fraction(350mg)
was applied on a column(1.5Å~100cm) of Ultrogel AeA 34
equilibrated with buffer A. Two me of each fractions
was eolZected at a flow rate of 12.6me/hr.

3. Some ro erties of car muscle eal ain U and cal-

]2et,gYg9iastatzn

(1) Effect of pH on the calpain II activity

Fig.27 shows the effect of pH on the activity of
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Fig.27. Effect of pH on the activity of carp muscle cal-
pain II. Assay conditions were as follows: 20mM cys-
teine, 5mM CaC12, O.59o(w/v) casein, O.2me of eal-
pain II preparation and 50mM Tris-HCI(pH 7.2-8.7) or
Tris-maLeate(pH 5.7-8.3) buffer, in a total volume of
1.6me.

carp muscle calpain II. Calpain II showed the maxi-

mum activity at pH 7.5, either with Tris-HCI or with

Tris-maleate buffer, but higher activity was obtained

with Tris-HCI buffer.
(2) Effect of ca2+ eoncentration on the calpain u aeti-

vity
                              2+Fig.28 shows the effect of Ca                                 eoncentration on
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F.ig.28. Effeet of ealcium eoncentration on the acti-
vity of earp muscle calpain II. Assay eonditions
were as follows: 20mM eysteine, indicated concent-
                 O.59o(w/v) easein, O.2mZ of cal-ration of CaCl              2,
pain U preparation and 50mM Tris--HCI buffer, pH 7.5,
in a total volume of 1.6me.

the aetivity of earp muscle calpain U. Carp muscle
calpain II required 4-5mM ca2+ for i'ts ful]- activity

and did not show any aetivity in the absence of ca2+.

This absolute irequirement of ca]rp muscle calpain II

      2+         coincided with the eommon property of cal-for Ca
                                      58)pain II from various mammalian eissues .
                                              '
(3) Effect of metal ions on the calpain II activity

Tab]•me 9 shows the effect of various divalent
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metal ions on the activity. Carp muscle calpain II
                 2+                    for iLs full aetivation(Fig.28).required 4--5mM Ca
                                    2+             2+               , it required 15mM Sr                                       to obtain theInstead of Ca

same degree of the activity, whereas it showed no acti-
vity with Mn2+, Mg2+ or Hg2+.

(4) Effect of cysteine concentration on the calpain II

activity

     As shown in Fig.29, earp muscle ealpain II requ-

ired 20mM eysteine for its ÅíullL aetivity in the presenee
oÅí 5mM ca2+.

(5) Effeet of antibiotics on the ealpain IX activity

      Antipain, leupeo, tin and ,F"-64 showed the dose

 dependent inhlbition on the ealpain IX activityg as

 shown in Fig.30. Leupeptin and E-64 showed more

Table 9. Effect of various divalent metal ions on the
activity of carp muscle calpain II.

Metat ions(m M ) Reaative activity(ele)

ca2' ( 5 )

Sr2" (5)
     (1 5)

Mn2' (5)
Mg2' (5)
Hg2' (5)

1OO
 52
 96
   o
   o
   o
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Ng.29. Effeet of cysteine coneentration on the aeti-
vity of carp muscle calpain XI. Assay eonditions
were as follows: indicated coneentration of cysteine,
           O.5%(w/v) easein, O.2me of calpain II5mM CaCl        2'
preparation and 50mM Tris-HCI buffer, pH 7.5, in a
total volume of 1.6me.

remarkable inhibition than antipain did.

(6) Aubolytie inaebivation of calpain IX in the pre-
           2+senee of Ca

     As shown in Fig.31, calpain

by the pre-ineubation at 300C in
  2+    , while it did not lose anyCa

 II lost its aetivity

 the presence of 5mM
in the absence of ca2+.
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bk' g . 30 . Eff ect of leupeptin (O-----O) , an ti pain (H )

and E-64(H) on the aetivity of carp muscle cal-
pain !I. Assay conditions were as foUows: indi--
cated concentration of eaeh antibiotic and O.2me of
ealpain II preparation werepre-ineubated at 300C foi7
5min and then the remaining ealpain II activity was
determined. Antibiotic eoneentration was expressed
as pg/tube of the complete reaction mixture.

(7) Effeet of calpastatin on the activities of several

proteinases

     As shown in Mg.32, carp musele calpastatin showed

the dose dependent inhibition on the easeinolytic activi-

ties of ealpain II from not only carp muscle but also

rat liver, while it showed no inhibitory effeet on
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)iig.31. Autolytie inactivation of carp muscle calpain
II. In the presenee(H) or absence(O----O) of 5mM
ca2+, o.2me of caipain ll preparation was pre-incu-
bated at 300C for indicated time and then the remain-
ing calpain IX activity was determined.

those of trypsin, or-chymotrypsin and papain.
                2+                   concentration on the activit of(8) Effect of Ca

rat liver cal ain XI in the resence of c'ar muscle

szstl,IL]2g,2Yg,YULIastatln

     As shown in Fig.33, the inhibition of carp muscle

calpastatin on rat liver calpain II was not reversed
                       2+                          was added to the reactionwhen large excess of Ca
                                            'mixture. Therefore, the nature of inhibition of

calpain U by calpastatin was not due to sequestering
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Ng.32. Effeet of carp muscle calpastatin on the
caseinoly"bic activities of trypsin(N), or-ehymo-
trypsin(H), papain(H), rat liver calpain II
(H) and carp muscle calpain II(O---O). Assay
conditions were as follows: indicat.ed volume of cal-
pastatin preparation and appropriate amount of the
proteinase solution(i.e. 2.5pg trypsin, 2.5ug or-
chymotrypsin, 5ug papain, O.05me of rat liver eal-
pain II preparation or O.2me of earp muscle calpain
II preparation) were pre-ineubated at 300C for 5min
and then the remaining proteinase activity was de-
termined.

ca2+ in the reaction mixture but due to forming cal-

pain-caipastatin complex in the presence of ca2+.
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Fig.33. Effect of caleium concentration on the activity
of rat liver calpain II in the presence of various
amounts of carp muscle calpastatin. Various amounts
of carp muscle calpastatin and O.05me of rat Ziver cal-
pain I! were pre-incubated at 300C for 5min. Then,
the ]7emaining calpain II aetivity was determined in the
presence of various eoncentration of CaCl2'as described

in MATERIALS AND METHODS.

(9) Molecular weight estimation of carp muscle calpain

ZI and ealpastatin

paln

and

 As

 II

300

 s.hown in Fig.34, the

 and calpastatin were

,OOO by gel filtration

molecular weights of

estimated to be 100,

, respectively.

 cal-

ooo
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Fig.34. Molecular weight estimation of carp muscle
ealpain II and calpastatin pn a column(1.5xl'OOcm) of

Ultrogel AcA 34. Elution conditions were as same as
those in Fig.25. The molecular weight markers were
as foliows: ferritin(440,OOO), catalase(232,OOO), aldo-
lase(158,OOO) and bovine serum albumin(67,OOO).
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                        DISCUSSION

     As described in CHAPTER IV, eathepsins A and D

seem not to take part in the post-mortem protein degra-

dation, since both proteases did not show any proteolytic

activity on endogenous proteins at pH 6.5. Makinodan
2t ae.15'121) reported a neutral proteinase(tentatively

called a sub-endopeptidase) which splits hemogiobin

optimally at pH 7.2. Sub-endopeptidase distributes

widely in the muscle of various fish as described in

CHAPTER III and may take part in bhe post-mortem pro-

tein degradation. APart from this proteinase, the

author found another neutral proteinase, calpain, in

carp musele.

     At first, the author tried to detect the calpain

activity in the crude enzyme solution, but could not

deLect any. This is probably due to the excess caLpa--

statin co-existing in the crude solution. Chromato-

graphy in the presence of EGTA could separate calpain

and calpastatin. When the eondensate of the crude

solution was applied on a column of Ultrogel AcA 34,

not only calpain II and caZpastatin but also calpain I

were detected(Fig.23). However, by the use of DEAE-

eelZulose chromatography, any activity of calpain I

eould not be found. Calpain I might be contained in
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the ealpastatin fractions eZuted from DEAE-cellulose.

So calpastatin fractions were further chromatographed

by Ultrogel AcA 34. Nevertheless, no calpain I acti-

vity was detected in any fraction eluted from Ultrogel

AcA 34. The amoune of calpain I in carp muscle seerns

to be much less than that in mammalian muscle, while

the amount of calpastatin in carp musele seems as
same as that in mammazian musciei68). since caipain i

was not isolated, the author examined the properties

of calpain II and calpastatin using partially purified

preparations obtained by DEAE-cellulose chromatography

and the subsequent gel filLration by Ultrogel AcA 34.

     Carp muscLe calpain II opLirnally hydrolyzed casein
at pH 7.5 and required 1.5mM ca2+ or smM sr2+ for half

maximum activity in the presence of 20mM cysteine,

while other divalent metal ions had no effect on the

activity.
                                             '                                               '     The cysteine dependency and the effect of anti--

biotics showed that carp muscle calpain II belongs to
                         140)                             . These properties ofthe cysteine proteinase

carp muscle calpain II eoineides with those frorn por-
cine skeletal muscle169'170), bovine cardiae muscle165),

                         171,172)                                 , rabbit skeletalchicken skeletal muscle
muscle173-175), bovine skeletal muscle99), and rat
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liver58).

     On the other hand, the molecular weight of carp

muscle calpastatin was estimated to be 300,OOO. This
value eoincided with those of bovine cardiac muscle164,165)

rat iiver58), rat brain176), rabbit skeietai museie177),

                                                  179)                        1 78)                             and human erythrocytechicken skeletal muscle
(see review by Murachi180)). some properties of carp

musele calpastatin will be described in CHAPTER VI.

As shown in Fig.10, carp muscle calpastatin inhibited

ealpains II from carp muscle and rat liver, but did not

inhibit trypsin, or-chymotrypsin and papain. Considering

the result shown in Fig.33, ealpastatin seemed to form
                                            58)a eomplex with calpain II. Murachi 2t ae.                                                 showed

the cross-reactivity between ealpain and calpastatin

from different tissues. Data shown in Fig.32 confirm

the cross-reactivity between calpain and calpastatin
over tissues and species. waxmani81) showed the ubi-

quitous distribution of calpain II and calpastatin in

bovine tissues. The ubiquity and the cross-reactivity

of calpain-calpastatin system suggest that this system

might play a physioLogically important role in vivo.

    There have been some reports suggesting that the
proteolysis belng activated by ca2+ exists in mammalian

muscle77,78,83-86,89,91,95,1OO,183,184)(see reviews by
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Fujimaki and okitani50), okieani51) and suzukilOl)).

 seki et az.75) showed the effect of ca2+ on the changes

of the myofibrUlar proteins when incubated at 250C.
                                 184)Recently, Kameyama and Etlinger                                      and IJewis and Ander-
    185)                        2+         revealed the Ca                          -dependent regulation of theson

protein degradation in skeletal muscle. However,
Hattori and Takahash"02-104) showed that calpain II

had no effect on the meat ageing after death. Theyl05)

purified a myofibrillar eomponent which modified the
actin-myosin interaetion from z-disks(see reviewsl06,107)).

     Carp musele calpain II couZd show activity to some
extent at the po$t-mortem musele pH59b63). But, the

concentration of the intraeeuuzar ca2+ in the post-

mortem chicken muscle was reported to be around lo-4M166).

Carp,muscle calpain II could not show any aetivity in
such a range of ca2+ concentration. These facts make

it doubtful to include calpain II in autolysis.
                   186)                                           2+Recently, Mellgren                        revealed another Ca                                              -dependent
cysteine proteinase whieh has more ca2+ sensitivity.

Latet, this proteinase was named caipain I by Murachi
et ae.58). It is also known to distribute widely in

                 168,187)                                           189)mammalian tissues . Dayton 2t ae.                                                purified
          '
calpain I from por'cine skeletal muscle. The author

showed the existence of calpain I in carp muscle, but

8.1



could not isolate it. Purification of calpain I will

be pursued to clarify whether it takes part in autolysis.
RecenUy, Kubota 2t ae.190) and suzuki 2t ae.191,192)

showed the conversion of m-cANp to more ca2+ sensitive

form, p-CANP, by a limited proteolysis. If it is the

case for carp muscle calpain U, such conversion of

calpain II might concern with autolysis.
                                       193)     On the other hand, Rodeman 2t ae.                                            reported

that the stimulation of the protein degradation is
                                                     2+mediated by prostaglandin E2 and does not require Ca -

activated protease. Therefore, in order to clarify

the relation between autolysis and muscle protease,

the investigation about other proteases, such as cathe-

psins B, H, L and sub-endopeptidase wUl be necessary.

In CHAPTER VU, the author wiU show the detection and

some properties of cysteine proteinases(tentatively

called BANA hydrolases) in carp muscle.
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             .-ovious chapter, the author demonstrated

 the existence of ealpain and calpastati.n in carp

 muscZe. Carp muscle calpastatin inhibited only

 calpain II among various proteinases examined.

 During purifieation of calpastatin, the author found

 other proteinase inhibitors in carp muscle, namely

 a trypsin inhibitor and a papain inhibitor.
      Laskow$ki Jr. and Kato57) reviewed about many

 pyoteinase inhibitors in animals and plants. How-

 ever, there is only limited knowledge on muscle

 proteinase inhibitor. The author attempted to

 purify a trypsin inhibitor and a papain inhibitor

 fyom carp muscle in the present study. These

 proteinase inhibitors showed different heat sta-

 bility. Some other properties and possible physio-

 logical funetions of these inhibitors will be also

 deseribed, in comparison with those of calpastatin.

86



E

MATIERIA[[,S AND MIE]THODS

Measurement of the roteinase inhibitoT activities

   The caseinolytic activities of trypsin(Sigma

Type I), ct-chymotrypsin(Sigma Type U), papain

(Sigma) and calpain ZI were assayed as described

in CHAPTER V. BANA hydrolyzing activity of papain

was assayed as folZows. A reaction mixture that

contained 100mM Tris-maleate buffer, pH 7.5, O.5mM

BANA, 20mM cysteine, 2mM EDTA and 2.5ug oÅí papain

in a total volume of 1.0me was incubated at 300C

for 10min. After inguba,tion the activity was

colorimetricaUy determined aecording to the method
                    194)                           One unit of BANA hydro-of Matsutani 2t ae.

Iyzing activity of papain was defined as the arnount

that caused an increase of 1.0 in the absorbanee

at 540nm for 10min. Inhibitory activities of

trypsin inhibitor and papain inhibitor were assayed

by the $ame method for calpastatin as described in

CHAPTER V. The inhibitory activities which decreased

1 unit of the caseinolytic activity of trypsin and

1 unit of BANA hydrolyzing aetivity of papain were

defined as 1 unit of trypsin inhibitor and papain
                                 'inhibitor, respectively. Specific conditions and
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other additions are detailed in the legends.

     protein was measured aecording to the method of
            71)Lowry 2Z ae. .

Partial urification of a tr sin inhibitor and a

a ain inhibitor from car musele

     AU purification procedures were performed at

40C, uniess otherwise indicated. For the purifieation,

20mM Tris-HCI buffer, pH 7.5, containing 5mM 2-mercapto-

ethanol and lmM EGTA(buffer A) was used. Mineed carp

(CyRninu6 caiLRio) muscle(382g) was homogenized with

1,538me of buffer A containing O.25M sucrose in a

Waring blendor for 3min at top speed. The homoge-

nate was centrifuged at 105,OOOxg for 60min. The

obtained supernatant was dialyzed against buffer A

ove]?night to get the crude solution. The crude

solution was applied on a column(5x25cm) of DEAE-

ceZlulose(from Whatman) equilibrated with buffer A

and eluted by NaCl with a stepwise manner. Fractions

eluted by O.15M NaCl were pooled, condensed by Amicon

PM-10 membrane to 2.8me and applied on a column(1.5x

100em) of Ultrogel AcA 34(from LKB) equilibrated with

buffer A.
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                      RESULTS

1. Detection of a tr sin inhibitor and a a ain inhi-

ltigEl,.!g.i:-2,!}-gg,z]2-uu.s.giLgrtonncarmuscie

     Fig.35 shows the elution profile of a trypsin inhi-

bitor fr6m DEAE-celluZose. Trypsin inhibitor was eluted
     '
in O.IM and O.15M NaCl fractions, while papain inhibitor

was not detected in any fraetion. Calpastatin was

eluted in O.05M and O.IM NaCl fraetions, as described

in CHAPTER V.

     Fig.36 shows the eZution profile of the above

mentioned O.,IM NaCl.fraetionS from Ultrogel AcA 34.

Trypsin inhibitor was eluted separately in high and

low molecuZar weight fractions. By this purifiea-

tion step, papain inhibitor was deteeted in the low

molecular weight trypsin inhibitor fractions for the

first time. Those fractions that contained both

inhibitory activities were pooled and used in the

further experiments.

2. Some ro erties of car muscle tr sin inhibitor
st2iai2-]2ad2gUL2,nAIU22,9g=daa hbt

     Fig.37 shows the effects of trypsin inhibitor

and papain inhibitor on several proteinases. The

inhibitor solution inhibited serine proteinases,

                            8,9
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 Fig.35. Separation of carp musele calpastatin and
t'typsin inhibitor by DEAE-celluZose chromatography.
The crude solution(8,400mg) was applied on a column
(5x22cm) of DEAE-cellulose equilibrated with buffer

containing O.05M, O.IM and O.15M NaCl. Twenty me
of each fraction was colZected at a flow rate of
52me/hr.
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.36. Chromatography of O.15M NaCl -fraetion(210mg)

a column(1.5xlOOem) of Ultrogel AeA 34. Elution
 earried out with buffer A at a flow rate of
2me/hr and 2mZ of eaeh fraction was coUected.
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Fig.37; Inhibitory effect of the inhibitor solution
eluted from Ultrogel AcA 34 on trypsin and or-chymo-
Lrypsin(left) and papain and ealpain II(iright).
Assay conditions were detailed in MATERIALS AND
METHODS.

sueh as trypsin and or-chymotrypsin, and cysteine

proteinases, such as papain and rat liver calpain II

While the caseinolytic activities of trypsin and

or-chymotrypsin were completely inhibited by less

than 30ue of the solution, those of papain was not

inhibited completely by more than 500pe of ib.

Those findings suggested that the solution contained

different types of the proteinase inhibitor.

Therefore, the author examined the heat stability

of both inhibitory activities of the solution.

     Fig.38 shows the heat stability of both inhi-

.
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                 /Chymotrypsin g-
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Fig.38. Heat stability of the proteinase inhibitor solu-
tion. The proteinase inhibitor solution was pre-incu-
bated at indicated'temperature for 5min, then the remain-
ing inhibitory activities on trypsin and ct-chymotrypsin
(left) and papain and calpain Il(right) were determined
as described in MATERIALS AND METHODS.

bitory activities. Inhibitory activities on the caseino-

lytic activities of trypsin and or-chymotrypsin were comp-

letely lost by heating at 800C for 5min, whUe inhibitory

                                           -                                                            'activities on the easeinolytic activity of rat liver

calpain II and the amidase aetivity of papain were not

affected at all by heating at 800C for 5min. Such two

types of the heat stability of the solution confirmed

that the solution contained two different types of

proteinase inhibitor, namely trypsin inhibitor and papain

inhibitor.

     As described in CHAPTER V, calpastatin that might
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lrtg.39. Heat stabUity of earp muscle calpastatin and
papain inhibitor. Each inhibitor solution was pre-
ineubated at 800C(left) or 1000C(right) for indicated
time and then the remaining inhibitory activity on rat
liver calpain II was determined as described in MATERIALS
AND METHODS.

                    '
be a specific inhibitor for calpain exists in carp muscle.
              58)Murachi et aZ.                   reported the absolute heat stabUity
        '              '
of rat liver calpastatin. Therefore, the author examined
       '
the heat stability of earp muscZe calpastatin and papain

inhibitor by determining the inhibitory aetivities on

rat liver calpain II. As shown in Fig.39, papain inhi-

bitor was reduced ies activity to 65% after heating at

1000C for 15min, whereas calpastatin was not affected

at all by the same treatment.
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DISCUSSION

     In this chapter, the author showed two types of

proteinase inhibitors which were differed each other

in the inhibition spectra and heat stability.

Reports on proteinase inhibitors in muscle are very

few, while those in serum, egg white and plant seeds
                                                     195)                 57)                    . In 1968, Drummond and Duncanare well-studied

first reported the inhibitory activity whieh reduced

the activation of phosphorylase b kinase by trypsin.
N6guchi and Kandatsu196)'found a trypsin inhibitor in

rat skeletal muscle and showed its inhibitory effect

on the alkaline autolytic activity, which was caused
by an aikaline serine ptoteinasei97). Noguchi 2t ae.
198,199)
         postulated that this alkaline proteinase might

be a target for muscle ttypsin inhibitor. Later, this

proteinase activity' was reported to'be due to a proteinase
from mast eens200). The author sought a serine protei-

nase as a target enzyme for muscle brypsin inhibitor in

carp muscZe, but could not detect any. Therefore, the

physiological funetion of muscle trypsin inhibitor still
                                      201)remains to be eLueidated. Tschesehe purified
trypsin-kallikrein inhibitor from cutUe fish, which

seems to be distinguished from carp muscle trypsin inhi-
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bitor in the molecular weight. waxman and Krebs164)

          165)               reported the purification and someand Waxman

properties of bovine cardiac muscle trypsin inhibitor.

This trypsin inhibitor seemed to have similar pro-

perties in the inhibition spectra, heat stability and

molecular weight with carp muscle trypsin inhibitor

which was not so heat stable(Fig.38) and of which

molecular weight was estimated to be around 50,OOO

from the calibration of the column shown in Fig.36.

Those properties of carp musele trypsin inhibitor are
                                             202-205)also similar to those of serum ct1-antitrypsin .

It is very attractive to suppose that muscle trypsin

inhibitor and or 1-antitrypsin is an immunologically

identical protein. To ascertain this possibility,

it is necessary to obtain the purified preparation

of carp muscle trypsin inhibitor.
                                    205)     On the other hand, Lenny et ae.                                         reported that
   '
heat stable eathepsin B and H inhibitors of which

rnolecular weight were 11,OOO-14,OOO distribute in

rat and human tissues. However, it is unknown

whether those cathepsins B and H inhibitors in the

various tissues of rat and human are immunologicaUy
identicai. schwartz and Bird143) found eathepsin B

inhibitors in rat skeletal muscle. Recently, Hirado
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2t ae.206) and Kominami et az.207) purified thioi

protease inhibitors from rat liver. In regard to

the heat stabiliVy, those protease inhibitors above

rnentioned are similar to earp muscle papain inhibitor.

Unlike muscle trypsin inhibitor, earp muscle papain

inhibitor may play a protective role against unwanted

proteolysis by endogenous cysteine proteinases, sinee

it inhibited intracellular proteinase, calpain II.

Thus, the author sought another intracellular target

proteinase for papain inhibitor in carp muscle. The

resuZts will be described in the foUowing ehapter.
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                 CHAPTER VII

     OCCURRENCE OF BANA HYDROLASES IN CARP MUSCLE

     In the previous chapter, the author showed that

carp musele papain inhibitor inhibited an endogenous

cysteine proteinase, calpain II. Papain inhibitor

is different from calpastatin in the molecular weight,

heat stability and inhibitory effeet against papain.

In partieular, the effect of the muscle papain inhi-

bitor against papain that is an exogenous protein

suggests that the inhibitor may have the similar

inhibitory effeets against cysteine proteinases.

Thus, the author attempted to find an endogenous

target proteinase other than ealpain in carp muscle.

     In earlier studies, cathepsin B whieh deamidates

BAA has been the only endogenous cysteine proteinase
137)    . At present, cathepsins B, H, and L are known

to distribute ubiquitously on mammalian,tissues as
                       208)for cysteine proteinase , in addition to a heat
                                       127)                                           . Thestable fish muscle alkaline proteinase

author attempted to find a proteinase which deamidates

BANA in the presence of cysteine and detected two

BANA hydrolases in the fractions eluted from a column
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of papain-Sepharose 4B. In this chapter, the author

call those eysteine proteinase as BANA hydrolases I

and II tentatively and show some properties of them.

                MATERIAILS AND }JIETHODS

Measurement of the roteinase actiVities

     Caseinolytie activities of calpain II and BANA

hydrolases were assayed in the presenee of 20mM cyp-
teine, 5mM Ca2+(calpain Il) or 2mM EDTA(BANA hydro-

lases), and O.59o(w/v) casein in a total volume of

1.6me. BANA hydrolyzing activities of papain(Sigma)

and BANA hydrolases were assayed in the presence of

20mM cysteine, 2mM EDTA and O.5mM BANA in a total

volume of 1.0me. Caseinolytic and BANA hydrolyzing

acLivity of papaÅ}n were assayed with 100mM Tris--HCI

buffer, pH 7.5. Caseinolytic activities of BANA

hydrolases were assayed with 100mM Tris-maleate buffer,

pH 6.2 or 8.3. BANA hydrolyzing activities of BANA

hydroZases were assayed at pH 6.7. 0ne unit of BANA

hydrolyzing activities of papain and BANA hydrolases

was defined as the amount that caused an increase in

the absorbance at 540nm of 1.0 for 10min or 30min,

respectively. Papain inhibitor activity was assayed
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according to the same method for ealpastatin as desc-

ribed in CHAPTER V. One unit of papain inhibitor was

deflned as the amount that deereased 1 unit of BANA

hydrolyzing activity of papain. Specific assay condi-

tions and other additions are detailed in the legends.

Se aration of BAISA h drolases from car muscle

     Calpastatin fractions eluted by O.05M NaCl from

DEAE-cellulose(Fig.24) were pooled, condensed to 2.4mZ

by Amicon PM-10 membrane and applied on a column(1.5Å~

100cm) of UZtrogel AeA 34(j?rom LKB) equilibrated with

20mM Tris-HCIL buffer, pH 7.5, containing 5mM 2-mercapto-

ethanol and lmM EGTA(buffer A). Fractions which showed

BANA hydrolyzing activity were pooled and applied on

a column(2.5x2em) of papain-Sepharose 4B prepared by
the meLhod of Kominami 2t ae.207). mution was

carried out with buffer A, buffer A containing IM NaCl,

and lmM HCZ.

                      RESULTS

1. Detection of BANA h drolases I and II in car muscle

     As shown in Fig.40, BANA hydrolyzing activity

and papain inhibitor activity was eluted overlapped

'from Ultrogel AcA 34. These activities were s' epa-

                         1OO
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rated by papain-Sepharose 4B as shown in Fig.41.

Papain inhibitor was adsorbed to papain-Sepharose 4B

and eluted by lmM }ICI. Two peaks of BANA hydrolyzing

activity were observed in the fractions eluted from

papain-Sepharose 4B. One BANA hydrolyzing fraction

was not adsorbed, whUe the other was adsorbed and

eluted with buffer A containing IM NaCl. The author

tentatively caUed the former as BANA hydrolase I and

the latter as BANA hydrolase II, respectively, and

used them for the experiments described below.

2. Some propertieS of car muscle BANA h drolases 1

and II

     Fig.42 shows the effect of pH on BANA hydrolyzing

and caseinolytic activities of BANA hydrolases I and

II. Both preparations deamidated BANA at pH 6.7 and

hydrolyzed casein at pH 8.3 optimally. However, BANA

hydrolase I also hydrolyzed casein at pH 6.2. These

results suggest that both preparations contained more

than one proteinase.

     Fig.43 shows the effect of cysteine eoncentration

on BANA hydrolyzing activities of BANA hydrolases I

and II in the presence or absence of EDTA. Both pre-

parations showed the absolute eysteine dependency for

BANA hydrolyzing activity. Higher activities of both
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vity and Tris-maleate(H) or Tris-HCI(eF---e) buffer
for the assay of caseinolytic activity.

preparations were obtained in the presence of EDTA than

in the absence of it. These observations suggest that

BANA hydrolases I and U contained sorne kinds of eysteine
           74)proteinases .
     This consideration is also supported by the effect

of antibiotics on BANA hydrolyzing activities of both

preparations. As shown in Table 10, O.lpg/me of leu-

peptin, antipain and E-64 inhibited the activities

almost completely. Chymostatin also inhibited the

activities to almost the same degree.
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Table1O.
activity

Effect
of BANA

of antibiotic$
 hydrolases I

BANA hydrolasel

 on
and

BANA hydrolyzing
II.

   BANA hydrotase !I

. Antibiotics

   Concn.(pg l mt )
         1.0    O.1o.o !             10

-Retatveactt(1)
         Concn.( pglmt)
Mtibiotics us

None
Leupeptin

Antipain .

E-- 64

Pepstatin

Elostatinal

Ct'tyrnostatin
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     BoLh preparations of BANA hydrolases I and II

showed not only BANA hydrolyzing aetivity but also

caseinolytic activity. Then, the authoir examined

some properties of caseinolytic activitles of both

preparations.

     Fig.44 shows caseinolytic activities of both pre-

parations as a function of time. While both prepara-

tions hydrolyzed casein at pH 8.3 almost dependent on

?
si 2.0

pt
Åq
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År
"--Vl.O
g
;
E
ol o

                      Time ( hr.)

'Fz' g.44. Caseinolytic activities of BANA hydrolases I
and II as a funetion of time. BANA hydrolase I act.i-
vity was assayed at pH 6.2(z6r--A) or pH 8.3(N) and
BANA hydrolase II activity was assayed at pH 8.3("---e)
as described in MATER!ALS AND METHODS.
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the incubation time, BANA hydrolase I did more markedly

at pH 6.2.

     As illustrated in Fig.45, caseinolytic activities

(at pH 6.2 for BANA h,ydrolase I and pH 8.3 for BANA hydro-

lase II) showed the absolute cysteine dependency as welZ

as in the case of BANA hydrolyzing aetivity.

                        DISCUSSION

      Tallan 2xs ae.209) first repo]7-bed the existence of

 cathepsin B in'bovine spleen in 1952. Later, some

investigators have reveaZed the existence of the enzyme

in the erude extract of mammalian muscLe41,48,54,89,92,
21 O)

     . Recently, it has become clear that the crude

extract prepared from various mammalian tissues contain

at least three cysteine proteinases which deamidate BAA
Or BANAI37,208).

     Makinodan and Ikeda14) showed the existence of

cathepsin B in carp muscle extract. As deseribed above,

it is likely that fish muscle extract eontained more

than one cysteine proteinase that deamidated BAA or

BANA. In the present study, however, the author could

not deteet any BANA hydrolyzing activity in the erude
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solution and in the fractions eluted from DEAE-eellulose.

BANA hydrolyzing activity was detected in the fractions

eluted from Ultrogel AcA 34 for the first time, aecom-

panied with papain inhibitor(Fig.40). Since both

aetivities eluted in the overlapped fractions, papain

inhibitor might surpress BANA hydrolase in the eo-existed

fractions. BANA hydrolyzing activity could be separated

into BANA hydrolases I and II by papain-Sepharose 4B and

papain inhibitor was also isolated by the same chromato-

graphy. Since BANA hydrolases I and XI were eluted in

the same fractions from ion-exchange chromatography and

gel filtration, both preparations seemed to contain

proteinases that have almost the same isoelectrie points

and molecular weights. From the enzymatic properties

of them, both preparations obviously contained some

cysteine proteinases. particularly, BANA hydrolase I

seems to contain at least two cysteine proteinases that

optirnally hydroZyzed casein at pH 6.2 and 8.3, respec-

tively.
     schwart and Birdi43) purified cathepsin B from

rat skeletal muscle and reported that this proteinase

optimally deamidated BANA at pH 6.0. Hardy and Penning-
ton211) also revealed that rat skeletal muscle contained

several BANA hydrolases of which molecular weight were

25,500-45,OOO. Molecular weights and pH dependencies
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of the activity of rat skeletal muscle BANA hydrolases
reported by schwart and Bird143) and Hardy and penning-

ton211) are similay to those of carp muscle BANA hydro-

                                   21 2)lases. On the othey hand, Okitani                                        purified BANA

hydrolase H from rabbit skeletal muscle and estimated

its molecular weight to be 340,OOO. The author, how-

ever, could not detect such a high rnolecular weight

BANA hydrolase in carp muscle.
                             193)     ReeenUy, Rodeman 2xS ae.                                  reported that protein
turnover activated by ca2+ was due to lysosomal eysteine

proteinases mediated by prostaglandin E2. AÅíter death

of animal, sarcoplasmic reticulum loses its ability to
adsorb ca2+ 213) and ca2+ concentration in the sarco-

piasm increases around io-4Mi66). carp muscie BANA

hydrolases as well as caZpain possibZy take part in the

post-mortem protein degradation, considering their opti-

mum pHs, although intracellular localization of BANA

hydrolases is unknown.
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SUMMARY AND CONCLUSIONS

      In this study, the author examined fish muscle

autolysis as post-mortem protein degradation by muscle

proteases. At first, the author recognized the increase

of TCA soluble peptides and antno acids and changes of

SDS polyacrylamide gel electrophoretic pattern during

autolysis. This observation suggested the possible

participation of musele proteases in autolysis( CHAPTER

II).

     Then, the author studied the distribution of known

three proteinases(cathepsin D, sub-endopeptidase and

alkaline proteinase) in the muscle of various fish and

confirmed their existence in the muscle of all fish

examined(CHAPTER III).

     Cathepsin D has known to possibly take part in

autolysis for a long time. The author purified

cathepsin D from carp musele as an eleetrophoretically

homogeneous preparation by heat treatment, acid treat-

ment, ammonium sulfate fractionation, acetone fractio-

nation, DEAE-Sephadex A-50 chromatography, preparative

electrofocusing by Multiphor and Sepharose 6B gel

filtration. The purified preparation represented

about 2,OOO-fold purification with a yield of 49o.
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The aetivity against hemoglobin was maximum at pH 2.6-

2.8 with O.6M formate buffer and around pH 3.2 with

O.12M formate buffer. The molecular weight was found

to be 41,OOO and the iso-electric point to be pH 5.4.

From the effect of inhibitors on the aetivity, carp

muscle cathepsin D was classified as an aspartic protei-

nase. Carp muscle cathepsin D hydrolyzed myofibrils

optimally at pH 3-4, but did not above pH 6.0. There-

fore, the participation of carp muscle cathe]psin D in

autolysis is very doubtful(CHAPTER IV, SECTION I).

     Cathepsin A has not been purified as an homogeneous

preparation as yet from muscle. In this study, the

author first purified it from carp muscle as an electro--

phoretically homogeneous preparation by almost the same

purificationscheme for cathepsin D. The purified prepa-

ration represented about 1,700-fold purification with a

yield of 1.5%. The enzyme hydrolyzed Z-Glu-Phe more

preferably than Z-Glu-Tyr, with the optimum pH 5.0.

The Km values for Z-Glu-Phe and Z-Glu-Tyr were estimated

to be 3.52mM and 4,76mM, respectively. From the effect

of inhibitors on the activity, carp muscle cathepsin A

was classified as a lysosomaZ earboxypeptidase A. On

the other hand, carp muscle eathepsin A did not hydro-

lyze any protein substrate ineluding some intracellular
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proteins. Furthermore, the enzyme had no eleetro-

phoretically recognizable eÅífect on autolysis.

Therefore, carp muscle cathepsin A does not seem to

participate direcUy in the post-mortem protein degra-

dation of fish muscle(CHAPTER IV, SECTION II).

     There is only limited knowledge on neutral prote-

ases in comparison with those on acid proteases.

RecenUy, it was found that calcium-dependent cysteine

proteinase(calpain) and its endogenous inhibitor(cal-

pastatin) distribute widely in mammalian tissues,

The author, however, could not detect any ealpain acti-

vity in the crude extract of carp muscle. When the

condensate of the crude solution was chromatographed

by Ultrogel AcA 34, the author could detect calpains

I, II and calpastatin. But, further purification of

calpain I was difficult since its activity was very

weak. Then, the author obtained partially purified

preparations of calpain U and calpastatin from carp

muscle and examined their properties. Carp muscle

calpain II of which molecular weight was 100.000

hydrolyzed casein optimally at pH 7.5 in the presence
of 5mM Ca2+ and 20mM cysteine. From the resultsof

cysteine dependency and the effect of inhibitors,

carp musele calpain II was classified as a cysteine
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                                         2+proteinase. In the presence of 5mM Ca                                           , calpain Il

lost its activity eompZetely by heating at 300C for

30min by autolysis. On the other hand, calpastatin

of which moleeular weight was 300,OOO did not inhibit

trypsin, or-chymotrypsin and papain but inhibited cal-

pain II from rat liver as well as carp muscle. The

inhibition on ealpain II was due to forming calpain-
calpastatin complex in the presence of Ca2+ (cHAPTER V).

     During the puriÅíication of calpain I! and calpa-

statin from carp muscle, the author found other protei-

nase inhibitors, namely trypsin inhibitor and papain

inhibitor. By DEAE-celluZose chromatography and

following Ultrogel AeA 34 gel filtration, trypsin

inhibitor and papain inhibitor were obtained in the
                                                     'overlapped fractions. These two proteinase inhibitors

were distinguished in the inhibition spectra and the

heat stabUity. Carp muscle trypsin inhibitor which

was not so heat stable inhibited serine proteinases,

such as trypsin and or-chymotrypsin. On the other

hand, papain inhibitor whieh was rather heat stable

inhibited cysteine proteinases, sueh as papain and

calpain II. The author could not detect any intra-

cellular target enzyme fdr trypsin inhibitor in carp

muscle, so the physioZogical function of earp muscle
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trypsin inhibitor is stiU unknown. Unlike trypsin

inhibitor, carp muscle papain inhibitor may pZay a

protective role against unwanted proteolysis by endo-

genous cysteine proteinases, since it inhibited intra-
cellular ca2+-.dependent cysteine proteinase, ealpain II.

Thus, the author sought another intracellular target

proteinase for papain inhibitor in carp muscle(CHAPTER

VI)e

     By DEAE-cellulose chromatography and following

Ultrogel AcA 34 gel filtration, the author obtained

the fraction which sthowed BANA hydrolyzing activity

in the presence of cysteine. This fraction also con-

tained papain inhibitor. BANA hydrolase and papain

inhibitor were separated by the affinity chromato-

graphy on papain-Sepharose 4B. BANA hydrolase frac-

tion was also separated into BANA hydrolases I and II

by this chromatography. Both preparations degraded

BANA and casein around neutral pH range. These protei-

nases required cysteine for the activities and were

inhibited by leupeptin, antipain and E-64. Each

preparation, however, seemed to contain more than

one enzyme(CHAPTER VII).

     As above mentioned, there exist some neutral

proteinases, such as calpain and BANA hydrolase other
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than cathepsin D, sub-endopeptidase and alkaline

proteinase in fish muscle. The activities of

these neutral proteinases which are regulated by
ca2+ , intraceuular sH compounds and/or endogenous

inhibitors are thought to be possibly involved in

the post-rnortem protein degradation of fish muscle.
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