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Abstract

A myofibril-bound serine proteinase (MBSP) in the skeletal muscle of crucian carp (Carasius auratus) was identified. Hydrolysis

of myofibrillar proteins by the endogenous MBSP was studied. Myosin heavy chain (MHC) was degraded markedly when crucian

carp myofibril was incubated at 55 �C, as shown by SDS-PAGE. Prolonged incubation of myofibril at 55 �C also caused the obvious

degradation of tropomyosin, while the decomposition of other myofibrillar proteins, such as a-actinin and actin, was slight, as

detected by Western blotting. The results suggest the existence of an endogenous myofibril-associated proteinase in crucian carp

myofibril, which efficiently cleaves MHC and tropomyosin. Serine proteinase inhibitors (Lima bean trypsin inhibitor, PMSF and

benzamidine) greatly suppressed the degradation of MHC, caused by the enzyme, while inhibitors for cysteine, metallo-, and aspar-

tic proteinases showed only partial or incomplete inhibitory effects, indicating that the endogenous proteinase is a serine proteinase.

Substrate specificity analysis, using partially purified crucian carp MBSP, suggested that the enzyme is a trypsin-like serine

proteinase.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Crucian carp (Carasius auratus) is a popular cultured

freshwater fish species in different provinces of China.

Freshwater fish constitute a potential raw material for

surimi production. However, as with marine fish, the

modori phenomenon (thermal gel degradation of fish

jelly products at around 55 �C) also occurs in the man-

ufacturing process using freshwater fish flesh as the raw
material (Cao et al., 1999; Shimizu, Machida, & Take-

nami, 1981). As the modori effect markedly reduces

the commercial value of fish jelly products, the cause
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of this effect has been studied. The breakdown of myosin
heavy chain (MHC) is known to be the main cause of

the modori-phenomenon, as MHC is essential for fish

gel formation. Researches have indicated that the degra-

dation of MHC is caused by endogenous proteinases,

such as cathepsins (An, Weerasinghe, Seymour, & Mor-

rissey, 1994; Nakamura, Ogawa, Saito, & Nakai, 1998)

or serine proteinases (Kinoshita, Toyohara, & Shimizu,

1990; Shimizu, Nomura, & Nishioka, 1986; Yanagihara,
Nakaoka, Hara, & Ishihara, 1991), especially myofibril-

bound serine proteinases (Cao et al., 1999, Cao, Osato-

mi, Hara, & Ishihara, 2000; Osatomi, Sasai, Cao, Hara,

& Ishihara, 1997).

Though a previous study suggested the involvement

of cathepsin (cathepsin L) in the modori effect (An

et al., 1994), we regard this possibility as quite low,
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because repeated washing using water or low alkaline

water is a necessary procedure in the production of fish

jelly products. Thus, the existence of soluble lysosomal

proteinases (mainly cathepsins) in the final product is

actually negligible. Moreover, cathepsin L shows activ-

ity only under acidic conditions (Ogata, Aranishi, Hara,
Osatomi, & Ishihara, 1998) and will greatly lose its

activity in the temperature range 55–60 �C.
Like other intracellular proteins, myofibrillar pro-

teins are also in a dynamic state of degradation and

resynthesis. Studies on the metabolism of myofibrillar

proteins have indicated that, though lysosomal enzymes

play important roles in the turnover of cellular proteins,

they only account for a fraction of intracellular protein
degradation and that there are other pathways for this

degradation, such as the Ca2+-dependent cystein prote-

inase (calpain) pathway (Tidball & Spencer, 2000),

ATP/ubiquitin-dependent proteinase (proteasomes)

pathway (Orlowski, 1990; Solomon & Goldberg, 1996)

and serine proteinase pathway(s) (Hori et al., 2002).

Among serine proteinases investigated, both trypsin-like

(Kay, Siemankowski, Siemankowski, & Goll, 1982a,
1982b) and chymotrypsin-like proteinases (Holt et al.,

1998; Hori et al., 2002) were identified in the skeletal

muscles of mice and hamster, respectively. On the other

hand, in the skeletal muscle of fish, the existence of ser-

ine proteinases has also been identified (Kinoshita et al.,

1990; Shimizu et al., 1986; Toyohara, Sakata, Yamash-

ita, Kinoshita, & Shimizu, 1990; Toyohara & Shimizu,

1988; Yanagihara et al., 1991). More recently, trypsin-
like myofibril-bound serine proteinases (MBSP) have

been purified to homogeneity, both from freshwater fish

common carp (Osatomi et al., 1997) and marine lizard

fish (Cao et al., 2000). The proteolytic effect of MBSP

on myofibrillar proteins and surimi products analysis re-

vealed that MBSP has the greatest possible influence on

fish jelly product elasticity (Cao et al., 1999). In the pre-

sent study, we identified a proteinase with characteristics
similar to MBSP in crucian carp skeletal muscle and

studied its involvement in the degradation of myofibrils

and individual myofibrillar proteins, such as myosin

heavy chain, a-actinin, actin and tropomyosin.
2. Materials and methods

2.1. Materials

2.1.1. Fish

Cultured crucian carp (body weight about 350 g)

were obtained alive from a market in Jimei, Xiamen,

China. The fish were subdued in iced water and sacri-

ficed instantly. After decapitation and evisceration, the

fish were filleted and the fillets were immediately used
for myofibril preparation or kept in a �80 �C freezer

for further use.
2.1.2. Chemicals

Lima bean trypsin inhibitor (LBTI) was from Worth-

ington biochemical corporation (NJ, USA), phenyl-

methanesulfonyl fluoride (PMSF) and benzamidine are

products from Sigma–Aldrich, LL-3-carboxy-trans-2,

3-epoxypropionyl-LL-leucine-4-guanidinobutylamide (E-
64) was a product of Amresco (Solon, OH, USA), pepst-

atin was purchased from Roche (Mannhem, Germany),

EDTA and protein standards for SDS-PAGE were from

Bio-Rad (Richmond, CA, USA) and immunoblotting

agents were from New England BioLabs (Beverly,

MA, USA). Antibodies of rat anti-red sea bream a-acti-
nin and actin were kind gifts from Dr. Tachibana of the

Faculty of Fisheries, Nagasaki University, Japan. Anti-
body of rat anti-carp tropomyosin was prepared in our

own laboratory. The second antibody of rabbit anti-rat

IgG-HRP was from DAKO (Denmark). Other reagents

were all of analytical grade.

2.2. Preparation of myofibrils from skeletal muscle

Crucian carp skeletal muscle (20 g wet weight), stored
at �80 �C, was minced and homogenized with four vol-

umes of ice-cold 50 mM phosphate buffer (pH 7.5),

using a homogenizer (Kinematica, PT-2100, Switzer-

land). The homogenization process was performed on

ice using a Polytron, PT-DA 2120 at the speed indicator

of 15, and the operation was carried out twice (30 s each

time and an interval of 1 min). The resulting homogen-

ate was centrifuged at 5000g, 4 �C for 15 min in a cen-
trifuge (Avanti J-25, Beckman Coulter, USA). The

supernatant was discarded, while the pellet was collected

and resuspended in a 4-fold volume of ice-cold phos-

phate buffer. After three repeated cycles of homogeniza-

tion and centrifugation, the resulting pellet was

suspended in 50 mM phosphate buffer and further

homogenized. Finally, after centrifugation at 3000g for

15 min, the pellet was resuspended in 50 mM phosphate
buffer (pH 8.0) containing 0.5 M NaCl and this suspen-

sion was regarded as crucian carp myofibrils. The myo-

fibrils were used immediately for the experiment or

stored in a �80 �C freezer for further use. The protein

concentration was determined by the method of Lowry,

Rosebrough, Farr, and Randall (1951) after 10-fold

dilution of the fish myofibril with 50 mM phosphate buf-

fer (pH 8.0) containing 0.5 M NaCl. Bovine serum albu-
min was used as standard.

2.3. SDS-PAGE analysis and Western blotting

SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) was performed under reducing conditions, using

10% mini-slab gels according to the method of Laemmli

(1970) and the gels were stained for protein with Coo-
massie Brilliant Blue R-250. Western blotting was car-

ried out as described by Towbin, Staehelin, and



Fig. 1. SDS-polyacrylamide gel electrophoresis of crucian carp myo-

fibrillar proteins. Myofibril dissolved in 50 mM phosphate buffer (pH

8.0) containing 0.5 M NaCl was incubated at 55 �C for 1 h. After

incubation, SDS-loading buffer was added to the reaction mixture,

followed by boiling for 5 min, samples were applied to a 10% gel.

Lanes: (M), molecular weight marker; (1), non-incubated control; (2),

40 �C; (3), 50 �C; (4), 55 �C; (5), 60 �C; (6), 70 �C.
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Gordon (1979). Briefly, myofibrillar proteins on the 10%

acrylamide gels were electrophoretically transferred

onto a nitrocellulose membrane in transfer solution.

Non-specific protein sites were blocked with 5% non-

fat milk in Tris–HCl buffered saline (TBS = 20 mM

Tris–HCl, pH 7.5, containing 0.145 M NaCl). The blot-
ted proteins were incubated with polyclonal antibodies

at room temperature for 2 h and washed with TBST

(TBS, 0.05% Tween 20). After incubation for 1 h with

horseradish peroxidase conjugated secondary antibody,

the nitrocellulose membrane was washed extensively

with TBST. Immunodetection was carried out using a

detection kit from Bio-Rad.

2.4. Degradation of myofibrillar proteins at different

temperatures

To investigate the degradation action of this endog-

enous proteinase on myofibrillar proteins at different

temperatures, 200 ll of crucian carp myofibril (approx-

imately 2 lg protein/ll), dissolved in 50 mM phosphate

buffer, pH 8.0, containing 0.5 M NaCl, was incubated in
Eppendorf tubes at different temperatures (40, 50, 55, 60

and 70 �C), for 1 h. After incubation, 200 ll of 4· SDS

loading buffer was added to each tube and boiled in the

presence of 5% 2-mercaptoethanol for 5 min, followed

by SDS-PAGE or Western blotting. The degradation

of MHC by the endogenous proteinase was observed

by SDS-PAGE, while that of other myofibrillar proteins

(a-actinin, actin and tropomyosin) was detected by
Western blotting, using specific polyclonal antibodies,

so that the detection specificity could be enhanced.

2.5. Time-course degradation of myofibrillar proteins

To investigate the degradation of myofibrillar

proteins by the endogenous proteinase with time, a

time-course study was carried out, using 200 ll myofi-
bril dissolved in 50 mM phosphate buffer, pH 8.0, con-

taining 0.5 M NaCl and incubated at 55 �C for 0, 5, 10,

30 min, 1, 2 and 4 h, respectively. After incubation, 200

ll of 4· SDS loading buffer were added to each tube

and boiled in the presence of 5% 2-mercaptoethanol

for 5 min, followed by SDS-PAGE and Western

blotting.

2.6. Inhibition of myofibrillar protein degradation by

different types of inhibitors

To further investigate which type of the endogenous

proteinase was responsible for myofibrillar protein deg-

radation, the inhibition effects of different kinds of pro-

teinase inhibitors on the degradation of myosin heavy

chain were investigated. The experiment was performed
using 100 ll myofibril dissolved in 50 mM phosphate

buffer, pH 8.0 containing 0.5 M NaCl and different types
of proteinase inhibitors were added. After mixing and

incubation at room temperature for 30 min, the mixture

was then incubated at 55 �C for 1 h and the inhibition

effect on MHC degradation was detected by SDS-PAGE

using a 10% mini-slab gel.

2.7. Extraction of myofibril-bound serine proteinase from

myofibril

Crucian carp skeletal muscle was homogenized with 4

volumes of 20 mM Tris–HCl buffer, pH 8.0. The homo-

genate was immediately heated in boiling water while

stirring until the temperature reached 55 �C and further

incubated at the same temperature for 5 min, followed
by immediate cooling in ice water to 4 �C. After centrif-

ugation, the supernatant, which was regarded as crude

MBSP, was used for enzymatic characterization.
3. Results and discussion

Myofibrils predominantly consist of myosin heavy
chain (MHC, 200 kDa) and actin (42 kDa) and other

minor proteins, such as a-actinin (100 kDa) and tropo-

myosin (34 kDa). In order to elucidate the existence of

endogenous proteinase(s) in myofibril and its degrada-

tion effect on myofibrillar proteins, crucian carp myofi-

bril (pH 8.0), without the addition of any proteinase

inhibitor, was incubated at different temperatures (40,

50, 55, 60 and 70 �C) for 1 h. The results are shown in
Fig. 1. Compared with the control for which no incuba-

tion was performed, the band of MHC was markedly
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degraded into lower molecular weight products, with

sizes ranging from 100 to 200 kDa in the temperature

range 50–60 �C. Reduction of MHC at the lower tem-

perature of 40 �C or the higher temperature of 70 �C,
however, was not obvious. As the reduction of protein

bands in SDS-PAGE is an indicator of proteolytic activ-
ity (Yongsawatdigul, Park, Virulhakul, & Viratchakul,

2000), this result suggested that the optimum tempera-

ture of the endogenous proteinase involved in the degra-

dation of myofibrillar proteins was around 55 �C. The
endogenous proteinase was originally identified in the

myofibril fraction, having been homogenized and centri-

fuged four more times. After this treatment, the remain-

ing sarcoplasmic fraction, if any, is negligible. Thus, it is
reasonable to propose that the proteinase(s) responsible

for myofibrillar protein degradation is strongly associ-

ated with myofibrils.

Degradation of myofibrillar proteins not only hap-

pens on MHC (200 kDa), it may also cause the break-

down of other larger molecular mass proteins, such as

titin (2000–3500 kDa) and nebulin (650–850 kDa). The

degradation products of these higher molecular weight
proteins will definitely interfere with our interpretation

of the breakdown of other lower molecular weight myo-

fibrillar proteins. Thus, the degradation actions of the

endogenous proteinase on a-actinin, actin and tropomy-

osin were investigated by Western blotting, using specific

antibodies against these proteins. It was evident that,

after a 1 h incubation of myofibril at 55 �C, the proteins
a-actinin, actin and tropomyosin revealed negligible
reduction compared to the control (Fig. 2(a)–(c)). These
Fig. 2. Western blot of the degradation of a-actinin (a), actin (b) and

tropomyosin (c) at different temperatures. Crucian carp myofibril was

incubated at different temperatures for 1 h as described in Fig. 1, then

applied to SDS-PAGE. After electrophoresis, the gels were transferred

to nitrocellulose membranes and reacted with corresponding antibody,

followed by immunodetection. Lanes: (M), prestained marker; (1),

non-incubated control; (2), 40 �C; (3), 50 �C; (4), 55 �C; (5), 60 �C; (6),
70 �C.
results indicated that the myosin heavy chain is more eas-

ily degraded by the endogenous proteinase than the other

myofibrillar proteins. As the temperature range of 55–60

�C is a range regarded as a modori-causing range and

MHC is the major component in myofibril and provides

gel forming ability in the preparation of fish jelly prod-
ucts (Cheng, Hamann, & Webb, 1979; Toyohara &

Shimizu, 1988), the MHC breakdown phenomenon at

55–60 �C strongly suggested that the endogenous prote-

inase is the enzyme responsible for modori.

Further study on the degradation revealed that the

reduction of myofibrillar proteins, especially MHC, by

the endogenous proteinase is time-dependent. As shown

by SDS-PAGE (Fig. 3), the MHC band decreased pro-
portionally with the incubation time at 55 �C and its

original band completely disappeared after 4 h. Thus,

the endogenous proteinase, not only has high activity

around 55 �C, but is also thermally stable at this temper-

ature. Compared with the dramatic degradation of

MHC, a-actinin and actin only showed slight decompo-

sition even after prolonged incubation to 4 h (Fig. 4(a)

and (b)), while tropomyosin also under dramatic degra-
dation (Fig. 4(c)). These results indicate that MHC and

tropomyosin are more easily attacked by the endog-

enous proteinase than are other myofibrillar proteins.

This result strongly suggests that the enzyme is involved

in the modori phenomena in fish jelly products produc-

tion where MHC degradation is the main cause.

In order to know the characteristics of the endog-

enous proteinase responsible for the degradation of
Fig. 3. SDS-polyacrylamide gel electrophoresis of the time-course

degradation of crucian carp myofibrillar proteins by the endogenous

proteinase. Myofibrils were dissolved in 50 mM phosphate buffer (pH

8.0) containing 0.5 M NaCl and incubated at 55 �C for 0, 5 min, 10

min, 30 min, 1 h, 2 h and 4 h, respectively. After incubation, SDS-

loading buffer was added to the reaction mixture, followed by boiling

for 5 min, and samples were applied to SDS-PAGE (12% gel). Lanes:

(M), molecular marker: (1), 0 h; (2), 5 min; (3), 10 min; (4), 30 min; (5),

1 h; (6), 2 h; (7), 4 h. Arrowheads indicate the positions of myosin

heavy chain (MHC) and actin, respectively.



Fig. 4. Western blot of the time-course degradation of a-actinin (a),

actin (b) and tropomyosin (c) at 55 �C. Crucian carp myofibril was

incubated as described in Fig. 3, then applied to SDS-PAGE. After

electrophoresis, the gels were transferred to nitrocellulose membranes

and reacted with corresponding antibody, followed by immunodetec-

tion. Lanes: M, prestained marker; (1), 0 h; (2), 5 min; (3), 10 min; (4),

30 min; (5), 1 h; (6), 2 h; (7), 4 h.
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myofibrillar proteins, different kinds of specific protein-

ase inhibitors were added to the myofibrils to investigate

the suppression effect of these inhibitors on the hydro-

lytic activity. As shown in Fig. 5, compared to the con-

trol (lane 9), to which no proteinase inhibitor was added

and which was incubated at 55 �C for 1 h, serine prote-
inase inhibitors, such as lima bean trypsin inhibitor

(LBTI), PMSF and benzamidine suppressed the reduc-

tion of myosin heavy chain completely, while pepstatin,

an inhibitor for aspartic proteinases and EDTA, an
Fig. 5. SDS-PAGE analysis of the inhibitory effect of proteinase inhibitors on

dissolved in 50 mM phosphate buffer (pH 8.0) and lima bean trypsin inhib

Benzamidine to 5 mM; E-64 to 0.1 mg/ml; pepstatin to 10 lg/ml; EDTA to 5

temperature for 30 min followed by incubation at 55 �C for 1 h. Lanes: M, m

benzamidine; (5), E-64; (6), pepstatin; (7), EDTA; (8) control (55 �C, 1 h). A

actin.
inhibitor for metalloproteinases did not show any inhib-

itory effect on the suppression of myosin heavy chain

degradation. From the above results, it is obvious that

the endogenous proteinase responsible for myofibrillar

protein decomposition is a serine proteinase. Interest-

ingly, E-64, a specific inhibitor for cysteine proteinases,
also showed considerable inhibition. Though the answer

to this phenomenon is unknown at present, similar re-

sults were also found in the cases of a myofibril-bound

serine proteinase from common carp (Cyprinus carpio)

muscle (Osatomi et al., 1997) and two serine proteinases

from rat muscle (Tamanoue, Takahashi, & Takahashi,

1993) where the presence of a critical thiol group(s) near

the active site was proposed.
To further characterize the endogenous proteinase,

the proteinase was extracted from myofibril by a heating

treatment as this process denatured most myofibrillar

proteins and the enzyme was partially released. Though

the purification of this proteinase to high degree could

not be achieved at the present stage, the data on the sus-

ceptibility of the crude enzyme to different types of pro-

teinase inhibitors in vitro (Table 1) revealed that the
endogenous proteinase is a serine proteinase. This result

is in good agreement with its degradation of myofibrillar

proteins in the presence of inhibitors. Substrate specific-

ity results (Table 2) showed that the enzyme selectively

cleaved at the C terminal of lysine and arginine residues,

while no cleavage activity was identified for Suc-

Leu-Leu-Val-Tyr-MCA, a substrate of chymotrypsin.

Thus, it is evident that the endogenous proteinase is a
trypsin-like serine proteinase.

The existence of myofibril-bound serine proteinase

(MBSP) has been identified in many kinds of ani-

mal. Hori, Ohtani, Hori, and Nokihara (1998) and Holt
the degradation of myofibrillar proteins. Crucian carp myofibrils were

itor (LBTI) to the final concentration of 1 mg/ml; PMSF to 5 mM;

mM, respectively, added to the myofibrils and pre-incubated at room

olecular marker; (1) non-incubated control; (2), LBTI; (3), PMSF; (4),

rrowheads indicate the positions of myosin heavy chain (MHC) and



Table 1

Effect of various protein inhibitors on the proteolytic activity of the

crude proteinase

Inhibitors Final concentration (mM) Relative activity (%)

Control 0

LBTI 0.1 mg/ml 4

PMSF 5.0 12.7

Benzamidine 5.0 20

Chymostatin 0.1 44.7

E-64 0.1 mg/ml 31

Pepstatin 0.1 mg/ml 97.8

EDTA 5.0 95.7

Crude endogenous proteinase was preincubated with each reagent in

20 mM Tris–HCl buffer (pH 8.0) at room temperature for 20 min.

Remaining activity was assayed at pH 8.0, 55 �C, using Boc-Phe-Ser-

Arg-MCA as substrate. Control tests were performed under identical

conditions in the absence of chemicals.

Table 2

Substrate specificity of the endogenous proteinase towards synthetic

MCA-substrates

Substrates (final concentration 1 lM) Relative activity (%)

Boc-Phe-Ser-Arg-MCA 100

Boc-Val-Pro-Arg-MCA 190

Boc-Gly-Arg-Arg-MCA 118

Boc-Val-Leu-Lys-MCA 47.5

Boc-Leu-Lys-Arg-MCA 38.8

Boc-Glu-Lys-Lys-MCA 23.5

Boc-Leu-Arg-Arg-MCA 17.6

Z-Phe-Arg-MCA 18.1

Suc-Leu-Leu-Val-Tyr-MCA 0

Enzymatic activity was determined at pH 8.0, 55 �C.
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et al. (1998) purified chymotrypsin-type serine proteinses

from the skeletal muscle of mouse and hamster, respec-

tively. Sangorrin, Martone, and Sanchez (2002) partially

purified a trypsin-type serine proteinase from the skele-

tal muscle of mouse. MBSPs were also detected in fish
(Ramirrez, Garcia-Carreno, Morales, & Sanchez, 2002;

Shimizu et al., 1986; Toyohara et al., 1990; Toyohara

& Shimizu, 1988). MBSPs in freshwater fish carp and

marine lizard fish have been purified to homogeneity

and their characteristics have been studied (Cao et al.,

1999; Cao et al., 2000; Osatomi et al., 1997). Both com-

mon carp and lizard fish MBSPs are trypsin-type and

have optimum temperatures of around 55 �C in the deg-
radation of myofibrillar proteins. These results agree

well with our present data. More recently, Ramirrez

et al. (2002) reported the reduction of the MHC band

in surimi, prepared from Atlantic croaker and Mexican

flounder, could be effectively inhibited by the addition of

serine proteinase inhibitors from legume seeds. All of

these results strongly suggest that endogenous myofi-

bril-bound serine proteinases are ubiquitous in animal
muscle.
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