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General Introduction

1. Overview of China Fishery Industry

The Chinese fisheries production has been rapidly progressing in the last two decades. The production
volume of aquatic products of China has ranked the first one among the world fisheries countries since
1990. It has reached 49.01million metric ton in 2004. Of the total production, approximately 38% is
produced by inland aquaculture and 27% by marine aquaculture (CFYEC 2005). In volume terms, more
than 30% of world seafood is produced and more than 70% of world aquaculture production is generated in
China (FAO 2005).

Inland freshwater aquaculture is a major part of Chinese fishery industry. It is estimated that the
harvesting of Chinese domestic aquatic product will keep on growing up, but most of the increments will
come from fresh water aquaculture and a few marine aquaculture (CFYEC 2005). Fresh water
aqﬁaculture takes place in ponds, lakes, rivers, reservoirs and rice paddy fields, wide spread in almost
whole China. In 2004, the total freshwater culture production was 18.92million metric ton, of which
17.21 million metric ton of freshwater fish takes 91%. The most common f@ed species are grass carp, ‘
silver and bighead carp, common carp and crucian carp, which accounted for over 80% of the total
freshwater fish production. Despite the fact that freshwater fish resources in China have expanded rapidly,
their distribution sphere and storage period are very limited since most freshwater fish are transported as
live fish without treatment, such as freezing and processing. Compared with marine resources, freshwater
fisheries resources lack the diversity of consumption because of the backward transportation and processing
technc;logies. A big gap existed between China and some developed countries in the world in the fish
processing industry, particularly in fishery products finely processed. Only 30% of landed fish are
processed compared to 70% in developed countries such as Japan (JFS 2005). Freshwater fish are almost
always sold alive. ~Although the sector of freshwater fish processing has gained a great development, the

volume of the processed aquatic product from freshwater fish only occupies 10% of the total according to
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the statistics in 2004, even less with fine processing. As an animal protein resource, freshwater fish has
not been fully utilized, compared with marine fish (Fukuda et al. 2001).

Due to backward post-harvesting technologies compared with fast increment of the production of
freshwater fish, overproduction is the problem in harvesting season in some fish farming regions. The
market value of freshwater fish drops because of the excess of supply over demand, which definitely would
hinder a further development of fish farming. Furthermore, implementation of "Summer Fishing
Moratorium" policy was started since 1996. The core idea of the policy is that environmental friendly and
sustainable fishery development is crucially important. Under these situations, the development of
processing industry is essential to reduce losses through poor handling of fish, to utilize over catch fish, and

to raise the value of fish products. In addition, improving fish quality, flavor, healthy and safe fish

products are another goals for Chinese government.

2. Development of Frozen Surimi from Freshwater Fish .

“Surimi”, a raw material for thermal gel production, is an innovative material for Kamaboko and fish
sausages. Industrialized surimi-making process was developed by Nishiya et al. (1960) of Hokkaido
Fisheries Experiment Institute, who discovered the function of cryoprotectants in preserving protein of
Alaska pollack functionality during frozen storage. Frozen surimi can be thought as stabilized
myofibrillar proteins obtained from mechanically deboned fish flesh that is washed with water and blended
with cryoprotectants to keep long frozen shelf-life. In the 1970s’, surimi was developed as an
intermediate foodstuff with high potential for free productivity of texturized products. It allows a
manufacturer to imitate the texture and taste of a higher quality product, such as lobster tail, crab, abalone,
shrimp and scallop using a relatively low cost material. Fuﬂhermore, surimi is also seen as an
inexpensive source of protein.

The surimi industry mainly utilizes Alaska pollock because of its large fishery biomass, which covers

50-70 % of total surimi, but its proportion has been continuously reducing. Since 1991, efforts to use
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other species have also been successful, through technical and marketing advances in Japan. Currently, a
number of different species are being utilized in commercial surimi production. The most suitable species
for surimi processing are those with white flesh and low fat content, including threadfin bream, whiting,
hoki, and Mackerel (Guenneuguen and Morrissey 2005). In China, surimi industry has increased very
quickly since 2001. The production of surimi and surimi based foods in 2004 was 329,808 metric ton
compared to 8,350 metric ton in 2001. The material for surimi is almost from marine fish. In fact, most
of freshwater fish are white meat with low fat (less than 5%). It is reasonable to think that freshwater fish
might. be a potential material for surimi production due to the large biomass, low market price and its
characteristic with white flesh and low fat content. Some trials to develop frozen surimi from freshwater
fish were carried out (Yamamoto et al. 1988; Tu et al. 1989; Fukuda et al. 2001). However, it seems very
difficult to make the high utilization of the potential freshwater fish flesh in various ways including surimi
processing without the information on the functional and biochemical properties of freshwater fish muscle

proteins. - Therefore, it is necessary to understand these properties of muscle proteins, especially for some

major species of freshwater fish.

3. Functional Properties of Muscle Proteins

Fish meat is an abundant protein resource that is widely used in food products. Seafood proteins, like
those of all other muscle foods, may be classified as sarcoplasmic, myofibrillar and stroma-type. The
functional properties of muscle proteins have a great influence on the quality of processed products. The
major functional properties of the muscle proteins are solubility, water retention, gelling ability, and lipid
emulsifying properties. Major myofibrillar proteins are myosin, actin, troponin, and tropomyosin, which
account for 40-60 % of the total crude protein content of fish. Fish myofibrillar protein has excellent
functional characteristics such as emulsifying properties, gel-forming ability, and water-holding capécity
(Tanabe and Saeki 2001). Many kinds of seafood products, ready-to-fry fish portions, surimi-based

products, and fish sausages and cakes take advantage of the functional propetrties of fish myofibrillar
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protein.

Myosin bcomprises 50 to 60 % of the total myofibrillar proteins. It is conﬁrrﬁed that myosin plays the
most important role in the gel formation, especially myosin rod portion (Samejima et al. 1981), while other
muscle proteins seems not contribute, and possibly even inhibit the gel formation (Akahane et al. 1984;
Konno 2003). As the heat-induced gelation résults mainly from heat-polymerization of myosin, the
cross-linking and aggregation of protein molecules into three-dimensional solid-like networks results in
elastic gel with high water holding capacity (Sano et al. 1988).

One of the characteristic properties .of fish muscle protein, especially myosin, is its unstable nature
(Connell 1961). Its functional properties decreases easily upon protein denaturation, which is commonly
defined as any noﬁ-covalent changes in the structure of a protein accompanying unfolding of helical
structure without cleaving polypeptide chain (Léhninger 1982). Many efforts were devoted to elucidate
the myosin denaturation process during the storage and processing of fish meat, and to develop effective

additives to prevent myosin denaturation for long-term storage of fish meat (Konno 2005).

4. Myosin Structure and Stability

Myosin is a multifunctional hexamer consisting of two intertwined 220 kDa heavy chains (MHCs) and
two pairs of different light chains (LCs), ranging from 17 to 22 kDa (Lowey and Risby 1971). Roughly
half of MHCs at N-termini forms twin water-soluble globular heads (subfragment-1, S-1), while remaining
C-termini portion makes up salt soluble coiled-coil a-helical rod (Harrington and Rodgers 1984). The
former, head portion of myosin molecule contains ATPase and F-actin binding sites, and the latter, tail
region, assembles to for thick filaments under physiological conditions of low salt (Warrick‘ and Spudich,
1987). A pair of light chains (LCs) non-covalently cross-links to C-terminal regions of S-1. There are
two major cleavage sites by limited proteolysis with chymotrypsin under specified conditions. In
high-salt medium, dissolved myosin was cleaved at the center of myosin rod into light meromyosin (LMM)

and heavy meromyosin (HMM). In the presence of EDTA, the head/tail junction is selectively cleaved
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producing myosin S-1 and rod (Weeds and Pope 1977).

It is generally accepted that fish myosins are much more unstable than mammalian counterparts (Connell
1961). This is mainly characterized by a quick loss of adenosine S’-triphosphatase (ATPase) activity and
aggregation. Furthermore, the thermal stability of the ATPase activity is related to the environmental
temperature in which the species live (Johnsfon et al. 1973; Hashimoto et al. 1982). It has been reported
that common carp and grass carp, inhabiting a wide range of environmental tempetratures, express three
types of myosin heavy chain isoforms with different thermal stabilities in relation to the adaptation to the
segsonal change of environmental temperatures (Watabe et al. 1998; Tao et al. 2004). Thermal stability of
fish myosin rod has also been studied. Rodgers et al. (1987) reported that myosin rod purified from
Antarctic fish was less heat-stable than rabbit myosin rod. Other reports also demonstrated that carp
myosin rod was much more unstable than rabbit one (Kato and Konno 1993b; Nakaya et al. 1995).
Konno et al. (2000) also showed the denaturation of rod portion when heated as myofibrils by using
chymotryptic digestion technique. As myosin rod or LMM is nearly 100 % a-helical structure, circular
dichroism spectroscopy technique was employed to show the unstable nature of tail portion by measuring
the unfolding process Qf helix structure (King and Lehrer 1989). All results with myosin, S1, rod and
LMM showed that the thermal stability of any regions of fish myosin is habitat temperature dependent.
Unstable structure of fish myosin is rather favorable to survive at relatively low temperature, at which
structural flexibility of myosin molecule is achieved by reducing the non-covalent bonds to form the
structure (Watabe 2002). Protein stability is basically determined by a primary structure, namely, its
amino acid sequence. At present, amino acid sequences of the myosin HC of the following species of fish
by cloning walleye pollack (Ojima et al. 1998; Togashi et al. 2000), carp multiple isoforms (Kikuchi et al.
1999), white croacker fast skeletal muscle (Yoon et al. 2000) are determined. However, a complete

explanation of the species-specific thermal stability of myosin by studying the primary structure is still

hard.
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5. Research Objectives

Species-specific thermal stability of fish myosin is important in two fields. The first interest comes
from the concept, fish meat as food. Understanding unstable nature of fish myosin gave important
information in the preservation, storage and processing of fish food. Another interest comes from the
viewpoint of comparative biochemistry including the interest on the adaptation to the environment.

The objective of the present research is to characterize the myosin from various species of freshwater fish.
There is little report on the structure properties of Chinese freshwater fish myosin at present. These are
fundamental studies for the processing of fish meat of these species. The study was also carried out by
considering the change in the properties of myosin due to the expressing of myosin isomers in different
seasons. Thermal gelation of freshwater fish meat was one of the goals planned. ~ Silver carp, was mainly
used in the study because the species had a potential to be used as a raw material for processing due to its
low prices and its large harvests. The study was constructed to establish the most favorable condition for
thermal gel formation of silver carp meat. The gelling properties of meat from other species of fish were
also compared. In all cases, the concepts include what is the species-specificity, and what is the

consequence of adaptation to water temperature changing seasonally.

The summarized and specific objectives are as follows:

To understand seasonal variation of gelling properties of freshwater surimi from silver carp.

To investigate the seasonal change in the thermal stability of silver carp myosin.

To characterize the species-specific thermal stability among seven species of freshwater fish in summer

and winter.

To understand the expression of myosin isomers in different seasons.

To understand the adaptation strategy for individual species of fish.
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1. Fish Speciés
‘ Fish species used in the present. study were listed as follows:

Five species belonging to carp (Cyﬁrz‘nz'dae) family
1) Silver carp (Hypophthalmichtys molitrix)
2) Bighead carp (Aristichtys nobilis)
3 Gra$§ carp (Ctenopharyogodon idella)
4) Common carp (Cyprinus carpio)
5) Blunt snout bream (Megalobrama amblycephala)

Two species belonging to Perciformes order were also compared:
6) Largemou’.ch‘bass (Micropterus salmoides) in sunfishes (Centrarchidae) family

7) Chinese Snakehead (Ophiocephalus argus Cantor) in snakeheads (Channidae) family

Photographs of the fish used are presented in Fig. 1.

2. Sampling of Muscle from Various Fish Species

The information on silver carp used for surimi production was shown in Table 1. The chemical
composition of the surimi produced was also indicated in the Table. Live silver carp were purchased at
local markets in Shanghai on September 14 and December 6 in 1999, March 21 and June 13 in 2000,
respectively. Fish sizélused in this study ranged from 30 to 42 cm in length and 500 to 1200 g in weight.

Seven species of cultured freshwater fish were alsc; purchased at local market in Shanghai from July 2003
to Jun 2004. The date for sampling and body weights of fish were indicated in Table 2. Natural silver
carp was caught at Kasumigaura Lake (Ibaraki, Japan) in July, Sep 2003 and Mar 2004.

The dorsal white muscle was sampled from three specimens and minced together. The mince was

added by'10 % sorbitol to prevent myosin denaturation-during frozen storage (—40 °C). All the samples

were used within 4 months.
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Blunt snout bream Grass carp

Snakehead

Figure 1. Photographs giving a view of external morphology
—of different fish species used in the present study
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Table 1. Body index parameters of silver carp used for preparing surimi
and chemical composition of surimi.

Body index of material fish

Chemical cdmposition of

surimi
Date Body length(cm) Body weight(g) Moisture Proein  Fat
Season M.D.Y. Mean(min-max) Mean (min-max) (%) (%) (%)
Autumn  9.14.1999 39.6 (37.5-42.5) 1150 (920-1 265) 75.2 16.8 063
Winter  12.6.1999 34.8 (30.5-36.5) 760 (500-890) 74.8 16.7 0.49
Spring  3.20.2000 41.2(38.6-42.2) 1280 (980-1340) 723 192 044
Summer 6.13.2000 40.8 (36.8-42.3) 1150 (950-1290) 74.2 17.3 045




10 Materials and Methods

Table 2. Sampling date and body weight of fish samples used for the study

Body weight (g) of seven fish species

Sampling Bighead Bluntsnout Common Largemouth
date Silver carp carp Grass carp bream carp bass Snakehead
2003.7.16  920+50 72040 2350+150 680+140 890+120 340120 48515
2003.8.14  970+90 1160160 2390+130 890+160 1950+110 280120 440+10
2003.9.17 1190£70 1350490  2700+80  460+150 770£70 335£10 580+30
2003.10.15 860+40 83045 2680£130  780+85 66040 425%15 590£50
2003.11.17 810+60 970+80 2890+150 610%50 1770180 420+20 680£30
2003.12.15 1210£120 1085+60  2450+160 510%110 8§0i170 405+10 525425
2004.1.7 1150495  1050+100  3460+200 55030 1180+180 420425 980£50
2004.2.17 730160 1010£50  2180+150 340430 ND 380425 810+70
2004.3.15 1280490  1100+50 2470£120 435340 1980£190 365120 63040
2004.4.15 1080+105 745140 4140+200 680170 21401220 36010 800x10
2004.5.14  1980+150 1150+120 1660+180 550+40 1310+150 360415 590430
2004.6.14 1240490  750+80 22801160 65060 655160 340+15 760180

Note: ND, no sample available

3. Chemicals

All chemicals used were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan)

4. Preparation of Frozen Surimi

Fish were killed, beheaded, degutted, skinned and washed with chilled water. Minced meat was
separated immediately from fish fillet by using a belt drum type meat separator. The minced meat was
washed thrice with chilled water, and finally with 0.3 % NaCl. Washing was performed by soaking mince

for 15 min in 4 volumes of the solution (v/w). After washing the mince, residual black skin and fine bone
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were removed from the meat by using a strainer. Final dewatering was carried out by centrifugation of the
meat :;t 3,000 x g for 20 min. Sugar (4 g), sorbitol (4 g) and polyphosphates (0.3 g) were added per 100 g of
the dewatered mince. as cryoprotective compounds. The prepared surimi was immediately frozen at
-40 °C for about 20 h and subsequently stored at -30 °C until use. The four surimi samples of silver carp

prepared in different seasons were termed as autumﬁ (Sept. 1999), winter (Dec. 1999), spring (Mar. 2000)

and summer (June 2000) surimi, respectively.

5. Preparation of Thermal Gel

Frozen surim was tempered at room temperature for about 30 min before use. The surimi partially
thawed was chopped in a vertical vacuum cutter (Model UMC 5E, Stephan machinery Co.,) connected with
a circulating chiller. The protein concentration in the surimi were adjusted to 14.34 %, , by adding the
solution containing 4 % sucrose, 4 % sorbitol, and 0.3 % polyphosphates. Consequently, the moisture
contents were about 78.0 % . The above solution instead of water was used to maintaip the sugar and
polyphosphate content unchanged by decreasing protein content because these two are known to affect the
gelation profile. Salt content coming from surimi itself was neglected in this calculation. pH of the
surimi samples was about 7.3 £ 0.1 for all seasons.

Surimi was chopped in the cutter with salt (3 % w/w) for Smin, and for 2 min under vacuum to remove
air. The salt ground paste thus obtained was stuffed into polyvinylidene chloride casing tubes, 22 mm in
diameter and 70 mm in length. Sealed tubes were incubated in water baths of 30, 40, 50, 60, 70 and 85 °C
for 0-36 h. Incubation was stopped by cooling in ice-cold water. Rheological parameters of the gels,

breaking force and breaking strain were measured after standing at room temperature (22 £2 °C) for 30min.

6. Characterization of Gel Properties

The breaking force and breaking strain of the thermal gel was measured on Rheometer (Type EZ-test,

Shimadzu Co. Ltd.) using a spherical plunger of 5 mm in diameter with the penetration speed of the



1 2 Materials and Methods

plunger of 60 mm/min. For the measurement, cylindrical gel was cut from the heated gel tube with a size of

22 mm in diameter and 30 mm in height.
The textural properties of heated gel were characterized by plotting breaking strains against breaking
forces, which is termed as gel texture map by Lanier (1986).

The gelation rate was defined as a reciprocal time (h) required for reaching the half-maximal breaking

force (Kato et al. 1984).

7. Preparation of Myofibrils from Surimi or Frozen Meat

Myofibrils were prepared from fish mince or surimi according to the method as described (Azuma and
Konno 1998). Firstly, 5 grams of chopped surimi or frozen meat was washed twice with 6 volumes of 0.1
M KCl, 20 mM Tris-HCI (pH 7.5). Washed meat was then homogenized four times for 30 seconds each at
12,000 rpm with an interval of 30 s in the above medium. Centrifugation of the homogenate at 3 °C at
3,000 x g for 10 min, and re-suspension in the above solution was repeated for more than 4 times. The
suspension finally obtained in the above medium was filtered though a layer of gauze to remove connective

tissue. The filtrate was used as myofibril suspension in this study.

8. Preparation of Myosin

Myosin was prepared from myofibrils according to the method described by Koseki et al. (1993).
Myofibrils dissolved in 0.5 M KCl, 20 mM Tris-HCI (pH 7.5) were added by 2 mM Mg2+-ATP to dissociate
myosin from actin, immediately saturated ammonium sulfate solution was added to give 40 % saturation to
remove actin as precipitate. Myosin in the supernatant was collected as pellet by raising the saturation to
55%. Myosin pellet was dissolved in and dialyzed against 0.5 M KCl, 20mM Tris-HCI (pH 7.5). The

supernatant by the centrifugation at 20,000 x g for 20 min was used as myosin sample.
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9. Chymotryptic Digestion of Myosin

Chymotryptic digestion of myosin or myofibril was conducted in the two media containing either 0.05 M
KCl, 20 mM Tris-maleat (pH 7.0) with 1 mM EDTA, or 0.5 M KCl, 20 mM Tris-HCI (pH 7.5) with 1 mM
CaCl,. The former and the latter media were suitable for cleavage at Subfragment-1 (S-1)/rod and Heavy
meromyosin (HMM)/Light meromyosin (LMM) junctions, respecfively. The digestion temperature and the
ratio of chymotrypsin to myoéin (myofibrils) were changed optionally considering the objective.

Chymotryptic digestion was quenched by adding 0.5 mM phenylmethylsulfonyl fluoride (PMSF).

10. Preparation of Rod

Rod was prepared from myofibrils according to the method by Kato and Konno (1993a, 1996).
Myofibrils were finally suspended in 0.05 M KCl, 20mM Tris-maleate (pH 7.0), and 1 mM EDTA.
Myosin in myofibrils was digested with chymotrypsin, which cleaved filamentous myosin into S-1 and rod.
The conditions for digestion were listed in the Table 3. The digestion was quenched with 0.5 mM PMSF,
and the digest was centrifuged. The pellet was dissolved in a solution of 0.5 M KCl containing 20 mM
Tris-HCI (pH 7.5). Ammonium sulfate was acided to the solution to give 40 % saturation, and the mixture
was centrifuged. The pellet containing both the undigested myosin and S-1 produced bound to actin was
discarded. Myosin rod remaining in the supernatant was allowed to precipitate by raising the saturation to
55 %. Rod in the pellet was dialyzed against 0.05 M KCl, 20 mM Tris-maleate (pH 7.0) or iced water.
Filamentous rod was collected by centrifugation as a pellet, leaving tropomyoisn and troponin in the
supernatant. ' The pellet was dissolved in and dialyzed against 0.5 M KCl confaining 20 mM Tris-HCI (pH
7.5). The obtained dialyzate was centrifuged at 20,000 x g for 15 min, and the supernatant was used as

rod. Myosin rod was finally dissolved in 0.5 M KCl, 20 mM Tris-HCI (pH 7.5).
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Table 3. Conditions for digestion of myofibrils to prepare rod from various fish species

Silver carp, bighead Silver carp, bighead Common carp,
carp, grass carp and carp, grass carp and large-mouth bass,
blunt snout bream " blunt snout bream snakehead in both winter
in winter in summer and summer
Chymotrypsin(w/w) 1/100 1/500 1/500
Temperature (°C) 10 20 20
Digestion time(min) 30 30 30

11. Chymetryptic Digestion of Rod, and Its Fractionation

Rod dissolved in 0.5 M KCl and 20 mM Tris-HCl (pH 7.5) was digested with 1/200 (w/w) of
chymotrypsin at 10 °C. The digeét quenched with 1 mM PMSF was dialyzed against 0.05 M KCl, 20 mM
Tris-maleate (pH 7.0) and 5 mM MgCl, to separate the components in the digest into water-soluble and
water-insoluble fractions. The supernatant obtained by centrifugation at 100,000 x g for 15 min was

referred to as the water-soluble or subfragment-2 (S-2) fraction and the pellet was referred to as the

water-insoluble or LMM fraction.

12. Preparation of LMM (Light meromyosin)

LMMs were prepared from myofibrils by chymotryptic digestion. Myofibrils was digested in a medium
of 0.5 M KCl, 20 mM Tris-HCI (pH 7.5), and 1 mM CaCl, at 10°C, using 1/100 (w/w) of chymotrypsin,
i.e., the conditions are suitable for cleaving myosin into HMMs and LMMs. Isolation of LMM from the

digest was exactly the same as used for isolation of rod from myofibril digest.

13. Preparation of S-2

S-2 was prepared from rod by digesting with chymotrypsin. The digestion of rods was conducted in a

medium of 0.5 M KCl, 20 mM Tris-HC]1 (pH 7.5), 1 mM CaCl, at 10 °C, using 1/100 (w/w) of
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chymotrypsin, i.e., the condition for cleaving rod into LMMs and S-2. The digest was dialyzed against
0.05 M KCl, 20 mM Tris-maleate (pH 7.0), 1 mM MgCl, to sediment LMM. The supernatant of the

dialysate obtained by ultracentrifugation at 100,000 x g for 15 min was referred to as S-2.

Purity of the preparations was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE). -

14. Protein Concentration Determination
Protein concentration was measured using Biuret method (Gornall et al. 1949). Bovine serum albumin

was used as a standard. The protein concentration of chymotrypsin was determined by the absorption at

282 nm assuming 2.04 for 1 mg/ml solution.

15. Electrophoretic Analysis

| SDS-PAGE was performed according to the method of Laemmli (1970) using 7.5 or 12.5 %
polyacrylamide gels. Electrophoresis was conducted at a constant current of 15 mA/gel using a
Compact-PAGE Apparatus (ATTO Corp., Tokyo, Japan). After electrophoresis, gel was stained with
0.125 % (w/v) Coomassie Brilliant Blue R-250 in 50 % (v/v) methanol and 10 % (v/v) acetic acid, and
destained with 50 % (v/v) methanol and 10 % (v/v) acetic acid.

Myosin and subfragments content in the preparations was estimated by measuring the staining intensity
of the corresponding bands on SDS-PAGE using Scion Image software (Frederick, Maryland, USA) as
employed by Reidlér (2000).

Ammonium sulfate in the sample was removed before preparation of SDS-PAGE sample. Protein
solution was added by equal volume of 15 % TCA, and centrifuged at 1,000 x g for 30 min to sediment
proteins. The protein pellet was suspended in acetone-and centrifuged. The pellet was allowed to dry by
standing overnight at room temperature. Finally, the pellet was dissolved in 20 mM Tris-HCI (pH7.5), 8

M urea, 2 % SDS, 2 % mercaptoethnol, 0.01 % bromothymolblue (BTB) by shaking overnight. The
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solution was used as SDS-PAGE sample. The final protein content was adjusted to be about 1 mg/ml.

16. Heating of Myofibrils

The myofibril suspension (2-6 mg/ml) in 0.1 M KCl, 20 mM Tris-HCI (pH 7.5) was incubated in water
bath at various temperatures. Heating was stopped by cooling the sample in iced water. KCl
concentration for the heating medium was changed from 0.1 M to 2 M. In the case of heating wifth high
concentrations of KCl, heating was stopped by addition ice cold 20 mM Tris-HCI (pH7.5) buffer to reduce
the KCI concentration less than 0.5 M. When the ATPase inactivation rate at 0 °C was measured, the

equal volume of ice cold 2 M Na-glutamate solution was added to stop the ATPase inactivation.

17. Ca**-ATPase Assay

Ca®*-ATPase activity was measured at 25 °C in a medium of 0.5 M KCl, 5 mM CaCl,, 25 mM
Tris-maleate (pH 7.0) and 1 mM ATP. Liberated Pi was determined to analyze ATP hydrolysis (Fisk and
Subbarow 1925). The specific activity was expressed in pmol Pi/min/mg of myofibril. Thermal
denaturation of myofibrils and myosin was studied by measuring the Ca’*-ATPase inactivation rate. The
first order inactivation rate (kp) was estimated (ﬂchiyama et al. 1978). kp = (In Co;ln Cy1h, where Cy and

C, are the relative remaining ATPase activity before and after heating for t second.

18. Thermodynamic Parameters of Thermal Inactivation

Thermodynamic parameters (activation energy, Ea”) was calculated from the slope of the line obtained
by plotting log kp against 1/T (Arrhenius plot). The slope represents -Ea’/2.303*R. Inactivation rate
was calculated from the mean value ofiriplicated experiments with separate samples of myofibrils. The

linear regression lines were obtained from these experiments (R-squared value is higher than 0.99).
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20. Thermal Inactivation Profile of Whole Myosin in the Myofibrils

For studying the thermal inactivation rates of myosin contained in the myofibrils, the following two
methods were employed. The first one was to measure kp of myofibrils at 2 M KCl, at which myosin
completely loses the protection by F-actin and shows the rate corresponding to that of myosin itself
(Wakameda and Arai 1985, 1986). Another method was kp measurement with myosin preparation free
from actin. In the latter case, the supernatant of the myofibrils at 40 % saturated ammonium sulfate in the
presence of Mg-ATP (Koseki et al. 1993) was dialyzed against 0.5 M KCl1 and 20 mM Tris-HCI (pH 7.5)
containing 1 M Na-glutamate. The dialysate was directly used as myosin preparation. Na-glutamate aj: 1
M was essential for the protection of myosin from denaturation during the dialysis and storage. The
myosin sample contained practically no actin, although it contained regulatory proteins (tropomyosin and
troponin). Recovery of myosin was estimated by SDS-PAGE analysis, and was proved to be nearly

100 %. As the sample always contained 1 M Na-glutamate, the direct comparison of kp with others could

not be done.

21. Estimation of Two Myosin Isomer Contents in Myofibrils

Myosin isomers seasonally expressed in fish muscle was studied by monitoring the thermal inactivation
profile of myosin samples prepared as above. Inactivation rate was the index employed to detect myosin
isomers. The principle was that respective isomers have their own specific inactivation rates, and that a
mixture of two isomers produces the simple sum of the respective inactivation extents. Remaining
activity for the mixture of two isomers could be calculated by using the following equation. Remaining
activity =o e 19 + (1-a) e ®29, where k; and k, are inactivation rates (sec™) of two isomers, and « is the
proportion of myosin with the inactivation rate of k; in the mixture, and t is the incubation time (sec).
Practicaliy, the rates for summer and winter-type myosin with different inactivation rates were estimated

experimentally.

When the summer and winter-type myosin showed a large difference in the inactivation rates,
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coexistence of two isomers was easily detected by analyzing the inactivation profile representing a

breaking point in the profile. Summer type myosin isomer content was estimated by extrapolating the line

for the latter phase to incubation time zero.

22. Thermal Denaturation Mode of Myofibrils

Thermal denaturation of myofibrils when heated in the medium of 0.1 M KCl, 20 mM Tris-HCl (pH 7.5)
was studied. Heating temperature was varied from species to species so as to make the thermal
denaturation mode analysis easier. The indicators employed ‘for detecting myosin denaturation upon
heating of myofibrils were as follows:

(i) Ca**-ATPase inactivation. Ca’*-ATPase activity was assayed in a medium of 0.5 M KCl, 20 mM
Tris-maleat (pH 7.0), 5 mM CaCly, and 1 mM ATP at 25 °C.

(if) Loss of salt-solubility. Heated myofibrils were dispersed in 0.5 M KCl and 20 mM Tris-HCI (pH 7.5),
and left for 30 min in ice. Then the mixture was centrifuged at 20,000 x g‘for 15 min immediately after
addition of 1 mM ATP and 1 mM MgCl, (Mg*"-ATP). Mg-ATP was added to remove the influence of
F-actin, which decreases the solubility of myosin. Myosin content in the supernatant was estimated on
SDS-PAGE.

(iii) Monomeric myosin content. This index was developed to distinguish monomeric myosin from
salt-soluble myosin by Koseki et al. (1993). Saturated ammonium sulfate solution was added into
dissolved myofibrils to give 40 % saturation in the presence of 1 mM Mg”*-ATP.. , then centrifuged at
20,000 x g for 15 min. Myosin content in the supematant was referred to as monomeric myosin.
Myosin content in (ii) and (iii) was estimated by measuring the staining intensity of myosin HC band
appearing on SDS-PAGE pattern.

(iv) Amount of chymotryptic fragments and their monomeric form. Myofibrils were digested with
chymotrypsin at S-1/Rod junctions. The amount of chymotryptic fragments, S-1 and rod, were estimated

by measuring their staining intensity on SDS-PAGE pattern.
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23. Aggregate Formation of Rod upon Heating

Aggregate formation by rod upon heating was studied. Myosin rod in 0.5 M KCl, 20 mM Tris-HCI (pH
7.5) (usually at 2 mg/ml) was heated for 30 min at temperatures from 20 to 80 °C. The heated samples
were cooled in ice-cold water. The aggregate formation by rod was studied by measuring the absorption
at 350 nm of the heated-cooled solution, and by reading its light scattering intensity at 350 nm at 90° angle

on spectrofluorometer (FVP-6200 Jasco, Tokyo, Japan). Separate samples for respective temperatures

were prepared to obtain the temperature dependent aggregation profile.

24. Circular Dichroism

Circular dichroism (CD) spectrum of rod from various species in different seasons was measured in a cell
of 1 mm light path length on spectropolarimeter (JASCO J-725, Tokyo, Japan). Unfolding of Rod, LMM,
and S-2 (0.5 mg/ml in 20 mM Tris-HCI (pH 7.5), 0.5 M KCl ) was studied by monitoring the ellipticity
change at 222 nm upon heating the samples linearly from 10 to 70 °C at a rate of 1°C /min (Ogawa et al.
1995). Temperature was controlled by JASCO PTC 348 WI temperature control unit.  « -Helix content
was estimated from the ellipticity assuming that o -helix content of rod was 100 % and 0 % at 10 °C and
70 °C respectively. The derivatives of the unfolding was calculated using the software supplied by

JASCO to make unfolding profile upon heating.
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Chapter 1.

Comparison of Gel-Forming Properties of Silver Carp Surimi Prepared in Four Seasons

Silver carp is eurythermal species, which can tolerate a large extent of temperature change throughout
the year. For example, in Shanghai district, the water temperature of fishponds is higher than 30 °C in
summer, while in winter it is as low as 4 °C. It is well accepted that the thermostability of myofibrillar
protein in fish muscle differs from species to species and deeply depends on the habitat temperature
(Johnston et al. 1973; Johnston and Goldspink 1975; Hashimoto et al. 1982). Some studies have also
showed that the thermostability of myofibrillar ATPase in eurythermal fish changed by temperature
acclimation (Huang et al. 1990; Guo and Watabe 1993). It was also reported that the thermostability of
myofibrillar Ca-ATPase in silver carp fish muscle showed significant seasonal changes (Wang et al. 1997).
Moreover, it has also been reported that the thermal stability of myofibrils determined the suitable gel
forming temperatures (Kato et al. 1984). For the industrial use of silver carp surimi, it is necessary to know
the gel forming properties of silver carp muscle proteins produced in different seasons. In this chapter,
silver carp surimi in four seasons was prepared, and their gel forming abilities were investigated at various
heating temperatures. Moreover, the thermal stability of myofibril proteins in four surimi was also

investigated to understand the relationship between the gel forming temperature and thermal stability of

myofibril proteins.

1.1 Temperature-Dependent Gelafion Patterns of Silver Carp

Gel forming properties of silver carp surimi in four different seasons were studied. Surimi was prepared
from silver carp on the dates listed in Table 1. In the table, size of fish used and general component
analysis of the surimi prepared are shown. The autumn surimi prepared on 14 September 1999 was used

to study the temperature-dependent gelation. Salted surimi paste was heated at various temperatures from
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30 to 85 °C for various titne (0~36 h). The heating was stopped by cooling the sample in iced water.
Their breaking force and strain were measured (Fig. 1-1). In general, breaking force and breaking strain
proportionally changes at all temperatures examined. Moreover, there was a trend that the higher the
incubation temperature is, the faster the gelation becomes. However, the autumn surimi failed to form
hard gel at 30 °C even by the incubation. for 36 hours probably because the temperature was too low to
make gel for the autumn surimi. The breaking force achieved by 36 hours incubation was only about 100
g At 40 °C, breaking force and breaking strain both increased continuously in 4 hours and kept high up
to 10 hours incubation. A similar pattern was obtained at 50 °C, but the maximal breaking fqrce and
strain were obtained in much shorter incubation time of 30 minutes. Decrease in the both paraméters in
the later phase began to happen at 50 °C. The gelation profile at 60 °C was very characteristic, namely a
quick increase in the breaking force and breaking strain in 15 to 20 minutes was followed by rapid and
drastic decrease. This phenomenon is known as gel disintegration. That also was true for the gel
formation at 70 °C, but the extent of the decrease was smaller than that at 60 °C. A slight decrease in the
breaking force was also detectable at 85 °C upon prolonging the incubation time.

| It is also noticed that the appearance of the formed gels was very temperatures dependent. For example,
the gel formed at 40 °C was translucent and quite elastic, while the gel formed at higher temperatures such
as 85 °C showed a marked opacity and great rigidity. However, the gel formed at 60 °C was liable to

become soft and mushy showing typical properties of the disintegrated gel.

1.2 Comparison of Gelling Properties of Silver Carp Surimi Prepared in Four Seasons
The gel forming properties of silver carp autumn surimi was quite temperature dependent. To compare
the gel forming ability of surimi prepared in different seasons, the same set of experiments were carried out
with surimi samples prepared in winter, spring and summer. Gelation profiles at 30 and 40 °C were
compared to characterize surimi in different seasons. The gelation profiles at 30 and 40 °C are presented

in Fig. 1-2. It was very clear that summer surimi as well as autumn surimi hardly formed gel at 30°C, but
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Figure 1-1. Temperature-dependent gel formation of autumn
surimi. '

Changes in the breaking force (O) and breaking strain (@) at
various temperatures were followed. Heating temperatures were
indicated in the figures.
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Figure 1-2. Comparison of the gel formation at 30 °C and
40 °C among four surimi prepared in different seasons.

Breaking force increment upon heating at 30 °C (@) and 40 °C
(O) was followed with four samples of spring, summer, autumn,
and winter surimi.
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formed gel at 40 °C. However, both spring and winter surimi gradually formed gel even at 30 °C, and
showed faster gel forming process at 40 °C. Moreover, the breaking force for spring and winter surimi
increased to the maximum and then decreased at 40 °C . The pattern was clearly distinguished from one
with summer surimi. It was demonstrated that 30 °C was sufficiently high for spring and winter surimi to
form gel, but not for summer and autumn surimi. It was concluded that gelation ability of silver carp was
deeply dependent on the seasons for surimi preparation.

To compare the gelation forming ability of surimi in four seasons, the gelation rate defined as a reciprocal
time to reach the half maximal breaking force.at 30, 40 and 50 °C was estimated (Fig. 1-3)The rates for
autumn and summer surimi at 30 °C were not calculated because no maximal breaking force was obtained
under the conditions. As shown in Fig. 1-3, the gelation rates for winter and spring was similar at the
same treatment temperature. That also was true for autumn and summer. Moreover, it required 10 °C
higher to generate the same gelation rate for autumn and summer surimi compared with that for winter and
spring surimi It was concluded that surimi from silver carp could be clarified into two groups, summer- and
winter- type from their gelation profile. Moreover, summer and autumn surimi required 10 °C higher
temperature to produce similar gel than that for winter and spring surimi.

It is demonstrated in Fig. 1-1 that autumn surimi showed the disintegration at 60 °C. Similar
disintegration was also observed with other three surimi samples from the results shown in Fig.1-4.
Although the maximal breaking force achieved was a little different among samples, a general features for
four surimi samples were very similar; breaking force reached the maximal level in very short period of 15
min, and a quick drop in breaking force was followed. The breaking force after incubation for 2 hours
was about 1/5 that of the maximal value for all of samples. Therefore, it was concluded that the
disintegration at around 60 °C was a common phenomenon for silver carp surimi prepared in all seasons.

When the temperature was raised to 85 °C, all of surimi gave similar changes in breaking force upon
heating. The results are shown in Fig. 1-5. There is practically no difference in the breaking force

achieved among four samples. The breaking force reached the maximal value in 10 min and its slight
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Figure 1-3. Comparison of the gelation rates among four
surimi samples.

The gelation rates at 30, 40 and 30 °C were calculated from the
gelation process as in Figs. 1-1 and 1-2 as a reciprocal time to
reach the half maximal breaking force.
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Figure 1-4. Comparison of the disintegration profile among
four surimi samples.

Changes in the breaking force upon heating at 60 °C were
followed with spring, summer, autumn, and winter surimi.
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Figure 1-5. Comparison of the changes in the breaking
force upon heating at 85 °C among four samples of spring,
summer, autumn, and winter surimi.
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decrease was also followed upon prolonging the incubation time.

1.3 Characterization of the Gel Forming Properties of Surimi by Texture Map

There are many proposals to characterize the gel forming properties of surimi such as sefting and
disintegration index (Shimizu et ai. 1981), spring constant (Abe 1994), contour map (Fukuda et al. 2001).
To characterize the gel forming properties of silver carp surimi prepared in four seasons, the texture map
proposed by Lanier (1986) was applied, which is an analysis by plotting breaking force against breaking
strain.  All of the bfeaking forces and breaking strains of the gel at various témperatures were used to
yield the texture map. In this study, breaking strain against breaking force was plotted to emphasize the
gel elasticity. As it was demonstrated that four suiﬁmi could be grouped into winter- and summer-type
surimi by the above results, the two typical results with autumn and spring surimi were picked up to make
texture map shown in Fig. 1-6A and B. First, it is interesting to find that almost all the data obtained
above 60 °C (P<0.001) were on a single straight line in the texture map. The results indicated that the gel
formed above were similar rheologically. With two surimi samples, the parameters for the gels produced
above 60 °C were on a straight line. The slope for the line for both the spring surimi and the autumn
surimi was identical (Fig. 1-6). The parameters for the gel obtained at 40 °C or 50 °C were not on the line,
locating upper left region of the straight line. The results indicated that these gels rich in the breaking
strain were much more elastic compared with the gel on the straight line. ~As autumn surimi did not form
gel at 30 °C, plots were all located at the lower left corner of the plotting. Although the incubation time
could not be seen in the figure, some of gelation profiles showed a gradual shift of the location from the
upper left region of the line to on the line upon prolonging the incubation time. For example, when
autumn surimi was incubated at 40 °C, the data in early phase were upper left of the straight line, while
ones in latter phase were on the straight line. The results demonstrated that even though the heating
temperature was the same, the gel properties changed with incubation time from elastic to rigid one.

Therefore, heating temperature alone did not determine the gel properties, and heating time should also be
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Figure 1-6. Characterization of autumn and spring surimi
by using texture map.

To generate texture map, the breaking strain was plotted
against the breaking force, which were taken from Fig. 1-1. The
surimi analyzed (autumn and spring) and the temperatures
were shown in the figures.
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considered. The same tendencies were obtained with the surimi sample prepared in spring (Fig. 1-6B).
Spring surimi formed gel at 30 °C, and was remarkably rich in breaking strain locating far from the line.
The gel formed 40 °C was also elastic locating above the line in a very early phase, while the data were
readily on the straight line soon. Shifting of the plot from upper region of the line to on the line was more
obvious when heated at 50 °C, where only a couple of points in early phase were apart from the line.
These results indicated that the gel formed at high temperatures and low temperatures were clearly
distinguished in the texture map for both surimi samples. Comparing two texture maps, it was concluded
that spring surimi seemed to require lower temperature by about 10 °C to produce a similar elastic gel.
Moreover, the spring surimi required low temperature to produce the gel shift the points from the upper left
of the line to on the line. As the gel properties for the gel prepared at high temperature were
indistinguishable among different temperatures, the gel properties for the gel would be so-called “directly
~ heated gel”. The gel rich in breaking strain locating upper region of the straight line would be referred to
as so-called “set gel”. In other words, the linear relationship between breaking force and breaking strain
might be the index for characterization of direct heated gels. The gel disintegration occurred at 60 °C.
Nevertheless, all parameters for the gel at 60 °C were all on the same line indicating a parallel decrease of
the breaking force and breaking strain upon heating. The difference in the gel formation between spring

surimi and autumn surimi was well demonstrated in the texture map, so the mapping was found to be useful

to characterize the gel properties.

1.4 Comparison of Ca**-ATPase Inactivation Rate of Myofibrils Prepared from the Four
Surimi Sainples at 40 °C

The gel formation was always accompanied by the denaturation of muscle protein, especially myosin
(Wu et al. 1985). As the temperature to induce gel formation differed from each other among surimi
prepared in four seasons, it is reasonable to consider that the thermal stability of myosin in four surimi

samples differ from each other. Myofibrils were prepared from 4 surimi samples, and the thermal stability
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of myofibril was then compared by measuring the ATPase inactivation rate.

Myofibrils from surimi in four seasons were prepared routinely, and their thermal inactivation rates of
Ca-ATPase at 40 °C were compared (Fig. 1-7). The rates were also classified into two groups,
summer-type surimi (summer and autumn) with small inactivation rate and winter-type surimi  (spring and
winter) with large inactivation rate. The myofibrils from winter surimi showed the largest rate of 129 x
107 (sec™), and those from autumn surimi showéd the smallest rate of 2.36 x 10” (sec). Difference in.

the rates between these two myofibrils was about 60 times.

1.5 Discussion

Katoh et al. (1984) has reported that suitable heating temperature for gel formation is species-specific,
and is deeply related to the thermal stability of myofibril. In this chapter, thermal gelation of silver carp
suirmi was studied by considering the preparation seasons. Silver carp suirmi in any seasons formed
elastic gels, suggesting a potential to be a raw material for thermal gel products, It is genefally believed
that freshwater fish meat such as common carp hard to form gel in Japan. However, it was firstly
demonstrated that silver carp surimi had quite high gelation ability. Difference was observed in the
temperatures for gel formation; summer-type surimi réquired 10 °C higher temperature to produce similar
éel than that for winter-type surimi. The difference was well related to the different thermal stability of
myofibril from surimi in four seasons. Myofibrils in summer-type surimi were very stable, while those in
winter-type surimi were very unstable. The relationship between gelation temperature and myofibril
thermal stability was consistent with the results by Katoh et al. (1984). Comparing the inactivation rates
obtained with silver carp myofibril at 40 °C with those of other species of fish (Hashimoto et al. 1982), it
was suggested that myofibrils in summer- and winter-type surimi were as stable as those of skipjack and
sardine, respectively. Myofibrils in summer-type surimi required 10 °C higher heating temperature to
provide the same inactivation rate with those of winter-type surimi. This would be reasonable because

raising heating temperature by 10 °C would result in the acceleration of inactivation roughly by 40 to 100
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~ Figure 1-7. Comparison of the thermal inactivation of Ca?* -
ATPase of myofibrils prepared from four surimi at 40 °C.

The myofibrils (2-3 mg/ml) prepared from four surimi were
incubated at 40 °C, and remaining ATPase activity was analyzed
by assuming the first order reaction. Myofibrils were from spring
(A), summer (A), autumn (@), and winter (O) surimi.
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times (Hashimoto et al. 1982). The difference in the stability of myosin in summer- and winter-type
surimi seemed to be coincided with that in the gelling temperature by about 10 °C. It suggested that
seasonal difference in the gel forming ability of silver carp would be derived from the seasonal difference
in the thermal stabilitsl of myosin in surimi. Therefore, it is important to know the season for surimi
production to find the suitable heating temperature for thermal gel formation.

Two-step heating is often introduced to improve thermal gel properties in Japan. Usually, the first
heating (pre-heating) is performed at low temperatures such as 20~40 °C, then heated at high temperature
for thermal gel production. Gel fomed at such low temperatures is called “set gel”. Increased breaking
force or strain by introducing pre-heating is referred to as setting effect. As set gel has the characteristic
with high elasticity, the gel produced at low temperatures in this paper would be categorized into set gel
due to its higher breaking strain (more elastic) than directly heated gel. Gel properties characteristic to set
gel was clearly demonstrated by plotting the parameters in the texture map (Fig. 1-6). The temperature to
form set gel changed seasonally. Thus, when the setting effect was expected, the pre-heating temperature
should be carefully chosen considering the season of surimi production.

All of surimi samples prepared in different seasons showed a severe disintegration at 60°C similarly.

The magpitude of disintegration was quite large. Thus, the phenomenon is another factor to be considered

seriously in the thermal gel production from silver carp surimi.
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Chapter 2.

Seasonal Expression of Two Types of Myosin Isomer with Different Thermal Stability

Silver carp surimi prepared in different seasons exhibited different thermal gelation profiles, which was
closely related to the different thermal stability of myosin in these surimi samples. Difference in the
thermal stability of myosin between hot seasons and cold seasons was explained by the expression of
myosin isomers with different thermal stability as the result of temperature acclimation studied with
common carp (Hwang et al. 1990; Guo and Watabe 1993; Imai et al. 1997; Watabe et al. 1998). Thermal
stability of myofibril in summer silver carp was much more stable than that in winter one by about 60 times.
The difference in the thermal stability reported with carp was only about 4 times, while if was much less
observed with silver carp. ~ Although silver carp seems to use the same strategy expressing myosin isomers
to overcome the water temperature change seasonally, the consequences were not the same as carp.
Further studies are needed to understand the seasonal changes in the thermal stability of silver carp myosin
adapting to the water temperaﬁlre change. A large difference in the stability was obtained with myofibrils.
A question may be raised whether the thermal stability of silver carp myosin itself as well as myofibrils in

two seasons differed from each other. To answer the questions, myosin was isolated from myofibrils

monthly, and its thermal stability was analyzed.

2.1 Comparison of the Thermal Stability of Myofibril between Winter and Summer
Seasons by Changing Heating Temperatures

Thermal stabilities of myofibrils in Aug and Feb, representing summer- and winter-type myofibrils, were
compared by varying the heating temperatures (32 °C to 47 °C). The results are shown in Fig. 2-1.
Comparing the profile at the same temperature, it was clear that winter samples inactivated much quicker
than semmer ones at all temperatures tested. To give the same denaturation rate for winter-type as that of

summer one, the incubation temperature should be lowered about by 7~10 °C.  The data were analyzed by



Ch.2 Seasonal Expression of Two Types of Myosin Isomer with Different Thermal Stability 35

Ln remaining ATPase (relative)

Incubation time (min) Incubation time (min)

0 50 100 150 0 50 100 150

0.6+

o
o

1
-
T

Ln remaining ATPase (relative)

iy w (B)

Figure 2-1. Temperature dependent Ca%*-ATPase inactivation of
myofibrils in Aug and Feb at 0.1 M KCI.

(A), Myofibrils in Aug. were heated at 40 - 47 °C. Heating
temperatures were indicated as follows: 38°C (4), 40 °C (@),42 °C
(A) 45 °C([1), 47 °C (O)

(B), Myofibrils in Feb. were heated at 32 - 40 °C. Heating
temperatures were indicated as follows: 32 °C (O), 34 °C(0), 36 °C
(A), 38°C (@), 40°C (@) '
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the Arrhenius plots (F ig.2-2). The poltting gave straight line for both myofibrils in different temperature
ranges. The line for summer-type myofibrils located higher temperature range by about 10 °C.
Temperature range for the lines with summer- and winter-type myofibrils were similar to those of skipjack
tuna and sardine, respectively (Hashimoto et al. 1982). These results clearly demonstrated that seasonal
thermal stability change of silver carp myosin was of such a large magnitude. Thermodynamic parameters
from the lines were also calculated. The activation energy for summer and winter samples were 98.9 and

70.30 kcal/mol, respectively.

2.2 Comparisqn of Thermal Stability between Isolated Myosin and Myofibril at 2 M KCl

It is essential to confirm that thermal stability of silver carp myosin itself differed from each other in two
seasons. The simplest way is to isolate myosin from dorsal muscle in two seasons, and to analyze their
stability. However, the method contains some problems; low recovery of myosin and myosin denaturation
during the preparation process. These problems make it impossible to study thermal stability of whole
myosin in myofibril. Therefore, it was not suitable to use for the objective in this study. It is reported
that myosin is significantly stabilized by F-actin binding in low salt medium such as 0.1M KCl, and that
increase in salt concentration gradually reduces the protection by F-actin, and protection can not be
detected at very high concentrations such as 2 M KCl (Wakameda and Arai 1985, 1986; Takahashi et al.
2005b). Thermal stability of myofibrils at 2 M KCl can be used as an index for thermal stability of
myosin itself. Loss of protection by F-actin was confirmed with myofibrils prepared from summer silver
carp by treatment with high salt coﬁcentration (Fig. 2-3). The Ca®*-ATPase inactivation rate of myofibrils
gradually increased with increasing salt concentration. It reached the maximal level at around 1.5 M KCI
(Fig. 2-3 A). The inactivation rates calculated in logarithmic values were plotted against KCl
concentration in Fig. 2-3 B. The inactivation rate obtained at 2 M KCI with myofibril would be referred
as the rate of myosin itself. To confirm that the inactivation rate of myofibrils at 2 M KCI can be used as
the one for myosin, inactivation profile of myosin isolated from summer fish was compared with that of

summer fish myofibrils at 2 M KCI at 35 °C (Fig. 2-4). Both samples exhibited similar inactivation
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Figure 2-2. Arrhenius plots of the inactivation rate of Ca?*-
ATPase of summer and winter myofibrils.

The inactivation rates in logarithmic values estimated from Fig. 2-
1 were plotted against the reciprocal of heating temperatures
(absolute temperatures). Myofibrils from Summer (Aug) (®) and
winter(Feb) (O) were compared.
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Figure 2-3. KCl concentration dependent Ca?*-ATPase
inactivation of myofibril in Aug.

(A), Myofibrils were heated at 38 °C in the presence of various
concentrations of KCI.

(B), ATPase inactivation rates in (A) were plotted against KCl
concentrations.

KC! concentrations used are as follows: 0.1 M (@), 0.25 M (H),
0.5M(A)0.75M (@), 1.0 M (A), 1.25M (x), 1.5 M (X), 2.0 M
(O).
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Figure 2-4. Ca**-ATPase Inactivation profile for summer-
type myosin and myofibril at 2 M KCI.

Myofibrils were prepared from silver carp in Aug. Myosin was
prepared from myofibrils using ammonium sulfate
fractionation. ATPase inactivation profile of myofibrils (O) and
myosin (@) were compared at 35 °C.
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profiles. It is confirmed that the rate with myofibrils at 2 M KCl can be referred as an approximate rate of
summer-type myosin itself. Comparison of the rate of myofibrils at 2 M KCI with that of isolated myosin
from winter samples that could not be done because the latter one readily inactivated upon storage in ice,
which will be described later. KCl concentration dependent inactivation rate with winter silver carp
myofibrils were also studied (Fig. 2-5). As the inactivation rates above 1.5 M were almost constant for
winter samples, the rate at 2 M KCl could be referred io as one for myosin itself. Assuming the
inactivation rate at 0.1 M KCl is one with full stabilization by F-actin, the difference in the stability
between myoﬁbrils at 0.1 M KCl and at 2 M KCI was referred as the extent of stabilization by F-actin.
Difference in the stabilization by F-actin between summer and winter myofibrils was observed. The
extent of F-actin stabilization for winter and summer myosin were 30 and 200 times, respectively. The
difference in the stabilization for summer myofibrils was more than 7 times than winter myofibrils. It was

concluded that myosin in summer myofibrils was more strongly stabilized upon binding to F-actin than in

winter ones.

2.3 Comparison of the Thermal Stability of Myosin between Winter and Summer

Seasons

Thermal inactivation rates of myosins in Aug and Feb , representing summer- and winter-type myosin,
were compared by employing the above measuring system. Summer samples were heated from 30 to
38 °C, while winter samples were heated from 22 to 30 °C. The results are shown in Fig. 2-6. It was
clear that winter samples inactivated much quicker than summer ones at the same temperature. For
example, at 30 °C, the inactivation rate, kp for Feb sample was 220 x 107 (s™7), while the kp for Aug
sample was 11.3 x 107 (s™), showing a difference by about 20 times. To give the same denaturation rate
for winter sample as summer one, the incubation temperature should be lowered about by 7~10 °C. The
thermal stability of winter silver carp myosin was rather similar to that of Alaska pollack myosin

(Takahashi et al. 2005b,c). The inactivation rates calculated in logarithmic values were plotted against the



Ch.2 Seasonal Expression of Two Types of Myosin Isomer with Different Thermal Stability

41

{A) Summer(38 °C) (B) Winter(32 °C)

-2 2
0 A
825} ® 825} )
N \‘9/
£ [} o
& ai 8 43
§ 57
B ®
£ -35 £-35

[$)

= £
Ly 8 4t
o o
[ =
<C <
»-4.5 4.9
o O
- -l

-5 - 1 i 1 _5 ! i t

0 0.5 1 156 - 2 0 0.5 1 1.5 2

KClI concentration (M) KCl concentration (M)

Figure 2-5. Comparison of KCI concentration dependent Ca?*-
ATPase inactivation rate of summer and winter myofibrils

Myofibrils from silver carp in Sept (A, Summer) (@) and Feb (B,
Winter) (O) were compared.

(A), Summer myofibrils were heated at 38 ° C (@)
(B), Winter myofibrils were heated at 32 ° C (O).
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Figure 2-6. Temperature dependent of Ca2*- ATPase
inactivation of myofibrils at 2 M KCI

Myofibrils prepared from summer (A) and winter (B) were heated ,
at 2 M KCI and the inactivation profiles were compared. Heating
temperatures were indicated in the figures.

(A), Myofibrils in Jul were heated at the range of 30 - 38 ° C.

(B), Myofibrils in Feb were heated at the range of 22 - 30° C .
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reciprocal of heating temperatures (absolute temperatures) in Fig. 2-7. The data with myofibril at 0.1 M
KCl are also presented in Fig. 2-7 for comparison. It is clear to see the large difference in thermostability

between summer and winter samples both in a form of myofibril (myosin with F-actin stabilization at 0.1
M KC1) and myosin (myosin without F-actin stabilization at 2 M KCl, which showed the difference in the
F-actin stabilization.It was confirmed again that the extents of stabilization by F-actin for summer- and
winter-type myosin were about 200 times and about 30 times, respectively. Consequently, summer silver

carp myosin was kept very stable by using two strategies; high thermal stability of myosin itself, and large

stabilization by F-actin.

2.4 The Instability of Winter Myosin

A similar thermal inactivation rate of winter-type silver carp myosin to that of Alaska pollack myosin
indicated that winter silver carp expresses very unstable myosin. To confirm that winter-type myosin is as
unstable as pollack myosin, ATPase inactivation of myosin in ice was studied. Winter-type myoﬁbrils
were stored in ice overnight in the presence of various KCl concentrations from 0.1 to 2 M. For
comparison, summer-type myofibrils were also examined. Remaining ATPase activity after overnight
storage in ice was measured (Fig. 2-8). Practically no ATPase inactivation was detected at all KCl
concentrations for summer samples, while winter samples lost the activity when the medium contained high
concentrations of KCL. Inéctivation was detected above 0.5 M KCIl, and almost complete inactivation
above 1.5 M (Fig. 2-8-A), which was similar as KCl-concentration dependent inactivation pattern (Fig. 2-5).
As it was demonstrated that the inactivation rate of myofibrils at 2 M KCl céuld be referred as that of
myosin itself, these results showed that winter-type myosin denatured even in ice. ATPase inactivation
process was followed in ice. Myofibrils were incubated in ice in the presence of 2 M KCI, and the
ireatment was stopped by reducing tﬁe KCI concentration to 0.5 M KCl and adding 1 M Na-glutamate.
Remaining activity decreased slowly with a half inactivation in 4 hours (Fig. 2-8-B). These results clearly

demonstrated that winter silver carp myosin was quite unstable once it lost the protection by F-actin, and
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Figure 2-7. Arrhenius plots for inactivation rate constants (k)
of myofibrillar Ca?*-ATPase of winter- and summer-type
silver carp at 0.1 M and 2 M KCI.

The inactivation rates in logarithmic values were plotted against
the reciprocal of heating temperatures (absolute temperatures).
The inactivation rates of myofibrils from Feb (H,®), Aug (O,0)
were compared at 0.1 M ({1, ®) and at 2 M KCI (O, @).
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Figure 2-8. Ca?*-ATPase inactivation of myofibrils in ice.

(A), Feb (@) and Aug (O) myofibrils were stored in ice overnight
at various KCI concentrations. Remaining Ca?*-ATPase activity
was measured.

(B), Ca**-ATPase inactivation of Feb myofibril at 2 M KCI was
followed in ice.
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that conventional preparative method would lead myosin denaturation during the preparation including
dialysis. As the information on the myosin denaturation at low temperature range seemed important for
handling winter silver carp myosin, ATPase inactivation rates were measured at lower incubation
temperature from 0 to 30°C. The rates were used to make Arrhenius plot (Fig. 2-9). Temperature
dependent inactivation rates gave a breaking point at around 22°C for both samples. Lowering the
temperature from 20 to 0 °C only reduced the rate by 4 times for winter-type. A similar tendency was
obtained with summer-type although the rates itself were remarkably small. The estimated Ea values from
the slopes of the two regions for winter myosin are 44.6 and 7.47 kcal/mol, respectively. The presence of
the breaking point with low Ea value clearly showed that, lowering storage temperature below the breaking
point (22°C) was less effective for suppressing the denaturation of winter-type myosin.

The above results were all obtained with silver carp cultured in China. It is still uncertain whether the
above properties are commonly observable with silver carp. To answer the question, thermal stability of
myofibrils of silver carp captured in Kasumigaura Lake (Ibaraki, Japan) in winter and summer seasons
were investigated. The inactivation rates of myofibrils at 2 M KC1 were compared with those of samples
in China at various heating temperatures by Arrhenius plot (Fig. 2-10). A great difference in the
inactivation rate of myosin between winter and summer Japanese fish was observed as well as Chinese fish,
and the respective rates were the same as those obtained with Chinese silver carp in corresponding season.
The above results indicated that silver carp in Japan was the éame as in China judging from the myosin

stability in summer and winter season fish.

2.5 Seasonal Expression of Myosin with Different Thermal Inactivation Rates in Silver

Carp
Two types of myosin with different thermal stability were proved to be expressed in winter and summer
seasons. As the inactivation profiles for other seasons were not fully studied, it was still uncertain how

many types of myosin with different thermal stability were expressed year round. There was no
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Figure 2-9. Ca?*-ATPase inactivation of winter- and summer-
type silver carp myofibrils at 2 M KCI at low temperatures.

The inactivation rates in logarithmic values were plotted against
the reciprocal of heating temperatures (absolute temperatures).
Myofibrils from Feb (@) and Aug (O) were compared.
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Figure 2-10. Arrhenius plots of the inactivation rate of Ca?-
ATPase of silver carp sampled in China and Japan.

The conditions were the same as in Fig. 2-6 except the
temperatures. The inactivation rates in logarithmic values were
plotted against the reciprocal of heating temperatures (absolute
temperatures). Myofibrils from summer seasons (M, 1) and
winter seasons (@, O) were compared. Closed symbols are

sample in China (Shanghai) and open symbols are sample in
Japan (Kasumigaura).
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information when fish changes the expression of myosin isomers, either. To answer the question, an
accurate analysis of the thermal inactivation profile should be done because difference in the inactivation
rates was the index to distinguish the myosin isomers. In the previous section, thermal inactivation rate of
myofibrils at 2 M KCl was referred to as the rate of myosin itself. However, thé method contained a
problem to employ for this purpose. As presented in Fig. 2-4, thermal inactivation profile of myofibrils at
2 M KCl was slightly different from isolated myosin in later phase of heating. ATPase inactivation of
myofibrils was followed cafefully until more than 90% inactivation was achieved (Fig. 2-11). The
inactivation profile of myofibrils gave a breaking point at about 80 % inactivation. The inactivation
profile in the early phase showed quick inactivation, which was similar to that of myosin obeying the first
order reaction. However, the latter phase showed a slow inactivation. The profile with breaking point
could be explained in two ways. The first explanation is that even summer type myofibril contains two
types of myosin with different stabilities. Another explanation is an incomplete denaturation of actin
leaving a small extent of protection in the latter phase. In the latter explanation, a quick decrease phase
would come from the inactivation of free myosin detached from F-actin, and the latter slow phase would be
produced by myosin bound to F-actin. The latter possibility was probable because Torigai and Konno
reported with carp (1997) that salt treatment did not always denature actin completely. It also showed that
isolated silver carp summer myosin did not show such a breaking point in the inactivation profile (Fig. 2-4).

As the purpose of the section is to detect myosin isomers with different stability, the presence of slow
phase due to incomplete removal of protection by actin was a serious problem- for distinguishing stable
myosin isomer and stabilized myosin by F-actin binding. In order to analyze the inactivation rate of
myosin, a complete removal of protection by actin was required. As described before, the study with
myosin conventionally isolated could not be used because the preparation contained problems of low yield
of myosin and partial denaturation during the preparation due to low stability of winter-type myosin.
Myosin preparation from myofibrils has been reported using ammonium sulfate fractionation in the

presence of Mg-ATP (Koseki et al 1993). The method included a process to remove tropomyosin and
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Figure 2-11. Complete inactivation profile for summer-type
silver carp myofibril at 2 M KCI.

The inactivation profiles of myofibrils prepared in Aug at 35 °C
was followed. The inactivation profile of summer-type myosin
isolated from the myofibrils was also showed in the figure (---).
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troponin from the myosin fraction in addition to the removal of actin. Low yield, and a partial
denaturation could not be avoided during these procedures.. The preparation method was modified for
the purpose in this section. As described in Fig. 2-8, myosin in winter silver carp was too unstable to be
dialyzed without loss of ATPase activity. Winter-type myosin in the fraction had to be stabilized by
adding stabilizing compound for analysis of the stability. Several compounds were tested such as sorbitol
(Ooizumi et al. 1981); Na-glutamate (Ooizumi et al. 1981); and Na—sulfate‘ (Konno 1998). Among them,
Na- glutamate at 1 M was chosen considering its high stabilizing effect, low viscosity, and high solubility at
low temperature. The established method was as follows. The supernatant at 40 % saturation was
dialyzed againsf 0.5 M KCl, 20 mM Tris-HCI (pH 7.5) and 1 M Na—glutamate for removing ammonium
sulfate. Myosin in summer seasons was also dialyzed against the same solution for comparison. The
dialysate was directly used as myosin. Because the step to collect myosin as pellet at 55 % saturation
leaving troponin and tropomyosin in the soluble fraction was omitted, the myosin fraction contained
almost all of tropomyosin and troponin. The SDS-PAGE patterns of myosin prepared from myofibrils in
Aug and Feb by this method are shown in Fig. 2-12. The myosin preparation was completely free from
actin, but contained almost all of regulatory proteins present in parent myofibrils. This was reasonable
because regulatory proteins detach from F-actin in the presence of high concentration of salt (Spudich and
Watt 1971). As myosin content in the supernatant at 40 % saturation was practically the same as in
starting myofibrils, the yield of myosin by the method was almost 100 %. The SDS-PAGE provided other
information about the protein components of myofibrils in two seasons. No difference was detected in the
mobility for any bands migrating faster than actin band including components of either light chain or
regulatory proteins between Aug and Feb samples (Fig. 2-12). To analyze the light chain composition,
myosin preparations as> above were dialyzed against low salt medium, and filamentous myosin was
collected as pellet leaving water-soluble regulatory proteins in the supernatant. Winter myosin might have
Jost the activity by the procedures. There was no difference in the mobility for light chain components

with summer and winter samples (data not shown).
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Actin

Figure 2-12. SDS-PAGE patterns for the myosin prepared
from summer and winter myofibril by ammonium sulfate
fractionation in the presence of Mg*-ATP.

(A) and (B) are myofibrils in Aug and Feb used for myosin
isolation, respectively. (a) and (b) are myosins isolated from (A),
and (B), respectively. MHC, LC, and actin are myosin heavy
chain, light chain components, and actin, respectively.
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Figure 2-13. Comparison of the inactivation profile of silver
carp myosins in different seasons.

Myosin was prepared from myofibrils sampled in different seasons
by using ammonium sulfate fractionation at 40 % saturation.
Myosin samples in 0.5 M KCI, 20 mM Tris-HCI (pH 75 and 1 M -
sodium glutamate were heated at 38 °C. The months sampled
are presented in the figure.
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As myosin contained 1 M Na-glutamate, heating temperature for inducing ATPase inactivation was raised
to 38 °C. It should be noted ‘fhat the inactivation rates obtained with the samples were the rates of myosin
with a strong stabilization by Na-glutamate. A direct comparison of the inactivation rates obtained with
those of other species of fish myosin could not be done. As presented in Fig. 2-12, the yield of myosin
from winter myofibrils by the method was almost 100 %. This was true for all of myosin prepared year
round. ATPase inactivation profiles of myosin in myofibrils prepared monthly are shown in Fig, 2-13.

The inactivation profile for the myosin in Dec, Jan, Feb and Mar was almost straight until almost
complete inactivation (about 95 %). The results indicated that there was no detectable contamination of
actin and only a single type of myosin existed in the samples. The myosin in Jun, July, Aug, and Sep also
denatured according to the first order reaction, and the inactivation rate was much smaller than those for
myosin in winter seasons. Difference in the rates between two seasons was about 20 times, which was the
confirmation of the results obtained with myofibrils at 2 M KCl as shown in Fig. 2-7. Myosin prepared
from the myofibrils in Nov, Apr, May, and O.ct showed a breaking point in the inactivation process. The
slope in the latter phase for these months was exact same as that one of summer-type myoisn, while one for
the early phase was a little similar to that of winter-type myosin. Thus, the existence of the breaking point
in the profile was assumed a coexistence of summer- and winter-type myosin in the preparation. As the
inactivation rates for summer and winter type myosin were estimated from the slopes in two seasons,
apparent inactivation proﬁlé for the mixture of two types of myosin could be produced if the mixing ratio
was assumed. Remaining activity for the mixture could be calculated by using the following equation.
Remaining activity =a* e“1' + (1-0)* 2", where k; and k, are inactivation rate (sec™) of summer- and
winter-type myosin, respectively; o is the proportion of summer type myosin in the mixture; t is the
incubation time (sec). The inactivation profile of myosin in Oct was produced by assuming the mixing
ratio of these two myosin to be 52:48 (summer-: winter-type myosin) (Fig. 2-14). The ratio of
summer-type myosin in logarithmic value could also be easily estimated graphically from the inactivation

profile by extrapolating the line of the latter phase to heating time zero These results indicated that silver
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Figure 2-14. Simulation of the inactivation profile of silver
carp myosin prepared from Oct myofibril consisted of
summer- and winter-type myosin isomers.

The measured inactivation profiles of myosin prepared from
myofibril in Aug (@) , Oct (A), and Feb (H) were shown. Broken
line was simulated profile for myosin in Oct myofibrils assuming
the mixing ratio of summer- and winter- type myosin (52:48).



56 Ch.2 Seasonal Expression of Two Types of Myosin Isomer with Different Thermal Stability

carp expresses only two types of isomers, summer- and winter-type when the thermal stability was the

index to distinguish myosin isomers.

By extrapolating the latter phase of inactivation _proﬁles to heating time zero, summer- and winter-type
myosin contents in every sample were estimated. Their contents are presented in Fig. 2-15. Only
summer-type myosin was detected in the samples from Jul to Sep. In Oct, amount of summer-type
myosin decreased by a half, and winter-type myosin occupied the rest. Very small amount of
summer-type myosin was detected in Nov. From Dec to Mar, only unstable winter-type myosin was
detected. Summer-type myosin started to be expressed in Apr. The amount of summer-type increaéed in
May, and no winter-type myosin was detected in June. It was concluded the period for the expression of

both winter- and summer-type myosin isomers were 4 months, and two months were required for a full

exchange of expression of two types of myosin.

2.6 Discussion

It is well established that carp expresses several myosin isomers adapting to change in water temperature
(Imai et al. 1997, Okamoto et al. 2002), and the system is the strategy for carp to survive year round. The
system would be similarly working in silver carp because the fish expressed myosin isomers with different
stability seasonally. In common carp dorsal muscle, at least three types of isomers were reported to be
expressed by studying mRNA analysis (Imai et al. 1997). However, in the study, only two types of
myosin were detected with silver carp judging only from the difference in the stability of the expressed
myosin, winter- and summer-type myosin. Difference in the thermal stability between two types of silver
carp myosin was much larger than that reported with carp (Hwang et al. 1990). The differences for the
former and latter species of fish were more than 20 and only 4 times, respectively. These stabilities
seemed intrinsic because silver carp caught in Kasumigaura Lake showed exactly the same stability as ones
cultured in China. To emphasize the change in the thermal stability, the inactivatioh rates of summer- and

winter-type myosin were compared with the rates for other fish species in the literatures (Murozuka et al
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Figure 2-15. Year-round changes in the contents of two types
of myosin in silver carp.

The amount of summer- (O) and winter-type (@) myosin were
estimated from Fig. 2-13.
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1976, Arai et al. 1976, Takahashi et al. 2005b). Summer-type silver carp myosin was proved to be as
stable as tilapia myosin, and winter-type silver carp myosin was as unstable as Alaska pollack myosin.
The myosin in the two fish species is known to be one of the most stable and unstable myosin. Such a
large change in the stability with the myosin expressed in silver carp has not reported ever. Unstable
winter-type silver carp myosin could not be stored in ice without denaturation. It was also indicated that
lowering storage temperature was not successful in suppressing the denaturation; decrease in the
temperature from 20 to 0 °C reduced the inactivation rate only by 4 times. The information seemed very
useful in storing and processing of silver carp meat. Considering the water temperature of fishpond in
Shanghai area in summer (above 30 °C) and winter seasons (near 0 °C), the change in the stability of
summer- and winter-type myosin responding to the temperature change seemed reasonable. Moreover,
two types of myosin had another system to overcome the temperature change. Summer-type myosin was
much more strongly stabilized by F-actin than winter one. Consequently, summer-type myosin under
physiological conditions was kept very stable due to the above reasons. Even though winter-type silver
carp ‘myosin was as unstable as Alaska pollack one, its stability in myofibril was more stable than Alaska
pollack due to greater F-actin stabilization. It was reported that the magnitude of the F-actin stabilization
| was fish species-specific, and the magnitude was determined by myosin (Takahashi et al. 2005b).
Therefore, it was concluded that summer myosin had two systems for surviving in summer seasons; stable
myosin structure and high magnitude of stabilization by F-actin.

A careful analysis of myosin stability in the myofibrils preparations demonstrated that the period for the
expression of both winter- and summer-type myosin isomers were 4 months, and the exchange of
expression of two types of myosin took two months. Summer seasons were from Jun, to Sep, and winter
seasons were from Dec. to Mar. In Chapter 1, the gel forming ability of surimi prepared in Juh and Sep
were concluded to be‘identical, and that of surimi samples in Dec and Mar were also the same. The
conclusion was reasonable because myosin in Jun. and Sep. are summer-type, and myosin in Dec. and Mar.

were winter-type according to the stability of the expressed myosin isomer. Thus, the information
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obtained in this chapter was practical information when considering surimi production from the fish species.
Such a precaution was not necessary in utilization of marine fish species due to no seasonal changes in the
thermal stability. As surimi usually contains polyphosphate to maintain its pH neutral, and polyphosphate
is also well established to remove the protection of F-actin even in the presence of 0.5 M NaCl (Yagi and

Arai 1986), a careful handling of winter silver carp surimi would be required after salting.
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Chapter 3.

Species-Specific Thermal Stability of Myosin and Its Seasonal Change

In Chapter 2, the seasonal change in the thermal stability of myosin from silver carp was demonstrated,
which was explained by its strategy to adapt to the environmental temperature change. Most of Chinese
freshwater fish as well as silver carp are temperate fish, which can tolerate a large temperature change year
roundly. It is still uncertain whether the conclusion drawn from the study with silver carp is applicable to
other species of freshwater fish. To elucidate the seasonal expression of myosin isomers in other species
of fish, same study as Chapter 2 was performed. Four fish species in carp family (bighead carp, grass carp,
blunt snout bream, and common carp) and two species in perciformes order (largemouth bass and
snakehead) were studied. These species of fish together with silver carp account for more than 80 % of
the total harvest of freshwater fish in'China. All fish species including silver carp sampled were cultured
in the outskirts of Shanghai. It should also be pointed out that Chinese freshwater fish is usually
polycultured, namely, various species of fish are cultured in the same pond. Usual combination is either
silver carp or bighead carp, either grass carp or blunt snout bream, and common carp. The system is
possible because of their different feeding; silver carp and bighead carp are plankton feeder, grass carp and
blunt sﬁout bream are herbivorous (weed eater) species, and common carp is omnivorous, feeding mainly
on aquatic insects, crustaceans, annelids, mollusks, weed and tree seeds, wild rice, and aquatic plants.
However, largemouth bass and snakehead are cultured separately due to their carnivoral feeding habit.
Laréémouth bass feeds minnows, carp, and any other available fish species including their own young fish.
Adult snakehead prey on fish, frogs, aquatic birds and small mammals, while the juvenile snakehead fish
prey on earthworms, water bugs, tadpolves, dragonfly larvae and other similar organisms. Snakehead is an
air-breathing fish, which can survive out of water from 3 to 7 days. The fish can walk across land to find
new sources of food in other lakes and streams by using its pectoral fins (Ge and Cai 2005). The suitable

habitat temperature for all the fish species is around 25 °C, even though the optimal temperature is
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somewhat species-specific. For all the fish species, they spawn in late spring or early summer. In winter
season below 10 °C, they dwell on or near the bottom of fishponds or lake, and stop feeding and growth.

The objective of this study is to detect the species-specific thermal stability and the seasonal change in the

thermal stability of myosin from the seven fish species.

3.1 Comparison of the Ca?*-ATPase Inaétivation Rate of Myofibril at 0.1 M KCl
Prepared from Winter and Summer Fish of Seven Species

Thermal stability of myosin from winter and summer fish for various species was compared. The
ATPase inactivation profiles of myofibrils heated at 40 °C are shown in Fig. 3-1. The profiles for silver
carp were also shown for comparison. Profiles differed from each other among fish species. Big heéd
carp, grass carp, and blunt snout bream as well as silver carp showed a large difference (more than 20
times) in the .ATPase inactivation rate of myofibril between winter and summer seasons. However,
common carp showed a small difference (less than 4 times) in the inactivation rates, which was consistent
with the report by Hwang et al. (1990). For snakehead and largemouth bass, there was no obvious change
in the thermal stability of myofibrils between summer and winter seasons. The inactivation rates of
summer and winter myofibrils are listed in Table 3-1. Thermal stabilities of myofibrils in summer season
were rather similar to each other among fish species. The most stable and unstable species were silver
carp and blunt snout bream with a difference of only 4.7 times. However, the inactivation rate of
myofibrils in winter season showed much larger difference among species. Difference between the most
stable and unstable fish species was about 27 times. Four species of carp family species except common
carp showed a large seasonal change in the stability of myofibril. However, snakehead and largemouth
bass showed a characteristic behavior. As snakehead and largemouth bass are cultured under similar
water temperature as carp family, , the water temperature seemed not determine the thermostability of
myofibril for these species. Species-specific thermal stability of myofibrils in summer and winter seasons

were also studied by changing heating temperatures, and the inactivation rates were used to make Arrhenius
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Figure 3-1-1. comparison of thermal inactivation profiles
between summer and winter myofibrils from various fish
species. '

The inactivation profiles of myofibril in Aug (O) and Feb (@) were
compared at 40 °C. Fish species was presented in the figures.
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Figure 3-1-2. Comparison of thermal inactivation profiles
between summer and winter myofibrils from various fish

species.

The inactivation profiles of myofibril in Aug (O) and Feb (@) were
compared at 40 °C. Fish species was presented in the figures.
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Table 3-1. Ca?*-ATPase inactivation rate of myofibrils of
summer and winter season at 0.1 M and 2 M KCl.

ATPase inactivation rate (X 10%) (sec!)

KCI 0.1 M*1 ‘ 2 M*2

Fish species Summer Winter Ratio*3 Summer Winter Ratio*3
Silver carp 42 208.0 495 6.9 220.0 32.0
Bighead carp | 41 198.0 483 6.5 184.0 28.3
Grass carp 7.9 198.0 251 6.7 2250 336
Blunt snout bream 152 165.0 10.8 16.2 183.0 11.3
Common carp 17.6 458 26 17.1 405 24
Largemouth bass 196 227 12 8.6 | 328 3.8
Snakehead 6.3 76 12 8.7 556 6.4

*1. Myofibrils were heated at 40 °C.
*2. Myofibrils were heated at 30 °C.

*3. The ratios were calculated as (Rate for winter/Rate for summer) .
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plot (Fig. 3-2). Activation energies (Ea) for the thermal denaturation with myofibril were estimated from
the slope (Fig. 3-2). Ea of these fish species are listed in Table 3-2. Fish species were classified into
three groups from the magnitude of the difference in the thermal stability between winter and summer
season. The first group included four fish species (silver carp, bighead carp, grass carp, blunt snout
bream), which was characterized by a large difference. The inactivation rates of myofibrils in winter
season for these four species were identical, while there were some differences in summer season. The
second one was common carp with a small difference in the inactivation rate between two seasons. The
third one contained snakehead and largemouth bass. The group was very characteristic because no
difference in the thermal stability of myofibril between two seasons. On the other hand, the activation
energy (Ea) for each group are similar. The mean values of Ea for eachgroup are 93.0, 87.6, and 88.9
keal/mol in summer, and 67.7, 85.8, and 91.5 kcal/mol in winter fish myofibrils. It is demonstrated that
Ea in summer season were very similar among species, while there are large changes in winter. These

results indicated that the first group fish decreased the activation energy in winter, while the other fish

species still kept the activation energy unchanged.

3.2 Comparison the Ca?"-ATPase Inactivation Rate of Myofibril at 2 M KCl for Seven
Species of Fish in Winter and Summer Seasons

Thermal stability of myosin itself in summer and winter seasons for the above species was further
compared. As described in Chapter 2, ATPase inactivation rate of myofibril at 2 M KC1 was referred to as
the thermal stability of myosin itself. These profiles are shown in Fig. 3-3. Heating temperature was set
at 30 °C. Comparing the differences in the inactivation rates between summer and winter for the same
species, the magnitudes at 2 M KCl were not always coincident with those at 0.1 M KCl. Four fish
species belonging to the first group classified in the form\er section showed a large difference in the
inactivation rates even with myosin (more than 10 times). Common carp showed a little difference in

the inactivation rates (about 3 times) than that obtained with myofibrils at 0.1 M KCL.  With snakehead
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Figure 3-2. Arrhenius plots of thermal inactivation rate of Ca?'-
ATPase of summer and winter myofibrils from various species of fish.

The inactivation rates in logarithmic values were plotted against the
reciprocal of heating temperatures (absolute temperatures). Myofibrils
from winter (closed symbols) and summer (open symbles) were compared.
Heating was conducted at 0.1 M KCI, 20 mM Tris-HCI (pH 7.5). Fish
species were indicated in the figure. Fish species in (A) are silver carp (@,
O), bighead carp (M,0), grass carp (A,A), blunt snout bream (#,O),

and fish species in (B) are common carp(®, O), largemouth bass(l,]),
and snakehead (A,A).
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Table 3-2. Activation energy for the thermal inactivation of
summer and winter myofibril at 0.1 M and 2 M KCI.

Activation energy (kcal/mol)

KCI concentration 2 M KCI 0.1 MKCI

Fish species Summer  Winter Summer Winter
Silver carp 88 45 93 68
Bighead carp 84 51 a3 70
Grass carp 88 45 93 68
Blunt snout bream 87 42 93 66
Common carp 79 73 88 86
Largemouth bass 88 98 88 92

Snakehead carp 78 69 92 92
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Figure 3-3-1. Comparison of thermal inactivation profiles
between summer and winter myosin from various fish species.

The inactivation profiles of myofibril at 2 M KCl in Aug (O) and Feb
(@) were compared at 30 °C . Fish species was indicated in the
figures.
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Figure 3-3-2. Comparison of thermal inactivation profiles
between summer and winter myosin from various fish species.

The inactivation profiles of myofibril at 2 M KCl in Aug (O) and Feb

(@) were compared at 30 °C . Fish species was indicated in the
figures.
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and largemouth bass, a quite large difference was observed for myosin although the difference with
myofibrils at 0.1 M KCI was negligible. The difference in the inactivation rates between two seasons was
about 5~7 times for snakehead and largemouth bass. Only 3 times difference was obtained with
common carp. The inactivation rates for myosin and myofibrils in two seasons with seven species were
summarized in Table 3-1. Difference in the stabilities of myosin among fish species was also compared in
summer and winter seasons. For summer myosin, the difference was only 2.6 times, while the difference
was 6.9 times for winter myosin. The differences obtained with myosin were much smaller than those
obtained with myofibrils. However, a similar tendency that a large difference in winter season and a small
difference in summer season among species was again observed.

These differences in the thermal stabilities were confirmed by changing heating temperatures. The rates
are presented as Arrhenius plot (Fig. 3-4). Activation energies (Ea) for the thermal denaturation with
myosin calculated from the slopes of Arthenius plot are shown in Table 3-2. Similar result as with
myofibril was obtained. Generally, Ea with myosin was a little lower than that with myofibril, and Ea
with both myosin and myofibril in winter was much smaller than that in summer. However, largemouth
bass was exceptional, of which Ea (98 kcal/mol) for winter myosin was oddly a little larger than summer
one. All of myosin in summer fish showed large Ea around 80 kcal/mol. However, large difference was
observed among fish species in winter. The first group (silver carp, bighead carp, grass carp, blunt snout
bream) showed very small Ea (45.2 kcal/mol). Ea for both common carp and snakehead myosin showed a
similar Ea of 70 kcal/mol (winter) and 78 kcal/mol (summer), respectively.

As presented in Table 3-1, snakehead and largemouth bass were unique because their thermal stability of
myosin was different between summer and winter, while the stability at 0.1 M KCl was practically the same
in two seasons. As described previously (Fig. 2-5), stabilization of myosin by F-actin (the difference in
the inactivation rates between at 0.1 M KCl and 2 M KCi) for summer silver carp was greater than that for
winter silver carp. To understand the difference in the extent of protection by F-actin between myosin in

two seasons for various species of fish, KCl concentration dependent thermal inactivation rates were
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compared (Fig. 3-5). The extents of stabilization by F-actin estimated from Fig. 3-5 were listed in Table
3-3. It was common for the first group including silver carp, bighead carp, grass carp and blunt snout
bream that myosin in summer season underwent much greater stabilization by F-actin, while less
stabilization in winter season. There were some differences in the stabilization by F-actin with myosin in
summer season, but no difference in the stabilization with one in winter season. In the case of common
carp, little difference in the extent was observed between summer and winter seasons. In contrast, winter
snakehead and largemouth bass underwent much greater stabilization by F-actin than summer ones. The
reversed stabilization extent in two seasons made the same stability with myofibrils. Thermal stability of
myosin under physiological conditions is important for surviving. Snakehead and large mouth bass took
the strategy to keep the thermal stability unchanged year round. Therefore, another mechanism rather
than temperature dependent thermal stability change of myosin is needed to understand the adaptation of

the fish species to year round temperature change.

3.3 Seasonal Expression of Winter and Summer Type Myosin in Various Species of Fish
In Chapter 2, it was demonstrated that silver carp expressed two types of myosin isomers with different
thermal stabilities year round (Fig. 2-15). They were termed winter-type and summer-type myosin. As
the species- specific different stabilities in winter and summer fish were confirmed with various species, it
is important to know when myosin isomer expression took place year-roundly. Adaptation of common
- carp to temperature change was exclusively studied. Comparing the thermal denaturation rates between
two seasons with myosin from various species of fish, seasonal expression of myosin isomers might be a
general feature among species. To analyze the expression of myosin isomers, the same method of thermal
inactivation profile analysis with myosin was employed as used for silver carp in the Chapter 2.
Preparative method of myosin using ammonium sulfate fractionation in the presence of ATP-Mg was
successfully applied to all of samples. Purity and recovery of myosin by the method for these fish species

in all seasons were checked by SDS-PAGE. The recovery of myosin for all samples was about 100%.
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Table 3-3. The extent of stabilization by F-actin for various
species of fish myosin.

Summer * Winter*
Silver carp 200 30
Bighead carp 200 30
Grass carp 100 30
Blunt snout bream 100 30
Common carp 60 40
Largemouth bass 30 180
Snakehead 50 180

*Stabilization at the temperatures was estimated from Fig. 2-5
and Fig. 3-5
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Myosin preparation from myofibrils in two seasons showed no difference in the polypeptide compositions
as studied by SDS-PAGE (data not shown). ATPase inactivation profiles of myosin prepared monthly are
shown in Fig. 3-6. General profiles for bighead carp, grass carp, and largemouth bass were very similar to
those of silver carp. Samples in winter and summer seasons gave a quick and slow inactivation profiles,
respectively. All myosin prepared from the myofibrils in intermediate season (Nov, Apr, May, and Oct)
showed a breaking point in the inactivation profiles, which was the same phenomenon observed with silver
carp. The slopes in latter phases were similar to those of summer-type myosin. It was again concluded
that only winter- and summer-type myosin were expressed for all of species judging from the thermal
stability. Mixing ration of these two myosin isomers were simply estimated by extrapolating the line of
latter phase to heating time zero as used with silver carp. However, the method was not well applied for
common carp because the difference in the thermal stabilities between summer and winter were too small
(only about 3 times) to analyze. The winter- and summer-type myosin contents for common carp were
estimated by using inactivation profile analysis as described in Chapter 2. Inactivation proﬁleé were
simulated by changing the mixing ratios of these two isomers, and the ratio which gave best fit to the
experimental data was obtained. Seasonal changes of winter-type myosin contents for six fish species are
presented in Fig. 3-7. All of species expressed winter-type myosin in the same months, and the patters
were exactly the same as that of silver carp. Summer-type myosin was detected from Jul to Sep (4
months) for all species studied. In Oct, ekpression of summer-type decreased by about half, and
winter-type myosin occupied the rest. Summer-type myosin decreased in Nov. From Dec to Mar (4
months), only winter-type myosin was detected. Summer-type myosin started to be expressed again in
Apr. The amount increased in May. All of myosin expressed in June was summer-type. Although
there were several differences in the denaturation profiles in expressed myosin among fish species,
expression pattern of myosin isomers were the same. Probably water temperature regulated myosin
isomer expression for all species as reported with common carp. It should be noted that exchange in the

expression of myosin isomer with different stabilities is the common strategy for freshwater fish species for
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species and sampling month are presented in the figures.
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winter- type myosin in various species of fish.
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Fig. 3-6. Fish species are presented in the figure.
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surviving, although the thermal stability of myosin expressed was species-specific.

3.4 Discussion

Year round expression of myosin isomers in dorsal muscle of seven freshwéter fish species cultured near
Shanghai was analyzed. All fish species studied tolerate a large temperature change from nearly 0 °C in
winter season to above 30 °C in summer season. Freshwater fish, especially carp family are usually
polycultured in the same fishpond. Accordingly, several species of fish in the pond underwent the same
water temperature change year round. Freshwater fish grow faster in summer seasons, while they almost
stop growing in winter seasons. A very low activity in winter season is a characteristic of freshwater fish,
which is completely different from cold-water marine fish: specieé that move actively for feeding,
Therefore, the adaptation of fish to environmental temperature for freshwater fish should be considered
differently from adaptation of marine fish.

Analysis of the thermal inactivation of myosin and myofibrils in winter and summer seasons for various
species of fish revealed that all of freshwater fish expressed two types of myosin isomers seasonally.
Myosin isomers with different stability were not distinguished by SDS-PAGE analysis because no different
subunit compositions were detected for all of species between two seasons. Thermal stability was a
sensitive index to distinguish two types of myosin in the preparation. Comparing the thermal stability of
myosin in summer and winter for fish species, species were divided into three groups by the extént of
difference in the thermal stability. The first group including carp family except common carp exhibited a
large difference. The second group 6f common carp showed a small difference (about 4 times). The last
group of snakehead and largemouth bass showed the identical stability for myofibrils from summer and
winter fish. Similarly, stabilization extent of myosin by F-actin distinguished among fish species.
Species belonging to the first group showed é larger extent of stabilization for summer myofibrils than that
for winter ones. Summer myosin in the group was doubly stabilized; intrinsically stable myosin with

greater stabilization by F-actin. This was not a common strategy for freshwater fish to survive. Myosin
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in the second one showed the similar stabilization between two seasons. The third group were different
from the above two. Winter myosin was stabilized by F-actin much greatly than summer myosin. The
greater stabilization by F-actin in winter myosin compensated the less stability of myosin itself, resulted in
that winter myofibrils were as stable as ones in summer. When the adaptation of fish to Water temperature
was discussed, thermal stability of myosin bound to F-actin at physiological conditions (stability of
myofibrils) should be considered. Thus, the identical thermal stability of myofibrils in summer and winter
was the consequence for the species for surviving. Compared with other species of fish, myosin in winter
season for the third group was extraordinary stable. The fact is contradict with the idea that fish adapt to
low temperature by altering myosin conformation more flexible, namely less stable structure (Johnston and
Walesby 1977; Goldspink and Penney 1982). The story is well adapted to marine fish species that stays at
the certain temperature year round. However, the story could not be adapted to freshwater fish species.
It is certain that stable structure of myosin in winter season is unfavorable for an active movement at low
temperature. The problem seems not serious because their activity in winter season was significantly
suppressed and fish ére dormancy staying on the bottom quietly without feeding. Stable structure of
myosin for these species might not be problem for just staying quietly on the bottom of fishpond.
However, fish such as siiver carp, bighead carp, grass carp and blunt snout bream express unstable myosin
in winter season comparable to that of Alaska pollack. However, the structure is not the essential factor
for surviving because the ﬁsh’are also inactive in winter. From the results, it was proposed that adaptation
at high temperature in summer season is the event of water temperature adaptation for freshwater fish
species.

It was proved that all fish species exchanged the expression of myosin isomers in the identical month.
This fact was reasonable assuming that water temperature is the factor to regulate the expréssion.
Expression of myosin isomers controlled by temperature is well established with common carp, in which
gradual lowering or raising water temperature exchanges the expression of isomers (Imai et al. 1997). 1t

has been reported that common carp expresses three types of myosin isomers (10 and 30 °C and
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intermediate types) as detected by mRNA analysis (Imai et al. 1997). A further study is needed to answer
the questions whether only two isomers were expressed actually in dorsal muscle of silver carp, the third
type myosin isomer shows the same stability as either of two isomers, or the amount of third type myosin

expressed is too small in quantity to detect by the less sensitive method of thermal stability analysis.
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Chapter 4.

Thermal Denaturation Mode of Fish Myosin from Seven Species

In the former chapters, thermal stability of myosin from seven species of freshwater fish was compared
by measuring their thermal inactivation of Ca**-ATPase. All of fish express two isomers with different
stabilities seasonally. The month of expression exchange was identical probably because the expression
was turned on by the water temperature change. Even though all fish underwent the sarﬁe water
temperature change, the stability of myosin expressed differed from species to species. The difference in
the stability was remarkable for fish in winter season Therefore, it is concluded that thermal stability of fish
myosin was infrinsic, and habitat water temperature seems not the sole factor to determine the thermal
stability of myosin itself. Although Ca®*-ATPase inactivation provides information on S-1 denaturation,
the index gives no information on the structural change of rod portion upon heating of myofibrils.
Detection of rod denaturation seemed indispensable to elucidate thermal denaturation of myosin.
Accordingly, myosin denaturation when heated as myofibrils in the medium of 0.1 M KCIL 20 mM
Tris-HCl (pH 7.5) was carefully studied by employing several techniques in addition to ATPase inactivation.
The indicators employed for detecting myosin denaturation upon heating of myofibrils were followings. (i)
Ca”"-ATPase inactivation. (ii) Loss of salt-solubility (Azuma and Konno 1998). (iii) Monomeric myosin
’ content (Koseki et al. 1993). (iv) Amounts of chymotryptic fragments produced (S-1 and rod) and their
monomeric form (Konno et al. 2000). It is proposed that thermal denaturation rates of S-1 and rod as
studied by chymotryptic digestion characterized fish species (Takahashi et al. 2005¢c). For example, the
preceded rod denaturation than S-1 éharacterized carp myofibrils, while the delayed rod denaturation
characterized myofibrils of walleye pollack. The characteristic denaturation rate of S-1 and rod was weil
explained by the magnitude of S-1 stabilization by F-actin at low salt medium. Carp myosin was more
strongly stabilized by F-actin than pollack myosin. It was also proved that S-1 was produced only from

active myosin in the heated myofibrils by comparing the ATPase inactivation and S-1 production.
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In the previous chapter, seasonal expression of myosin isomers with different stability was studied. In

the present chapter, structural differences in winter-type and summer-type of myosin isomers were

investigated in detail.

4.1 Comparison of Myosin Compositions among Seven Species of Fish in Summer and
Winter Season

To compare the myosin light chain compositions among species and in summer and winter seasons,
myosin was collected as actomyosin pellet at 38 % saturation of ammonium sulfate in the absence of
Mg-ATP remaining tropomyosin and troponin in the soluble fraction. The protein compositions of
myofibrils from seven species of fish in summer and winter seasons are compared in SDS-PAGE patterns
(Fig. 4-1). SDS-PAGE pattern of walleye pollack was also presented as reference. As mentioned
previously with silver carp, no difference was detected in the SDS-PAGE pattern of myofibrils from winter
and summer fish for all of species examined. This is consistent with previous study by Tao et al. (2005),
in which no difference was showed in the SDS-PAGE patterns of myosin from grass carp in different
seasons.

The light chain composition for silver carp, bighead carp, grass carp and blunt snout bream were
indistinguishable from each other. However, the patterns for common carp, largemouth bass, and
snakehead were clearly distinguished from the above ;pecies in the mobility of light chain components.
Although largemouth bass and snakehead could be distinguished from carp family fish, the identification of

carp family species was practically impossible from the SDS-PAGE pattern.

4.2 Comparison of Chymotryptic Digestion Patterns of Myofibrils among Seven Fish
Species
Firstly, chymotryptic digestion patterns for silver carp myofibrils from winter and summer fish were

compared. Myofibrils were digested with chymotrypsin under two conditions, low-salt medium without
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Figure 4-1. Comparison of the protein composition between
winter and summer myofibrils from various species of fish.

(A) and (B) represent winter and summer samples, respectively.
Silver carp (S), common carp (C), bighead carp (BH), grass carp
(G), blunt snout bream (BS), snakehead (SH), largemouth bass
(L), and walleye pollack (P) were compared. MHC, LC, and actin

are myosin heavy chain, light chain components, and actin,
respectively.
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divalent cations (0.05 M KCI, 20 mM Tris-maleate (pH 7.0) with 1 mM EDTA), and high-salt medium with
divalent cations (0.5 M KCl, 20 mM Tris-HCI (pH 7.5) with 1 mM CaCl,). Under the former c‘onditions,
myosin in both of winterv and summer myofibrils was selectively cleaved into S-1 and rod (Fig. 4-2).
However, there was a slight difference in the mobility of S-1 heavy chain (S-1 HC). S-1 HC produced
from winter myofibrils was longer than that from summer ones. Different mobilities of two S-1 HCs were
confirmed by co-migration of two samples in the same lane (data not shown).  As the mobilities of parent
myosin heavy chain and rod produced from myofibrils of summer and winter were the same, difference in
the S-1 HC did not come from the cleavage of myosin HC at different site. It is reported thaf cleavage of
rabbit skeletal myosin into rod and S-1 is always accompanied by tearing off of a short peptide from
carboxyl end of S-1 HC (Maita et al. 1991). Thus, short S-1 heavy chain from summer myofibrils might
be produced similarly as rabbit S-1.  Winter S-1 might still retain the short piece at the carboxyl end of
S-1. Although the production mechanism of different S-1 HC from winter and summer fish was uncertain,
the sizes of S-1 seemed andther index to distinguish winter from summer myosin. Actually, it was true
that both S-1s with different size were produced with different ratio in intermediate season such as Oct. and
May (Fig. 4-3). The same results were obtained from other species such as bighead carp, grass carp and
blunt snout bream (data not shown). Such diﬁ;(;fence was not observed with common carp, largemouth
bass and snakehead (data not shown).

Internal structure of rod portion of summer and winter fish myosin was studied by digesting myofibrils in
the medium containing 0.5 M KCl, 20 mM Tris-HCI (pH 7.5) and 1 mM CaCl, in which myosin is expected
to be cleaved at HMM/LMM junction. The digestion was conduc;ted by changing the temperature (0, 10, 20,
and 30 °C) to study the temperature dependent flexibility of myosin conformation. The chymotryptic
digestion patterns of myofibrils are shown in Fig. 4-4. For summer silver carp, myosin was cleaved almost
selectively at a single site producing HMM (165 kDa) and LMM (60-70 kDa), regardless of digestion
temperature. HMM produced were kept unchanged until a complete cleavage of myosin HC without further

degradation, while LMM seemed to be easily further cleaved into shorter LMM. - However, in the case of
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Figure 4-2. Chymotryptic digestion patterns of winter- and
summer-type myofibrils of silver carp.

Myofibrils from winter (Winter, A) and summer (Summer, B) silver
carp were digested in low ionic strength medium; 0.05M KCI, 20

mM Tris-maleat (pH 7.0), 1 mM EDTA at 10 °C. Using 1/100 (w/w)
of a-chymotrypsin.
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Figure 4-3. Comparison of the mobilities of rod and S-1
produced from summer and winter myofibrils by
chymotryptic digestion.

Myofibrils of silver carp fish in Jul, Oct, Aug, May, and Feb were
digested in low ionic strength medium; 0.05M KCI, 20 mM Tris-
maleate (pH 7.0), 1 mM EDTA for 30 min at 10 °C, using 1/100
(wiw) of a-chymotrypsin.
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Figure 4-4. Chymotryptic digestion patterns of summer and
winter myofibrils of silver carp at various temperatures.

Myofibrils from summer (Left) and winter (Right) samples were
digested in high ionic strength medium; 0.5M KCI, 20 mM Tris-HCI
(pH 7.5), 1 mM CaCl,, using « -chymotrypsin of 1/40 (w/w) at 0 °C
(A), 1/100 at 10 °C, (B), 1/400 at 20 °C, (C), and 1/3000 at 30 °C
(D)
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winter silver carp, it was indicated the temperature dependent digestion patterns. Myosin was cleaved
selectively at a single site producing HMM (165 kDa) and LMM (60-70 kDa) at 0 °C. When the
temperature was raised to 10 °C, both HMM and LMM began to be further cleaved into shorter fragments.
Amount of HMM from winter fish decreased remarkably at 20 °C suggesting a further degradation into
much shorter fragments. Shorter HMM (135 kDa) was detected in the digest, but the amount did not
explain the total conversion of ordinary HMM (165 kDa) to short HMM (135 kDa). Probably, a part of
HMM was degraded into much shorter fragments. Such degradation of HMM was not detected with
summer one at the same temperature. These results clearly indicated that winter silver carp rod easily
altered the conformation at relatively low temperature. The disappearance of HMM bands in winter
sample was more prominent at 30 °C; at which winter fish myosin produced very small amount of HMM
with a size of 135 kDa. These results demonstrated that although winter and summer myosin rods
contained similar cleavage site within at low temperature, overall conformation for winter myosin rod was
less stable than summer one. The fact seemed reasonable because S-1 portion of winter silver carp
myosin was less stable.

To characterize the digestion pattern of myosin with other 6 species, the same sets of chymotryptic
digestion in high-salt medium were conducted. Digestion of summer fish myofibrils for all species
produced very similar HMM (165kDa) and LMM (60-70 kDa). However, some differences were found in
the fragmentation of myosin among species of fish in winter season. Fish in carp family except common
carp showed the same chymotryptic patterns producing single HMM and LMM as did silver carp (data not
shown). Summer and winter common carp showed significantly different patterns. Summer common
carp was cleaved selectively into HMM and LMM, which was similar to the cleavage pattern of silver carp.
However, winter carp produced several HMM species with different mobilities. Production of much
longer HMM (180 kDa) together with ordinary HMM (165 kDa) was characteristic. Production of large
amount of 135 kDa HMM at 30 °C also characterized winter common carp (Fig. 4-5). The patterns for

winter common carp were same as the one reported with Japanese common carp (Takahashi et al. 2005a).
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Figure 4-5. Comparison of Chymotryptic digestion patterns
between summer and winter common carp myofibrils.

Myofibrils from summer (A) and winter (B) common carp were
digested with @ -chymotrypsin at 20 °C (Left, 1/400, w/w) and 30
°C (Right, 1/3000) in high ionic strength medium; 0.5M KCl,
20 mM Tris-HCI (pH 7.5), 1 mM CaCl,. HMM and LMM produced
are indicated on the side of the patterns.
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Similar with common carp, winter largemouth bass produced large amount of HMM (135 kDa) when
digested at 20 °C, while summer one mainly produced HMM (165 kDa) (Fig. 4-6). However, for

snakehead, chymotryptic digestion patterns of both winter and summer myofibrils were identical each other

(data not shown), similar to that for summer silver carp.

4.3 Changes in the Chymotryptic Digestion Patterns of Myofibrils upon Heating

To detect the structural change occurring in S-l and rod portions of carp myosin upon heating of
myofibrils, chymotryptic digestion technique was successfully applied (Konno et al. 2000). The results
were confirmed with common carp cultured in China. The chymotryptic digestion patterns of winter carp
myofibrils heated at 40 °C for 10 min are shown in Fig. 4-7-A. Chymotryptic digestion was conducted in
the medium so as to cleave myosin into S-1 and rod (Kato and Konno 1990). The digestion pattern for the
heated myofibrils was more complicated and clearly distinguished from that for unheated myofibrils.
Heated myofibrils produced two new bands migrating above rod and below S-1 HC in an early phase of
digestion. It is noticed that the rod band (130 kDa) generated by the heated myofibrils was less dense than
that in the control digest. It seemed that these new fragments came from the digestion of myosin at
HMM/LMM junction exposed by heating. It was therefore confirmed that the fastest event, which
occurred in the myosin molecule upon heating of myofibrils, was the irreversible exposure of the
HMM/LMM junction (Konno et al 2000).

Structural changes of myosin for other species of fish upon heating were investigated by using the same
method. The results obtained were very similar to those obtained with common carp. Summer silver
carp myofibrils were heated at 44 °C for 0, 10, 20, 40mins. The chymotryptic digestion patterns for the
heated samples are shown in Fig. 4-7-B. Control myofibrils produced reasonable amount of S-1 and rod.
Heating myofibrils only for 10 min significantly altered the pattern; two new fragments above rod and
below S-1 were produced. Amount of rod produced dropped remarkably (about 10 %), while a fairly

large amount of S-1 was still produced from the heated myofibrils. The amount of S-1 produced
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Figure 4-6. Comparison of chymotryptic digestion patterns
between summer and winter myofibrils of largemouth bass.

Summer (A) and winter (B) myofibrils were digested in high ionic
strength medium; 0.5M KCI, 20 mM Tris-HCI (pH 7.5),
1 mM CaCl, at 20 °C with o -chymotrypsin (1/400, w/w).
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Figure 4-7. Changes in the chymotryptic digestion patterns of
common carp and silver carp myofibrils upon heating.

(A) Myofibrils prepared from common carp in Aug was heated at
40 °C for 0 (control) and 10 min (heated).

(B) Myofibrils prepared from silver carp in Aug was heated at 44
°C for 0, 10, 20, 40 min.

Sample were digested in low ionic strength medium; 0.05M KCI,
20 mM Tris-maleate (pH 7.0), 1 mM EDTA at 20 °C with
chymotrypsin (1/500). Major products are indicated on the side of
the patterns.
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decreased gradually with incubation time. These results indicated that structural change occurring in rod

portion was much faster than S-1 portion in summer silver carp. In other words, rod denaturation

preceded S-1 denaturation remarkably in silver carp.

4.4 Comparison of Thermal Denaturation Mode between Summer and Winter Silver

Carp Myofibrils

To elucidate the thermal denaturation profiles of silver carp myofibrils in winter and summer fish,
structural changes of myosin upon heating was further studied. Considering the different thermal stability
for summer and winter myofibrils as demonstrated in the former chapter, the heating temperatures were set
at 44 °C and 38 °C for summer and Winter myofibrils, respectively. Myofibrils were digested with
chymotrypsin at 20°C for 45 min to achieve a complete conversion of myosin into S-1 and rod.
Chymotryptic digests were further fractionated at 40 % saturated ammonium sulfate in the presence of
Mg—ATP to separate aggregated fragments as precipitates. Principle of the method was the same as used
in the estimation of monomeric myosin content in heated myofibrils. Fragments in the supernatant were
referred to as monomeric products. Components in the supernatant were analyzed by SDS-PAGE.
SDS-PAGE patterns of the digests and monomeric fractions are shown in Fig. 4-8. Both summer and
winter myofibrils showed that much faster decrease in the amount of rod production than that of S-1. It
was concluded that rod denaturation preceded S-1 denaturation in both Iﬁyoﬁbrils. Decreasing rates of
S-1 and rod production were estimated by measuring the staining intensity of the corresponding bands in
SDS-PAGE patterns.  The results are shown in Fig. 4-9. Summer myofibrils heated for 30 min at 44 °C
reduced the S-1 production to about 60 %, while rod production decreased to nearly zero. Heated winter
myofibril for 40 min at 38 °C reduced the S-1 production to nearly 15%, while almost no monomeric rod
was produced from the sample. Changes in the rod and S-1 production were analyzed by assuming the
first order reaction. Decreasing rates of S-1 and rod in a monomeric form were compared (Fig. 4-10).

The denaturation rates of rod and S-1 were 29.7 x 10™ (s") and 416 x 10 (s'l) for summer myofibrils, and
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Figure 4-8. Changes in the amount of production of S-1, rod,
and their monomeric form from silver carp myofibril upon
heating.

Myofibrils of silver carp heated at 44 °C (Aug, A) and at 38 °C (Feb.
B) in 0.1 M KCI (pH 7.5) were digested for 30 min at 20 °C with
chymotrypsin (1/500) as in Fig. 4-7. SDS-PAGE patterns of the
digests (left) and their supernatant at 40% saturated (NH,),SO,

with 1 mM ATP Mg as monomeric forms (right) are
shown.
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Figure 4-9. Change in the amount of production of S-1 and rod
_from silver carp myofibril upon heating.

Myofibrils were heated in 0.1 M KCI (pH 7.5) and were digested for
30 min at 20 °C with chymotrypsin (1/500) as in Fig. 4-7.

S-1( O ), rod produced ( A ), and monomeric rod ( A ) were
estimated from the SDS-PAGE patterns presented in Fig. 4-8.

(A) Myofibrils prepared from silver carp in Aug was heated at 44 °C.
(B) Myofibrils prepared from silver carp in Feb was heated at 38 °C.
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Figure 4-10. Quantitative analysis of the decrease in the S-1 and
rod production and their monomeric form.

Myofibrils suspended in 0.1 M KCI , 20 mM Tris-HCI (pH 7.5) were
heated. S-1( O ), rod produced ( A ), and monomeric rod ( A )
generated from the heated myofibrils were estimated from the SDS-
PAGE patterns presented in Fig. 4-9. Their changes were
analyzed by using the first order reaction mechanism. ‘
(A), Myofibrils prepared from silver carp in Aug was heated at 44 °C.

(B), Myofibrils prepared from silver carp in Feb was heated at 38 °C.
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77.2 x 10"5 (s!) and 377 x 107 (s™) for winter myofibrils, respectively. These results indicted that the
relative denaturation rate of rod compared to that of S-1 was about 15 times and 5 times for summer and
winter myofibrils, respectively. The relative denaturation rate of rod in summer silver carp myofibrils was
much greater than that reported with Japanese common carp (Takahaslﬁ et al. 2005¢), while the relative
denaturation rate of rod for winter one was very similar to that reported with carp.

Changes in the salt-solubility and monomeric myosin content were also measured. Decreasing profiles
of these two are presented in Fig. 4-11. The amount of salt soluble myosin and monomeric myosin
dropped very quickly upon heating with the identical rates. It was certain that soluble myosin were all
monomeric, although the content decreased with duration. These decreases were faster than ATPase
inactivation for both samples. It was also proved that rapid decrease of myosin solubility as well as

~ monomeric myosin was also well consistent with the quick decrease of monomeric rod.

4.5 Comparison of the Thermal Denafuration Modes of Myosin between Summer and
Winter Fish with Other Six Species of Freshwater Fish.

Difference in the denaturation profile of myofibrils upon heating between summer and winter fish was
studied for other sixspecies. S-1 and rod production from the heated myofibrils by chymotryptic digestion
was the index to characterize the denaturation mode. Heating temperatures were varied considering the
respective thermal dénaturation rates to make the measurement easier. Decreases in the production of S;l
and rod and their monomeric form were compared between myoﬁBrils in summer and winter fish (Fig.
4-12). Both of summer and winter myofibrils showed much faster decrease of rod than S-1 for all of
species examined. There was a slight difference in the relative rod denaturation rate to S-1 among species.
Although, a quantitative analysis was not done, decreasing profiles of S-1 production was similar to ATPase
inactivation for all cases. Similarly, rapid decreases of myosin solubility upon heating seemed consistent
with that of monomeric rod production. As ammonium sulfate fractionation did not sediment rod as well

as S-1, all of S-1 and rod produced were monomeric as proved with silver carp.
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Figure 4-11. Decrease in Ca%*-ATPase activity, salt solubility, and
monomeric myosin content upon heating of myofibrils.

Myofibrils suspended in 0.1 M KCI , 20 mM Tris-HCI (pH 7.5) were
heated. ATPase ( O ), myosin solubility( A ), and monomeric
myosin ( A ) were estimated. _

(A), Myofibrils prepared from silver carp in Aug was heated at 44 °C.

(B), Myofibrils prepared from silver carp in Feb was heated at 38 °C.
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(A) Bighead carp, 42 °C (B) Bighead carp, 36 °C

013581220400 1358122040 02 4 812204060024812204060
Heating time (min) Heating time (min)

(A) Grass carp, 40 °C (B) Grass carp, 38 °C

AR

013581530 6001358 1530600 1 3 6 12240 1 3 6 12 24

Heating time (min) Heating time (min)
(A) Blunt snout bream, 40 °C

(B) Blunt snout bream, 36 °C
i

0135815306001358 153060 0 4 8 1530600 4 8 15 30 60
Heating time (min) Heating time (min)

Figure 4-12-1. Changes in the amounts of S-1 and rod produced from
myofibrils of various species upon heating.

Chymotryptic digestion was conducted as Fig. 4-8. (A) and (B) are myofibrils in
summer and winter seasons. Species of fish and heating temperatures were
indicated in the figures. Digests (left) and their monomeric forms (right) were
estimated.
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Figure 4-12-2. Change in the amount of production of $-1 and rod from
myofibrils of various species upon heating.

(A) and (B) are myofibrils in summer and winter seasons. Species of fish and
heating temperatures were indicated in the figures. Digests (left) and their
monomeric forms (right) were estimated. Chymotryptic digestion was conducted
as Fig. 4-8.
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4.6 Temperature Dependent Thermal Denaturation Modes for Seven Species of
Freshwater Fish in Summer and Winter Seasons.

Thermal denaturation mode analysis of myofibrils for seven species of fish in summer and winter
seasons revealed that rod denaturation preceded S-1 for all cases irrespective of fish species and seasons.
However, the conclusion was led from the study at a fixed heating temperature, which was chosen to give a
similar ATPase inactivation rate for respective myofibril samples. As myofibrils from winter fish was
unstable, the heating temperatures were always lower than that for summer samples. To investigate the
effect of heating temperature on the denaturation mode, silver carp myofibrils in summer season was heated
at lower temperature of 36 °C. Oppositely, unstable myofibrils from winter fish were heated at elevated
temperature of 42 °C. Consequently, the heating time for summer myofibrils was prolonged to 36 hr,
while that for winter myofibrils were only 8 min. Decreasing profiles of S-1 and rod from the heated
myofibrils are presented in Fig. 4-13. Different patterns from previous ones were obtained for both
samples. Relative denaturation rate of rod to S-1 increased for winter sample by raising temperature.
In contrast, relative rod denaturation was significantly suppressed by lowering heating temperature for
summer myofibrils. These results indicated that apparent thermal denaturation mode was temperature
dependent. The higher the temperature was, the faster the rod denaturation was, and vice versa.

Temperatures dependent thermal denaturation rates of S-1 and rod were estimated with silver carp by
changing heating temperatures from 30 °C to 44 °C. Changes in the production of S-1 and .rod are
presented in Fig. 4-14. The results clearly indicated that relative rod denaturation became slower with
lowering the heating temperature. It should be pointed out that S-1 denaturation preceded rod
denaturation when winter myofibrils were heated at 30 °C.  As the decreasing rates could be calculated by
assuming the first order reaction reaction, S-1 and rod denaturation rates at various temperatures were
estimated to produce Arrhenius plot (Fig. 4-15). S-1 denaturation rates provided a straight line, while the
denaturation rates of rod gave a breaking point in the line. The breaking point was around 36 °C and

.40 °C for winter and summer myofibrils, respectively. Two lines for S-1 and rod denaturation crossed at
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Figure 4-13. Effect of heating temperature on the S$-1 and rod
denaturation of silver carp myofibril.

Experiments were the same as in Fig. 4-8 except the heating
temperatures. (A), Myofibrils from summer silver carp was heated at
36 °C, and (B), ones from winter silver carp was heated at 42 °C.
Digests (left) and their monomeric forms (right) were estimated.
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Figure 4-14. Temperature dependent changes in the decreasing rate
of 8-1 and rod production, and their monomeric form upon heating
myofibrils of silver carp in summer and winter seasons.

Experiments were the same as in Fig. 4-8 except the heating temperatures.
Month of sampling and heating temperatures were indicated in the figures.
Digests (left) and their monomeric forms (right) were estimated.
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Figure 4-15. Temperature dependent changes in the S-1
and rod denaturation rate for winter- and summer-type
myofibrils of silver carp.

Decreasing rate of monomeric S-1( O, @ )and rod ( A, A)
prioduction were measured by changing heating
temperatures for winter- (closed) and summer-type (open)
myofibrils.
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around 33 °C for winter and 35°C for summer myofibrils. Above the temperature, rod denatured faster
than S-1.
Effect of heating temperature on the denaturation mode was always observed with other species of fish,

namely decreased relative denaturation rate of rod at lower temperatures were equally observed for other

six species (Fig. 4-16).

4.7 Discussion

Chymotryptic digestion of myofibrils from all freshwater fish species revealed that myosin in a
. filamentous was-selecti?ely cleaved at S-‘l‘/rod Jjunction as reported with carp. However, the cleavage
pattern within rod structure was species-specific as studied by the digestion at high-salt medium. Myosin
from many fish species was selectively cleaved into HMM and LMM producing a single HMM and LMM. |
A typical pattern was obtained with silver carp. The pattern was rather similar to that of rabbit skeletal
myosin (Kato and Konno 1993b). It should be noted that myosin from summer and winter fish showed
practically the same cleavage pattern suggesting a similar structure in HMM/LMM cleavage region for
both myosin moleéules at 0 °C. Among the carp family fish, common carp was characteristic. ~Although
the digestion pattern for summer myosin was almost identical to silver carp being cleaved into single HMM
and LMM, winter myosin generated several species of HMM possessing longer (180k Da) and shorter (135
kDa) HC indicating that winter carp myosin contained at least thiee HMM/LMM cleavage sites. It has
been reported that Japanese carp produces uniquely long HMM (Kato and Konnq 1993b). The Japanese
common carp used in the report would correspond to Chinese winter common carp. It was certain that
common carp isomers contain characteristic amino acids seqences in respective myosin rods. As the
digestion pattern for winter common carp was exceptional among carp family, it suggested that the
structure of tail portion of winter common carp might be uniquealthough the role of the structure is

uncertain.

Thermal denaturation analysis of myofibrils from various species of fish in different seasons
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Figure 4-16. Effect of heating temperature on the 8-1 and
rod denaturation of various species of fish myofibrils.

Experiments were the same as in Fig. 4-12 except the heating
temperatures.  Fish species, month of sampling, and heating
temperature were in the figures. Digests (Left) and their
monomeric forms (Right) were estimated.
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demonstrated that denaturation mode characterized by the relative rod denaturation rate to S-1 were almost
identical irrespective of seasons and species. In all cases, rod denaturation preceded S-1 denaturation.
The pattern was consisted with the result reported with Japanese common carp. However, the relative rod
denaturation rate over S-lv for summer silver carp was 15 times, which was remarkably greater than that for
winter silver carp (5 times). The rate for winter fish was rather similar to that reported with Japanese
common carp (Takahashi et al. 2005b). Takahashi et al. also reported that the relative rod denaturation
rate was deeply correlated with the magnitude of the stabilization by F-actin. These might be reasonable
because magnitude of stabilization by F-actin binding for summer silver carp myosin was much greater
than winter one.

The same decrease of both Ca®*-ATPase activity and production of S-1 indicated that S-1 was generated
only from myosin that retained the Ca*"-ATPase activity. In other words, S-1 denaturation could be
studied by measuring the amount of S-1 produced from heated myofibrils. The conclusion was led from
all of myofibrils studied. As the salt-solubility of myosin depends on its rod portion, the amount of rod
was well correlated with the solubility and monomeric myosin content. These facts indicated that
monomeric rod was generated only from myosin that retained solubility. As myosin denaturation was
studied with heating myofibrils, the results indicated much more serious structure change in filament
rodthan that in S-1. The altered filament structure allowed chymotrypsin to penetrate to cleave myosin
molecule at the center of rod portion (HMM/LMM junction).

Different from the denaturation patterns found with common carp, much slower rod denaturation than
S-1 with pollack myofibril and the same denaturation rate of rod and S-1 with yellowtail myofibrils were
reported (Takahashi et al. 2005b).. All the myofibrils prepared from freshwater fish species showed
quicker rod denaturation than S-1 regardless the season and species. Fish species examined in the present
study belonged to the group termed as “carp group” by Takahashi et al. (2005b). It has also been reported
that denaturation mode of carp changes dependent on the heating temperature (Yamamoto et al. 2002).

The same conclusion was led with silver carp, in which rod denaturation was much slower than S-1 at low
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temperatures. Thus, the denaturation pattern as defined by S-1, rod denaturation rate is temperature
dependent. These results indicated that detection of S-1 denaturation measured by ATPase activity is the
most sensitive indicator at low temperatures and salt solubility is the most sensitive and simple index for
detecting myosin denaturation at high temperatures. Slow rod denaturation at low temperatures might
include a high reversibility of rod structure upon heating and cooling due to its complete helix structure.
Reversibility qf the helical structure of rod portion became much greater compared with S-1 portion at
lower temperature. The estimated activation energy for the rod denaturation at low temperature range was
about 3 times greater than at high temperature range (Fig. 4-15). These findings provided information

about the effect of temperature on the denaturation of head and tail portion, which would be important for

storing and processing fish meat.
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Chapter S.

Species-Specific Structural Stability of Myosin Rod between Winter and Summer Season Fish

Myosin molecule consists of two distinct structures; two globular portions designated S-1, and an almost
completely a-helical coiled-coil tail, termed rod. Rod portion is composed of two portions, water-soluble
S-2 and salt-soluble LMM. S-2 supports the projected head from the thick filaments, and LMM is a
ﬁllament -forming domain of myosin molecule. In Chapters 2 and 3, structura1 stability of myosin
expressed in winter and summer season fish were compared by using ATPase inactivation rate as the index.
In Chapter 4, thermal denaturation mode of myosin heated as myofibrils in different seasons from various
species of fish were investigated by employing chymotryptic digestion technique. For all of species of
fish, rod denaturation precedes S-1 denaturation when heated as myofibrils.

There are many reports on the elucidation of the thermal gelation mechanism by employing model
system of thermal aggregation of myosin or its subfragments in high-salt medium (Samejima et al., 1976,
1981; Chan et al. 1993; Higuchi et al. 2002). It was proved that rod portion of myosin molecule plays an
important role to form an elastic gel (Samejima et al. 1976, 1981; Sano et al. 1990). Usually thermal gel
is formed by heating at high temperature such as 90 °C, at which a complete unfolding of rod structure is
expected. It is well recognized that thermal gelation is fish species-specific. However, a clear
explanation for the different gelation properties émong fish species has not been niade. Therefore, it
seems important to understand the thermal denaturation or unfolding of rod portion of myosin from various
species of fish in two seasons at high temperatures because the thermal gel is one of the possible ways of
utilization of freshwater fish meat. At present, there is no information on the thermal unfolding
properties of myosin rod from freshwater fish except Japanese cafp. Preliminary thermal gel formation by
various freshwater fish meat has been reported (Fukuda et al. 2001). In the report, seasonal changes in the
thermal stability of myosin was not considered. In Chapter 1, seasonal change in the gel forming ability

of silver carp surimi was carefully investigated, and the difference in the temperature dependent gelation
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was explained by the different stability of myosin in different seasons.
In this chapter, the differences in the internal structure of myosin rod between summer and winter fish

myosin and differences among fish species were studied. Thermal aggregation process of myosin rod was

also studied as a model system of thermal aggregation of myosin molecule.

5.1 Chymotryptic Digestion Profile of ‘Silver Carp Myosin Rod from Summer and

Winter Fish

Myosin rod was isolated from both winter and summér myofibrils of silver carp. To compare the
internal structure of myosin rod in two seasons, firstly chymotryptic digestion pattern of rod was compared.
Monomeric rod dissolved in a medium containing 0.5 M KCl, 20 mM Tris-HCI (pH 7.5) was digested with
1/200 (w/w) of chymotrypsin at 10 °C. The condition is suitable for cleaving rod into LMMSs and S-2
(Kato et al. 1993). The digestion patterns are shown in Fig. 5-1. Summer myosin rod generated mainly
two fragments with sizes of 65 and 70 kDa, and the products were kept unchanged until a complete
digestion of rod. Winter myosin rod was similarly cleaved into 65 and 70 kDa in an early phase of
digestion (30 min), while both fragments were further cleaved into much shorter fragment with a size of
about 60 kDa. To identify these fragments whether S-2 or LMM, the digests were dialyzed against 0.05
M KCl, 20 mM Tris-maleate (pH 7.0) and 5 mM MgCl, and centrifuged at 100,000 x g for 15 min. The
supernatant of the dialysate obtained by ultracentrifugation was referred to as water-soluble or S-2 fraction,
and the pellet was referred to as the water-insoluble or LMM fraction. The SDS-PAGE patterns of the
fractions are shown in Fig. 5-2. For comparison, LMM was prepared by a direct digestion of myofibrils,
and its pattern was also shown in the same figure. It was confirmed that the 70kDa fragment in the digest
of summer myosin rod was water-insoluble LMM, and the 65 kDa fragment was S-2. The size of LMM
obtained in the digest of rod was the same as one directly prepared from myofibrils. Three fragments
detected in the pattern for winter myosin rod were similarly separated into water soluble and insolﬁble

fractions. Water insoluble LMM fraction contained 70 and 65 kDa fragments, and 65 and 60 kDa were
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Figure 5-1. Chymotryptic digestion patterns of winter- and
summer-type myosin rod of silver carp.

Rods from winter (A) and summer (B) myofibrils were digested in
high ionic strength medium; 0.5M KCI, 20 mM Tris-HCI (pH 7.5), 1
mM CacCl, for 0-180 min at 10 °C by using 1/100 (w/w) of

« -chymotrypsin. Sizes of products were indicated on the side of the
pattern.
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(A) (B)
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Figure 5-2. Separation of the fragments in the digests of silver

carp myosin rod into water-soluble and water-
insoluble fractions.

Myosin rods of winter (A) and summer (B) were digested as in Fig.
5.1 for 30 min at 10 °C. The digest was dialyzed against 0.05 M
KCI, 20 mM Tris-maleate (pH 7.0), 5 mM MgCl,, and centrifuged at
100,000 x g for 20 min. Mf, R, D, WS, and Wi are, myofibrils, rod,
rod digest, water soluble fraction, and water insoluble fractions,
respectively. LM is the LMM prepared from myofibrils by
chymotryptoc digestion.
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detected in the water soluble fraction. These results indicated that 70 kDa LMM and 65 kDa S-2 initially
produced from winter myosin rod were further cleaved at the second sites on respective fragments.  As the

second cleavage was not observed with summer myosin rod, somewhat different structure of winter rod

from summer one both in S-2 and LMM portions was indicated.

5.2 Characterization of Circular Dichroism Spectra of Silver Carp Myosin Rod

The circular dichroism (CD) spectra of myosin rod from both winter and summer silver carp at 10 °C
were compared (Fig. 5-3). Both samples showed large negative ellipticity (8) peaks at 222 nm and 208
nm, characteristic of o-helix structure. The magnitude of the ellipticity for both samples at 10 °C
indicated their nearly 100% helical sfructure. The ratio of 02204m/0208:m at 10 °C was 1.09, which was in
agreement with previous study with other species of myosin rod (King and Lehrer 1989) (Fig. 5-3). The
spectrum of summer myosin rod measured at 70 °C was also shown in Fig. 5-3. Characteristic spectrum
for helix structure disappeared and flat spectrum corresponding to random structure was obtained. Thus,
heating of rod at 70 °C almost completely unfolded the a-helix structure of rod.

It is reported that unfolded myosin LMM partially refolded upon cooling (Ojima et al. 1999).
Reversible refolding ability of these two rod samples was compared. Rod solution was heated from 10 to
70 °C, and then cooled to 10 °C. CD spectra for thus treated samples of summer and winter rod were
compared. CD spectra of respecti\}e rod samples before heating are also presented as references in Fig.
5-4. Ellipticity for the heated and cooled was quite high for both myosin rods. Recovered helix contents
calculated from the ellipticity upon cooling were about 92.6 and 80.3%, for summer and winter rods,
respéctively. It was clearly demonstrated that although rod lost the a-helix structure at 70 °C, cooling
process refolded significantly. As the reversibility for winter myosin rod was a slightly lower than
summer myosin rod, less stable structure of winter myosin rod was suggested. High reversibility of helix

structure of rod was coincidental with the results reported by Sano et al. (1994) studied with carp

actomyosin.
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Figure 5-3. CD spectra of silver carp myosin rod at 10 and
at70°C.

CD spectra of silver carp myosin rod were measured at 10 °C
(bold line), and at 70 °C (solid line) at 0.5 mg/ml by using 1 mm
light pass length cell.
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Figure 5-4. Changes in the CD spectrum of myosin rod
upon heating-cooling.

CD spectra of summer silver carp myosin rod (A) and of winter
myosin rod (B) was measured before heating (solid line) and
after heating and cooling (dotted line). CD spectra
was measured at 10 °C as in Fig. 5-3.
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5.3 Comparison of the Unfolding Profiles between Winter and Summer Rods from
Silver Carp

Unfolding process of helix structure of rod during a gradual heating from 10 to 70 °C at a rate of
1 °C/min was analyzed by reading the ellipticity (0) at 222 nm (Takahashi et al. 2005a). Decrease in the
ellipticity upon heating was a useful index for detecting the unfolding process of rod (Nakaya et al. 1997).
Normalized change in 824n as an index of thermal unfolding of rod and their derivatives are shown in Fig.
5-5. It was demonstrated that winter rod began to unfold at a slightly lower temperature than summer rod
by 5 °C. Remarkable decrease in o-helix content was observed at around 40 and 35 °C for summer and
winter rod, respectively. Temperature dependent unfolding profile between summer and winter myosin
rod was carefully studied by taking the deriyative of the change. Summer myosin rod generated two
major unfolding transitions at 36.5 and 41.5 °C. However, winter rods roughly unfolded in a single phase
with a transition temperature of 35.5 °C. A small transition peak at 40.5 °C was also detected with winter
sample. These two unfolding profiles were clearly distinguished from each other. It should be noted that
the transition temperature for winter rod was similar to that lower one detected with summer rod. In other
words, the presence of unfolding peak at higher temperature (41.5 °C) characterized summer myosin rod.
To characterize the unfolding peaks detected with two myosin rod samples, contribution of S-2 and LMM
portions in the patterns was further studied. S-2 and LMM were isolated from rod by chymotryptic
digestion. SDS-PAGE patterns for LMM and S-2 used are inserted in Fig. 5-6. Unfolding profiles for
these fragments were compared with those of myosin rod using their derivative of ellipticity (Fig. 5-6).
Winter LMM showed single unfolding transition at 36 °C, which was the same as one detected with winter
rod. Winter S-2 showed two unfolding peaks with a major unfolding at around 36 °C and a minor
unfolding at highér range of 40.5 °C, which explained the shoulder detected with the unfolding of winter
rod (Fig. 5-5). It was also demonstrated that similar unfolding peaks of winter LMM and S-2 generated
an apparent single unfolding peak of winter myosin rod. Summer LMM gave a sharp unfolding at around

36°C, which corresponded to low unfolding peak detected with summer rod. The unfolding temperature
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Figure 5-5. Comparison of the structural stability between
summer and winter myosin rod of silver carp.

Rod solutions of summer and winter were heated from 10 to
70 °C. Decrease in ellipticity at 222 nm (A, bold line for
summer, and dotted line for winter) and its derivatives (B,
closed circles for summer and open circles for winter) were
compared.
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Figure 5-6. Comparison of unfolding profiles of myosin rod,
subfragment-2 and light meromyosin fractions from silver
carp in both winter and summer seasons.

(A) and (B) are samples in winter and summer seasons,
respectively. Derivatives of unfolding profiles of myosin rod (@),
S-2 (O), and LMM (O) are compared. Inserted SDS-PAGE
patterns are rod (R), S-2 (S), and LMM (L), respectively.
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for summer LMM was rather similar to winter LMM, it was indicated that there was practically no
difference in the stability of LMM region for both of summer and winter rod. Summer S-2 unfolded
almost at a single temperature (46 °C), which was 10°C higher than that for LMM. The identical
unfolding peak corresponding to isolated S-2 was not detected with parent rod. The second unfolding
peak at around 40.5°C detected with rod might correspond to unfolding of S-2 region. Unfolding
temperature of S-2 as a portion in rod was a little lower than that of S-2 as isolated form, which suggested
that connection with unstable LMM seemed to lower the unfolding temperature of neighboring S-2. It
was concluded that there was a small differences in the stability of LMM, while a large difference in S-2
region between summer and winter myosin rod. In other words, characteristic thermal stability of silver

carp myosin rod came from the difference in the stability of S-2 region rather than LMM region.

5.4 Species-Specific Structural Stability of Myosin Rod

To clarify the difference in the thermal stability of myosin rod among seven species of freshwater fish,
unfolding profiles of myosin rod from summer and winter fish were compared upon heating. First, CD
spectra of rod from winter and summer fish among fish species were compared. Reversible refolding
ability of rod upon heating to 70 °C and subsequently cooled was also compared among fish species. The
CD spectra are shown in Fig. 5-7. There was no difference in the ellipticity for all of rod isolated from
any spécies of fish and in any seasons. It was confirmed that all of myosin rod were almost completely
helix structure at 10°C. Moreover, recovery in the helical structure was quite high for all of samples.
Recovery extents for all cases are listed in Table 5-1. Generally, rod in summer season had higher
refolding extent than that in winter season. However, the refolding ability of rod from common carp and
snakehead exceptionally gave no difference between two seasons.

Unfolding profiles of rod from six species of fish upon heating from 10 to 70 °C were compared (Fig.
5-8). Winter myosin rods of bighead carp, grass carp, blunt snout bream and largemouth bass unfolded at

lower temperature than summer rods by about 5 °C, which was similar trend as observed with silver carp
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Figure 5-7-1. Reversibility of the helix structure upon heating
and cooling for various species of myosin rod.

Experimental design was the same as studied with silver carp

“myosin rod in Fig. 5-4. (A) and (B) are samples in winter and

summer seasons, respectively. Species of fish of samples were
indicated in the figures. Spectra before (solid) and after heating
and cooling (dashed line) were similarly measured as in Fig. 5-4.
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Figure 5-7-2. Reversibility of the helix structure upon heatmg
and cooling for various species of myosin rod.

Experimental design was the same as studied with silver carp
myosin rod in Fig. 5-4. (A) and (B) are samples in winter and
summer seasons, respectively. Species of fish of samples were
indicated in the figures. Spectra before (solid) and after heating
and cooling (dashed line) were similarly measured as in Fig. 5-4.
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Table 5-1. Refolding extent of rod upon heating and cooling of rod.

Reversibility(%)* -

Seasons Summer Winter
Silver carp 93 SQ
Bighead carp 93 82
Grass carp 95 89
Blunt bream 94 81
Common carp 94 94
Largemouth bass 94 | 85
Snakehead 91 90

*Rod was heated from 10 to 70 °C, and then cooled to 10 °C. Reversibility
was estimated from the ellipticity at 222 nm
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Figure 5-8 Unfolding profiles of myosin rod from six species
of fish in both winter and summer seasons.

Decrease in helix content was monitored by reading the value at
222 nm. The relative helical values were estimated by assuming a
helix content at 10 and at 70°C to be 100 and 0 %, respectively.

Rod in summer (solid) and winter (dotted line) were compared.
Species were in the figures.



Ch.5 Species-Specific Structural Stability of Myosin Rod between Winter and Summer Season Fish 125

myosin rod (Fig. 5-5). Difference in the unfolding temperature for common carp rod between two seasons
was only about 2.5 °C. Surprisingly, snakehead myosin rod in two seasons showed exactly the same
unfolding profiles. The derivatives of the unfolding were obtained to compare the unfolding more
carefully. The derivatives are presented in Figs. 5-9-1 and 2. All of summer myosin rod generated two
unfolding peaks zﬂthough relative peak heights were different. The transition temperatures for these two
peaks are presented in Table 5-2. It was demonstrated that respective unfolding temperatures for rod were
rather similar among fish species in summer season. The results strongly showed that thermal stability of
rod in summer fish was similar among species, which was the same conclusion derived from the thermal
inactivation rate of ATPase in Chapter 2 on the thermal stability of S-1 portion. On the other hands,
unfolding profiles for winter myosin rod differed from species to species. Bighead carp, grass carp and
blunt snout bream showed practically a monophasic unfolding which was exactly the same as silver carp
myosin rod. The unfolding temperatures for these rods were also the same as winter silver carp rod.
Common carp, bigmouth bass, and snakehead exhibited two unfolding peaks for winter rod similarly to
summer one. Lower unfolding peak for these rods was similar to one detected with rod from above three
species of carp family fish. Unfolding profiles for winter and summer myosin rod were compared for
respective species of fish (Fig. 5-9-3). A single unfolding for winter bighead carp, blunt snout bream, and
grass carp rod occurred at a slightly lower temperature range than that of lower unfolding temperature for
summer myosin rod. With common carp both summer and winter rods exhibiting two unfolding peaks,
unfolding peak at lower temperature was also lower than that for summer myosin rod. However, the
higher unfoiding tempefature of both summer and winter rods was similar. For snakehead, unfolding
profiles for winter and summer rods were identical. In the case of largemouth bass, unfolding of winter
rod showed a rather higher transition temperature (47 °C) than that found in summer one. Although the
region in rod for producing unfolding at such a high temperature was not identified, the result suggested
that winter myosin rod of largemouth bass contained less stable LMM and more stable S-2 region than

summer one.
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Figure 5-9-1. Derivatives of unfolding profiles of myosin rod
from six species of fish in summer season.

The derivatives of the decrease in helix content as in Fig.
5-8 were calculated. Species were in the figures.
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Figure 5-9-2. Derivatives of unfolding profiles of myosin rod
from six species of fish in winter season. '

The derivatives of the decrease in helix content as in Fig. 5-8
were calculated. Species were in the figures.
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Table 5-2. Transition temperatures in the unfolding profiles for

seven species of rod.

Seasons

Transition temperature (°C) *

Summer Winter
Silver carp 36.5, 41.0 35.5, (40.5)
Bighead carp 36.5, 41.0 35.5, (40.5)
Grass carp 37.5, 43.0 35.0
Blunt snout bream 38.0, 425 33.5
Common carp 36.0, 40.0, 33.5, 35.5,

445, 52.5 425, 500
Largemouth bass 36.0, 39.5 33.0, 43.0,

47.0

Snakehead 345, 40.5 345, 40.5

* Transition temperature was the peak temperature in the derivatives of the
change in ellipticity at 222 nm upon heating. Temperatures in parenthesis denote

the shoulder.
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5.5 Relationship between Unfolding Profile of Rod and Aggregation

It is well established that myosin rod is directly involved in thermal gelation by myosin. Thermal
gelation mechanism contains heat-induced unfolding of myosin and its subsequent irregular association to

form network aggregates (Yasui et al. 1979; Samejima et al. 1981; Ojima et al. 1999). In order to obtain
basic information on thermal aggregation of myosin, temperature dependent aggregate formation by rod
from various species of fish in summer and winter was studied considering their characteristic unfolding
profiles. First, the unfolding and aggregation properties of summer and winter silver carp rods were
compared. For the measurement of rod aggregation upon heating, rod solution in 0.5 M KCl, 20 mM
Tris-HCl (pH 7.5) (usually 2 mg/ml) was heated for 30 min at various temperatures from 20 to 80 °C, and
cooled in ice-cold water. The heated rod solutions at all temperatures were clear, and no turbidity was
detected by naked eyes. Although the databwere not presented, the turbidity could not be detected by
measuring absorption at 350 nm even for 80 °C heated samples. Moreover, centrifugation of the heated
rod solution at 100,000 x g for 15 min practjcally did not sediment aggregates. Much more sensitive light
scattering intensity measurement at 350 nm detected aggregate formation by rod. As presented in Fig.
5-10, the light scattering intensity increased with raising the heating temperature for the heated rod solution
as a result of aggregation. General features for winter and summer myosin rod were similar to each other.
However, there was a slight difference in the temperature to begin aggregation between two samples. No
increase was detected when heated below 25 and 35 °C for winter and éummer rod, respectively. Relative
helix contents for summer and winter rod at these temperatures were roughly 90 % and 80%, respectively.
Above respective temperatures, both winter and summer rod started to form aggregates. It was commonly
observed that aggregation was remarkable after a complete unfolding of rod above 45 and 50°C for winter
and summer silver carp myosin rod. Unfolding of whole rod structure seemed required for aggregate
formation. Thus, high unfolding peak at around 40 °C detected in summer myosin rod would explain
higher temperature for aggregation because unfolding temperatures for LMM region for both samples were

the same. In other words, low unfolding of S-2 region in winter myosin rod seemed reduce the
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Figure 5-10. Aggregation and unfolding of silver carp myosin
rod in winter and summer seasons upon heating.

Rod solution of winter (A) and summer (B) seasons were heated
for 30 min at respective temperatures, and its light scattering
intensity at 350 nm was measured (H). Unfolding
profiles of rod (solid line) were taken from Fig. 5-5.
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aggregation temperature.

5.6 Thermal Aggregation and Unfolding of Rod from Various Species

To study the relationship between aggregate formation of rod and unfolding with other species, thermal
aggregation and unfolding patterns of rod from six species of fish in winter and summer are compared.
Comparison was made in Fig. 5-11-1, 2, and 3 and the summary of unfolding and aggregate formation was
listed in Table. 5-3. Species were classified into three groups from the differeﬁce in the aggregation
pattern between winter and summer rods. The first group included bighead carp, grass carp and blunt
snout bream, in which winter rod formed aggregate at lower temperature than summer one, similar with
silver carp.. For these species, aggregation readily started at temperature where a quite low extent of
unfolding was achieved. The second group included common carp and snakehead, in which both summer
and winter rods started the aggregation at similar temperature. Unfolding extent at the temperature where
aggregate stared was much larger than the first group. An exceptional specie was largemouth bass, in
which winter rod began to aggregate at higher temperature than summer rod (Fig. 5-11-2). The unique
aggregation profile of largemouth bass was explained by the presence of exceptionally stable S-2 region in
winter rod (Fig. 5-9). In other words, the stable S-2 prevented aggregates formation by rod. The finding
would support the conclusion that a complete unfolding of whole rod structure was essential for

aggregation.

5.7 Discussion

Thermal gelation is a process converting surimi sol to gel upon heating. The process is considered to be
a reaction to form three-dimensional network structure by aggregated myosin molecules. These networks
might be formed non-covalently by the thermally denatured myosin molecules. Binding forces such as
hydrophobic interaction, hydrogen bonding, and electrostatic interaction are involved. In addition to the

non-covalent bondings, it is reported that covalent bonds catalyzed by endogenous transglutaminase is
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Figure 5-11-1. Aggregation and unfolding of myosin rod of
various species of fish in winter and summer seasons upon
heating.

Rod solution of winter (A) and summer (B) seasons were heated
for 30 min at respective temperatures, and its light scattering
intensity at 350 nm was measured (H). Unfolding profiles of rod
(solid line) were taken from Fig. 5-8. Species and seasons
(winter, w and summer, S) were in the figures.
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Figure 5-11-3. Aggregation and unfolding of myosin rod of
large mouth bass in winter and summer seasons upon
heating.

Rod solution of winter (W) and summer (S) seasons were heated
for 30 min at respective temperatures, and its light scattering
intensity at 350 nm was measured (H). Unfolding
profiles of rod (solid line) were taken from Fig. 5-8.
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Table 5-3. The summary of unfolding and aggregate formation by seven
species of myosin rod upon heating. '

Unfolding *

Seasons Fish species (peak) T,CC)*2 T agg1/2 (°C)* H agg (%)*4
Silver carp 2 395 40.0 48.0
Bighead carp 2 39.5 40.0 480
Grass carp 2 395 40.0 450

Summer Blunt snout bream 2 400 40.0 50.0
Common carp 3 39.5 450 20.0
Largemouth bass 3 39.5 400 340
Snakehead 2 36.5 440 17.0
Silver carp 1 355 30.0 82.0
Bighead carp 1 34.5 30.0 85.0
Grass carp 1 345 30.0 83.0

Winter  Blunt snout bream 1 345 30.0 83.0
Common carp 2 350 450 20.0
Largemouth bass 2 34.0 470 9.0
Snakehead 2 36.5 440 170

*1. Number of unfolding peak in the decreasing profile of ellipticity at 222 nm.
*2. The temperature to give 50% helix content.

*3. The temperature to start the agregate formation.

*4. Helix content at the temperature when the aggregate formation begins.
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involved in the network formation (Wan and Seki 1992; Niwa et al. 1993; Araki and Seki 1993). The
latter factor is not the determinant one in the thermal gel formation by fish meat because a direct cooking of
salted meat forms elastic thermal gel without covalent cross-linking of myosin. The fact suggested that
myosin aggregation through denaturation process is the most important event in the thermal gelation. It is
also well recognized that thermal gelling characteristics are species-specific. Since myosin is the
responsible protein for thermal gelation, the difference in the gelation properties should come from the
different properties of myosin molecule.

The different ‘thermal gelation properties between summer and winter surimi demonstrated in Chapter 1
was deeply dependent on different thermal stability as measured by ATPase inactivation. Under the
circumstances, it seemed important to provide the information on the structural characteristics of myosin
rod between summer and winter season fish. Structural properties of rod were characterized by analyzing
their unfolding profiles upon heating. CD measurement of myosin rod from all fish species revealed that
rod was almost completely helix structure irrespective of the seasons and species. Rod lost the helix
structure upon heating up to 70 °C. However, species-specific and myosin isomer specific unfolding
process of helix structure were demonstrated. Silver carp myosin rod showed a typical pattern usually
detected with carp family fish such as grass carp, bighead carp, and blunt snout bream, namely single
unfoldi;lg peak with winter rod and two unfolding peaks with summer rod. The unfolding profile of rod
wa$ well explained by unfolding profiles of respective S-2 and LMM. Two unfolding peaks for summer
fish myosin rod was explained by the unfolding of S-2 at high temperature aﬁd that of LMM at low
temperature. A single unfolding for winter rod was also explained by similar unfolding temperatures of
S-2 and LMM. As the LMM for winter and summer myosin had the same stability, different stability of
S-2 region distinguished these two rods. These two rods showed different aggregation profiles; winter rod
tended to form aggregates at lower temperature than summer one. Unfolding of rod structure and its
aggregation had a close relationship. High temperature for aggregation for summer myosin rod segmed to

come from the stable S-2 region. The results seemed consistent with the results of surimi, in which winter
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surimi formed gel at 30 °C, while summer surimi formed gel at 40 °C.

In all cases, aggregation was significant above the temperature for a complete unfolding of whole rod
structure. Thus, stable S-2 in rod structure seemed to suppress the aggregation by rod. Fish species were
grouped by aggregate formation. A typical profile for the first group was the case of silver carp, in which
aggregate started at low level of unfolding. Other group included common carp and largemouth bass that
~ contained more stable S-2 region.  The rod did not form aggregates until most stable S-2 region unfolded
at higher temperature.Different from common carp, myosin rod in Alaska pollack, which is a typical fish
that forms excellent elastic thermal gel, unfolds mqnophasically and aggregation‘ starts even at a high
content of helix structure.. Winter rod of the first group such as silver carp classified in this chapter was

rather similar to pollack. Common carp, largemouth bass, and snake head were similar to carp.



General Discussion

For the effective utilization of freshwater fish as protein resources, it seems essential to understand the
properties of muscle protein of these species of fish. Especially, the information on the stability or
denaturation of the protein is important because biochemical properties of fish myosin determines the
quality of final products. It is well known that thermal stability of myosin is deeply dependent on the
environmental temperature at which fish live (Johnston et al. 1973; Hashimoto et al. 1982). There are
accumulated studies on the thermostability of myofibrillar ATPase in eurythermal fish from the viewpoint
of temperature acclimation (Huang et al. 1990; Guo et al. 1994; Tao et al 2005). However, there is little
report on the diffgrence in thermal stability for those fish li§ing at the same habitat temperature. For a full
understanding of seasonal change in the thermal stability of myosin, myosin expressed in winter and in
summer seasons with seven species of fish was investigated in detail. The objectives of the study are as
follows; difference in the thermal stability of myosin in summer and winter seasons, characterization of
myosin of seven species of freshwater fish in summer and winter seaséns, types of myosin expressed
year-foundly, strategy of adaptation to the change in water temperature, and seasonal change in gelling
properties of freshwater surimi.

In Chapter 2 and Chapter 3, thermal stability of myosin from seven species of freshwater fish in winter
and summer seasons was investigated by measuring Ca’*-ATPase inactivation rate upon heating.
Myofibrils from seven species of fish in two seasons gave different results. Although thermal stability
was species-specific, fish species was roughly classified iﬁto three groups by the difference in the thermal
stability of myofibril between winter and summer seasons. The ﬁrs'; group including silver carp, biéhead
carp, grass carp, and blunt snout bream showed a quite large change in thermal stability. The second one
was common carp that showed a small difference in the stability. The last one included largemouth bass
and snakehead, which showed the same stability in two seasons. Thermal stability of myosin in the first

group in summer season was as stable as tilapia, one of the most stable fish, and myosin in winter season



140 General Discussion

was as unstable as walleye pollack one, one of the most unstable species. The difference seemed
reasonable because the water temperature iﬁ summer reaches 30 °C, and that in winter season became
lower than 5 °C. Both are suitable temperatures for tilapia and pollack, respectively. Consequently,
unstable winter silver carp myosin could not be stored in ice without deﬁamration. The information seems
very important for the utilization of fish meat in winter because nobody has pointed out such an unstable
nature of winter silver carp myosin. Such a large seasonal change in myosin stability observed with silver
carp has not been reported ever. However, the story is not always applicable to other freshwater species
because change in the stability for common carp wés only 3 times. Moreover, myosin of winter
largemouth bass and snakehead showed a similar stability to that of summer fish. Comparing the thermal
stability among species in winter and in summer, it was demonstrated that thermal stability of myofibril in
summer season was quite similar among species, while the thermal stability in winter season was rather
species-specific. Adaptatibn is usually accompanied by altering myosin conformation more flexible ét the
habitat temperature, namely less stable structure for cold-water fish species (Johnston and Walesby 1977,
Goldspink and Penney 1982). Supposing pollack myosin has the ideal conformation for keeping active
movement at low habitat temperature of 5-10 °C, myosin of largemouth bass and snakehead in winter
season seems too stable to be functional. Although the same story was proposed with freshwater fish
(Heap et al. 1985; Hwang et al. 1990), it could not be applied to freshwater fish species because very stable
winter myosin was found in largemouth bass and snakehead iﬂ the present study. It is certain that stable
structure of myosin in winter season was unfa\;orable for an active movement. Considering actual
behavior of fish in winter season, stable structure seems not unfavorable because the fish do not swim
actively but stay on the bottom quietly. The stable structure might have no problem for the species for
surviving in winter season. As similar thermal stability was observed with above seven species of fish
myosin in summer season, the myosin structure for all of species was rigid enough for keeping their
conformation functional above 30 °C. High stability for summer myosin seemed essential for surviving at

high water temperature, and the adaptation to high temperature in summer season seemed the strategy for
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surviving.

As winter and summer myosin for all fish species studied showed different thermal stability, the myosin
expressed in winter and in summer was thought as different type of myosin isomer. The system to express
several myosin isomers adapting to change in water temperature is considered as the strategy for carp to
survive year round (Imai et al. 1997). Nucleotide sequence analysis on ¢cDNA clones showed three
myosin heavy chain isoforms in fast skeletal muscle of carp in an acclimation—temperature -dependent
manner. As the objective of this study is to utilize muscle protein as food, the thermal stability was used
as the index to distinguish the expressed myosin isomers. The technique can not disﬁnguish myosin
isomers with the same stability if present. For estimation of myosin isomers present in myofibrils,
thermal stability of whole myosin was analyzed by measuring Ca**-ATPase inactivation of samples
monthly prepared. It was demonstrated that only two types of myosin were detected, namely, unstable
winter type and stable summer type. Myosin in certain periods showed the identical inactivation rate
indicating an expression of the same type of myosin isomer in the season. Fish in the intermediate season
expressed both types of myosin with different ratios. Co-existing of two types of isomer in the
preparation was easily observed by the existing of breaking point in the thermal inactivation profile. The
mixing ratio of these two myosin isomers was simply estimated from the inactivation profile graphically.
Twelve months were divided into summer seasons of 4 months from June to September, winter seasons of 4
months from December to March, and two transition seasons of 2 months between summer and winter
seasons. As year round myosin isomer expression pattern was similar among species although the
stability among species differed from each other, water temperature change would be the trigger to start the
expression of another isomer.

For better understandings myosin denaturation, the thermal denaturation of myosin in myofibrils was
investigated by employing various indexes such as salt solubility, monomeric myosin content, and
chymotryptic digestion as well as ATPase inactivation in Chapter 4. Combined indexes gave information

on the conformational change of myosin upon heating. Salt solubility and monomeric myosin content
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decreased much faster than ATPase inactivation. The event was similarly observed with myofibrils in two
seasons for all of species of fish irrespective of the stability. The pattern was similar to one reported with
Japanese common carp by Takahashi et al. (2005b). Therefore, quick loss of salt solubility was a common
characteristic denaturation pattern for Chinese freshwater fish myosin. It was also demonstrated that
ATPase inactivation was well correlated with the loss of production of S-1 from heated myofibrils for ail
the species studied. Thus, the statement that S-1 was generated only from myosin retaining ATPase
activity was proved in the study. In other words, S-1 denaturation could be studied by measuring either
ATPase inactivation or the decrease in the amount of S-1 produced from heated myofibrils. Similarly,
salt-solubility and monomeric myosin content was well correlated with the amount of rod produced for allb
of species. These facts indicated that monomeric rod was generated only from myosin that retained
solubility. The pattern obtained was not unchangable because denaturation mode became opposite by
lowering heating temperature. All myofibrils examined in the study showed a quickér rod denaturation
than S-1 when heated at high temperatures (>33 °C) regardless of the season and species. However, S-1
and rod denaturation turned into opposite when heated at low temperatures (<33 °C). Temperature
dependent S-1 and rod denaturation with silver carp myofibrils clearly showed that S-1 denaturation rates
gave a straight line, while rod denaturation rates gave a breaking point in the line with the transition
temperature of 33 °C. The activation energy for the denaturation of rod at low temperature range was
about 3 times greater than that at high temperature range. S-1 and rod denaturation detected was
irreversible structural changes. Probably, reversibility of the conformational change occurring at rod
portion was much greater than that at S-1 portion at low temperature range. The fact is important
considering the storage of dorsal muscle of the fish species at low temperature.

To characterize internal structure of myosin rod between two seasons and among fish species, myofibrils
were digested with chymotrypsin in a dissolved form at 0.5 M KCl expecting cleavages at HMM/LMM
junction in rod.  Digestion temperatures were varied from 0 to 30 °C to study the temperature dependent

flexibility of rod portion. At low temperature (10 °C), it was proved that myosin in all species of fish in
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summer season showed a very similar digestion pattern with a selective cleavage practically at a single site
producing single HMM (about 165 kDa). However, myosin in winter fish showed rather species-specific
digestion pattern. Cyprinid family except common carp and largemouth bass and snakehead myosin was
similarly cleaved as summer myosin producing a single HMM (165 kDa), while common carp produced
uniquely long. HMM (180 kDa) indicating an additional cleavage at the site located near C-terminal region.
Digestion of myosin at elevated temperature provided the information on the flexibility of the rod portion
of myosin in winter and summer fish. Effect of temperature was clearly demonstrated with winter silver
carp myofibrils. HMM produced at low temperature tended to be cleaved further resulted in a decrease in
the HMM production at high temperature. Production of characteristically short 135 kDa HMM from
largemouth bass and common carp in winter season was unique especially at 30 °C.  Such short HMM
was reported with Japanese common cari) (Kato‘ and Koﬁno 1993b; Takahashi et al. 2005a). Therefore,
Japanese common carp used in the reference was winter type. As the pattern for common carp differed
from in two seasons, a small conflict in the reports on the substructure of myosin rod would be explained
by the myosin used for analysis.

The structural stability of rod portion of myosin for various species of fish in different seasons was
further studied in Chapter 5.  As the rod portion of myosin molecule is almost helical structure, unfolding
of helical structure is the indgx to study the structural differences. As presented in Chapter 3, rod was
easily prepared from myofibrils by digestion with chymotrypsin although the conditions were a .1ittle
different. Unfolding profiles of rod in winter and summer upon heating from 10 to 70 °C were compared.
For summer samples, all unfolding profiles generated two unfolding peaks although transition temperatures
and the peak heights for these two peaks were a little different. The results strongly indicated that thermgl
stability of myosin rod in summer fish was similar among species, which was the same conclusion derived
from the thermal inactivation rate of ATPése in Chapter 3 and the chymotryptic digestion pattern of myosin
in Chapter 4. On the other hand, unfolding profiles for winter myosin rod differed from species to species.

Unfolding profiles were classified into two groups. Winter myosin rods of silver carp, bighead carp, grass
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carp, and blunt snout bream showed a single large unfolding peak at around 35 °C. The rest of fish
species (common carp, bigmouth bass, and snakehead) showed two unfolding peaks. Unfolding
temperature for lower one at around 35 °C for the latter group was very similar among species, and was
also similar to that of the single peak obtained with the first group. Comparing the unfolding temperatures
between summer and winter myosin rod, the low unfolding temperature around 36 °C detected in summer
rod was a little higher than the single unfolding temperature for winter one in the first group. Additional
unfolding peak at high temperature at around 45 °C characterized the summer rod. Surprisingly,
snakehead myosin rod in two seasons showed exactly the same unfolding profiles. Contribution of S-2
and LMM regions in the characteristic unfolding profiles of winter and summer silver carp myosin rod was
studied by preparing these two fractions from rod of two seasons. LMM from summer and winter rod
showed a single transition peak at around 36 °C indicating that thermal stability of LMM region in two
seasons was the same. A large difference was observed in the unfolding of S-2. Although both S-2
fractions showed two unfolding peaks, temperature to generate major peak was different. S-2 from
summer rod showed unfolding at high temperature (47 °C), which corresponded to the second unfolding
peak detected with summer myosin rod. On the other hand, transition temperature (36 °C) for winter S-2
was rather similar to that of LMM, which is the explanation of a single unfolding of winter myosin rod. It
was concluded that structural stability in rod portion between two seasons was determined by the S-2
region rather than LMM region.

One of the possible ways of utilization of fish muscle protein is surimi production. It is well recognized
that thermal gelling characteristics are fish species-specific. In Chapter S, thermal aggregation process of
myosin rod was studied as a model system of thermal aggregation. Relationship between thermal
aggregation and unfolding were investigated considering different unfolding properties of rod in different
seasons. In all cases, aggregation was significant above the temperature where a complete unfolding of
whole rod structure was achieved. Consequently, the rod that contained stable S-2 was proved to be hard

to form aggregates. The temperature to induce a complete unfolding was determined by the most stable
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region of rod, namely S-2 region. Species were classified into three groups from the difference in the
aggregation pattern between winter and summer rods. The first group included silver carp, bighead carp,
grass carp and together with blunt snout bream, in which winter rod formed aggregate at lower temperature
than summer one. For these species in winter, aggregation readily started with a quite low extent of
unfolding. The second group included common carp and snakehead, in which both summer and winter .
rods started the aggregation at similar temperature. Unfolding extent at the temperature where aggregate
started was much larger than the first group. An exceptional species was largemouth bass, in which
winter rod began to aggregate at higher temperature than summer rod. The unique aggregation profile
was explained by the presence of exceptionally stable S-2 region in winter rod. Geﬁerally, the stability of
S-2 region, the most stable region in rod, seemed determine the aggregation temperature for rod.

For the practical application of the study, thermal gelation properties of surimi prepared from silver carp
in four seasons were compared in Chapter 1. Overall conclusion was that gelation temperature was
determined by the different stability of myosin. Summer season surimi judging from the thermal stability
of rﬁyoﬁbrils (Jun and Sep) required 10 °C higher temperature to produce similar gel than that for winter
{Dec and Mar) surimi.  The relationship between gelation temperature and thermal stability was consistent
with the results by Katoh et al. (1984). Two-step heating is ofteﬁ introduced to improve thermal gel
properties in Japan. Usually, the first heating (pre-heating) is performed at low temperatures such as
20~40 °C, then heated at high temperature for thermal gel production. Gel formed at such low
temperatures is called “set gel”. Increased breaking forcé or strain by introducing pre-heating is referred
to as setting effect. The effect of two-step heating was also investigated preliminarily for both winter and
summer surimi. Applying the two-step heating technique in the thermal gel production increased the
breaking force for the final product. Preheating of winter surimi at 30 °C for 4-6 hours increased the
breaking force from 350 to 700 g, by twice increment. Preheating of summer surimi at 35 °C, about 5 °C
higher than that for winter surimi, gave a similar effect. Different suitable temperature for pre-heating is

also explained by different stability of myosin in these two surimi samples. It is reported that setting
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effect is attributed to myosin cross-linking catalyzed by transglutaminase. It is also reported that common
carp generates practically no cross-linking products during pre-heating step, although the muscle contains a
quite high transglutaminase activity. Preliminary analysis of myosin cross-linking reaction during
preheating was conducted to understand the setting effect observed with silver carp surimi. Incubation of
salted winter surimi at 30 °C gradually generated myosin cross-linked products revealed on 3 %
polyacrylamide/0.5 % agarose gel. Summer surimi also formed cross-linked products at a little higher
temperature. A general gelation profiles for silver carp surimi was rather similar to those of Alaska
pollack although a suitable heating temperature was a little high than that of pollack. These results open
the possibility of silver carp muscle as a material for surimi production. The lowest price of silver carp
among freshwater fish species is also favorable for surimi production.

Generally, gel produced at relatively low temperature is called as ‘set gel’, one formed at high
temperature is called as ‘heated gel’ or ‘directly heated gel’, and one formed by two-step heating is terme_d
as ‘two-step heated gel’. The definition seems reasonable, however, there is no clear identification for ‘set
gel’ and ‘heatéd gel’. Texture map in which breaking strain was plotted against breaking force well
distinguished these two gels. Irrespective of gel properties, the parameters for the directly heated gel were
on a straight line. This also was true for the disintegrated gel producing at around 60 °C. However, the
parameters for some gels produced at low temperature were not on the line. They located above the line
indicating more elastic properties of the gel. The temperaturé to produce heated gel for summer was
higher than winter surimi by about 5-10 °C. Surprisingly, gel properties changed from °set gel’ to ‘heated
gel’ in the heating process. The gels produced in an early phase of heating had properties characteristic of
‘set gel’, but the gel produced in later phase at the same temperature showed the properties of heated gel.
Tﬁe fact clearly demonstrated that the properties were not only determined by heating temperature and also
by heating time. The transition temperature from ‘set gél’ to ‘heated gel’ was different from each other

with summer and winter surimi.

As a result of fast economic growth of China in two decades, people's life style has changed. The style
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includes the changes in the consumption style of fish. Distribution of live fish is becoming limited in
modernized city, and the proportion of processed food increases. The information on the properties of
muscle protein of various species of fish in different seasons is very useful for their utilization. One of the
promising examples was the utilization of silver carp in surimi production. However, it should be further
studied when is the most suitable season for surimi production. The season should be very carefully
determined considering the physiology of fish, reproduction system of fish culture, water temperature used

for processing, and gel forming ability of surimi produced in different seasons.
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