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The annual changes of the scallop’s adductor muscle in Ca2+-ATPase activity, 
chymotryptic digestion, endogenous fluorescence spectra, sulfhydryl content, 
and surface hydrophobicity were studied. Ca2+-ATPase activity peaked in 
February and reached its minimum in August for males and in July for females. 
However, no significant differences were observed between males and females 
throughout the year. The inactivation rate of Ca2+-ATPase activity increased by 
17- to 36-fold when the temperature rose from 38°C to 45°C. The ratio of free 
myosin to bound myosin was approximately 5:4 at 0.5  M KCl and changed to 
5:1 at 1.0  M, as determined by modeling. Chymotryptic digestion demonstrated 
that scallop myosin could be  cleaved into S-1/rod portions at 0.1  M and 
HMM/LMM at 0.5  M KCl. Furthermore, no significant seasonal variations were 
observed in chymotryptic digestion patterns, endogenous fluorescence, surface 
hydrophobicity, or sulfhydryl content. In conclusion, the structure and thermal 
stability of both male and female scallops remained stable throughout the year, 
making them suitable for processing and preservation.
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1 Introduction

Yesso scallops (Mizuhopecten yessoensis) are one of the most economically important 
aquaculture species worldwide. As a cold-water marine bivalve mollusk, it has been widely 
cultivated in the northeast area of Japan and Liaoning province in China. The world production 
of scallops was 1.7 million tons in 2020 (FAO, 2022). The main edible part, the adductor 
muscle, which is composed of fast (striated) and slow (catch) muscles, has high nutritional 
value and health-beneficial substances such as peptides, vitamins, and minerals (Odeleye et al., 
2019). With their distinctive flavor and delicious taste, scallops ranked as the third largest 
species in production output among aquaculture mollusks (Palma and Viegas, 2020).

The adductor muscle of the scallop is mainly composed of myofibrillar proteins, of which 
myosin contains 40% (Craig and Padrón, 2004). Scallop myofibrillar proteins hugely influence 
the textural properties of muscle, such as water-holding, elasticity, and functional properties 
(solubility, gelation, emulsification, foaming, etc.) (Hayakawa and Nakai, 2006; Wilding et al., 
2008; Zheng et al., 2012). It was reported that heat treatment changed secondary structures 
and water distribution in proteins, resulting in aggregation, increased hydrophobicity, and 
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cross-linking between myofibrils and muscle fibers. All these 
contributed to distinguished changes in shear force, hardness, 
springiness, cohesiveness, and chewiness (Wu et al., 2022a,b). As one 
of the most functional proteins in myofibrillar protein, myosin is 
critical for storing and processing muscle-based products such as 
dried products, ready-to-eat products (surimi products), and canned 
products (Hayashi and Konno, 2006). Myosin comprises two unique 
structures: a globular double-head structure called subfragment-1 
(S-1) and a long flexible coiled tail called a rod (Harrington and 
Rodgers, 1984). The head contains ATPase and F-actin binding sites, 
and the tail region assembles to form filaments under low salt 
conditions. Satoh et al. compared the Ca2+-ATPase changes of scallop 
myosin in the presence of Ca2+ or EDTA. The results revealed that 
Ca2+ unaffected the thermostability of myosin at 0.1 M KCl, while 
monomeric myosin content and salt solubility decreased more 
quickly than Ca2+-ATPase, suggesting a faster denaturation of the rod 
portion than S-1. Contrarily, when heated at 0.5 M KCl, a slower 
denaturation of the rod portion was observed (Satoh et al., 2012). In 
scallop adductor muscle, Ca2+ is directly bound to one of the myosin 
light chains known as the regulatory light chain, which causes muscle 
contraction in the myosin-linked Ca2+ regulation system (Szent-
Gyorgyi et al., 1973; Konno et al., 1981).

It is generally agreed that the thermal stability of fish myosin is 
deeply dependent on the inhabiting water temperature (Johnston et al., 
1973; Nakaya et  al., 1995). Hashimoto et  al. (1982) studied the 
thermostabilities of several species of marine fish myofibrils. The results 
showed that the myosin of cold-water fish was easily denatured upon 
heating compared to warm-water fish because of its unstable myosin at 
the molecular level. Yesso scallops are cold-water filter-feeding shellfish 
with strict requirements on their living environment and are less resistant 

to stress. Despite the previous investigation, the seasonal-specific 
thermostability and structural property remained poorly understood.

Therefore, this study explored the thermal stability of scallop 
myofibrillar proteins at low and high salt concentrations throughout 
the year for the first time, using the Ca2+-ATPase denaturation profile 
as an indicator. Meanwhile, the differences in the structural properties 
among seasons were also investigated initially using chymotryptic 
digestion, endogenous fluorescence, surface hydrophobicity, and 
sulfhydryl content. Our findings will provide helpful information and 
a theoretical basis for storing and effectively utilizing scallop muscle.

2 Materials and methods

2.1 Sample preparation

The 30 male and 30 female live Yesso scallops (Mizuhopecten 
yessoensis) with an average length of 9.78 ± 0.40 cm and weight of 
100.56 ± 11.09 g were bought from a Dalian market between January 
and December 2019. After transportation to the laboratory using ice bag 
cooling, the live scallops were placed in oxygenated circulating seawater 
for 12 h. The scallop adductor muscle was chopped and mixed with 10% 
sorbitol, left for 20 min at 4°C, and then stored in the freezer at −80°C.

2.2 Preparation of myofibrillar proteins

Myofibrillar proteins were prepared according to the method of 
our previous study (Jiang et al., 2020) with slight modifications. The 
addition of EDTA, which chelates divalent metal ions, could reduce 
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the consumption of ATP during homogenization, decrease the 
binding between myosin and actin, and result in better salt solubility 
of myofibrils. Consequently, 5 mM EDTA was incorporated into the 
process of preparing myofibrillar proteins. Two grams of the chopped 
scallop adductor muscle were washed three times with 10-fold 
volumes of 0.1 M KCl, 5 mM EDTA, and 20 mM Tris–HCl (pH 7.5) 
and centrifuged at 4°C, 5000× g for 3 min. The washed muscle was 
homogenized at 10000 rpm for 30 s repeated three times, followed by 
centrifuging at 4°C, 5000 × g for 5 min. The pellet was collected and 
re-suspended in 10-fold volumes of 0.1 M KCl, 20 mM Tris–HCl (pH 
7.5), repeated three times. Finally, the suspension was filtered through 
two layers of gauze. The filtrate was used as myofibrillar proteins.

2.3 Analysis of Ca2+-ATPase activity

Ca2+-ATPase activity was measured at 25°C in a medium of 0.5 M 
KCl, 5 mM CaCl2, 25 mM Tris–HCl (pH 7.0), 2.0 mg/mL myofibrillar 
proteins, and 1 mM ATP (Zheng et al., 2012). Liberated inorganic 
phosphate was measured with an absorbance of 640 nm. The ATPase 
activity was determined by the following equation:

 
( )( ) AATPase moL / mg min

0.345 tρ
µ =

where ρ is the protein concentration (mg/ml), t represents the 
reaction time (min), and A is the absorbance at 640 nm.

2.4 Determination of thermal inactivation 
profile

2.4.1 Ca2+-ATPase inactivation rate (KD)
Scallop myofibrillar proteins were incubated in January, April, 

July, and October at 38°C and 45°C, with a salt concentration of 0.1 M, 
0.5 M, and 1.0 M KCl, for durations ranging from 0 to 90 min. Ca2+-
ATPase activity was measured, as described above. The thermal 
inactivation rate (kD) as described by Hashimoto and Arai (1978) was 
determined using the following equation:

 
k C C

tD
t=

−ln ln0

where C0 and Ct are the relative remaining Ca2+-ATPase activity 
before and after incubation, and t is the incubation time in seconds.

2.4.2 Inactivation rate simulation curve
The calculated thermal inactivation rate (km) was simulated 

according to the following equation using the actual kD at 38°C of 
female scallop myofibrillar proteins in January.

 
k ae a em

k t k t= + −( )( )− −
ln 1 21

K1 is equivalent to KD at 0.1 M KCl, representing the binding state 
of myosin in actomyosin. K2 is equivalent to KD of the first 2 min at 
1.0 M KCl, representing the released myosin monomer from 

actomyosin. α is the estimated percentage of myosin in binding form; 
1-α is the percentage of myosin in monomer form. Calculated Km 
could be  defined as the inactivation rate at different ratios of the 
bound and free form of myosin, represented by the inactivation rate 
at different salt concentrations.

2.5 Determination of structural properties

2.5.1 Chymotryptic digestion
Scallop myofibrillar proteins (1 mg/mL) in January, April, July, 

and October, respectively, were digested by chymotrypsin at 0.1 M 
KCl, 20 mM Tris–HCl (pH 7.5), and 1 mM EDTA or 0.5 M KCl, 
20 mM Tris–HCl (pH 7.5), and 1 mM CaCl2, at 20°C for 60 min. The 
ratio of TLCK-treated α-chymotrypsin to scallop myofibrillar proteins 
was 1/500 (w/w). The digestion was stopped by 2 mM 
phenylmethylsulfonyl fluoride.

2.5.2 Endogenous fluorescence
Scallop myofibrillar proteins (0.5 mg/mL) in January, April, 

July, and October were scanned using a spectrofluorometer 
(RF-1501, Shimadzu, Kyoto, Japan) with an excitation wavelength 
of 297 nm. The spectral scan range was 250–400 nm with a slit 
width of 5.0 nm.

2.5.3 Surface hydrophobicity (S0)
Surface hydrophobicity of scallop myofibrillar proteins in January, 

April, July, and October was determined using an ANS probe 
according to the method of Alizadeh-Pasdar and Li-Chan (Alizadeh-
Pasdar and Li-Chan, 2000) with some modifications due to differences 
in reagent suppliers. Myofibrillar protein was prepared with the 
concentrations of 0.05, 0.1, 0.15, and 0.2 mg/mL, mixed with 8 mM 
ANS, and set at room temperature for 15 min. Fluorescence intensities 
were immediately measured using a spectrofluorometer (RF-1501, 
Shimadzu, Kyoto, Japan) with excitation and emission wavelengths of 
390 nm and 470 nm, respectively. S0 was calculated from the initial 
slope of the net relative fluorescence intensity versus the myofibrillar 
protein concentration.

2.5.4 Determination of total sulfhydryl content
Total sulfhydryl content was determined according to the method 

of Benjakul et al. (1997) with some modifications. The ratio of the 
protein-to-reaction solution was modified to 1:4 rather than 1:9. Due 
to sample variations, we did not achieve satisfactory results using a 1:9 
ratio. Therefore, the ratio was modified to 1:4. Scallop myofibrillar 
proteins (1 mg/mL, 0.5 mL) in January, April, July, and October were 
mixed with 2 mL 8 M urea, 10 mM EDTA, 2% SDS, and 0.2 M Tris–
HCl (pH 7.5) at 4°C and 50 μL 0.1 M sodium phosphate buffer (pH 
7.2) containing 10 mM DTNB at 4°C. The mixture was incubated at 
40°C for 25 min before measuring absorbance at 412 nm. The total 
thiol content was calculated using the following equation:

 
Total sulfhydryl content g

A D

B C
µm /( ) = ×

×

where A is the absorbance value at 412 nm; B is the protein 
concentration (mg/mL); C is the absorbance factor of 13,600; and D 
is the dilution factor.
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2.6 Electrophoretic analysis

SDS-PAGE was performed following the method of Porzio and 
Pearson (Porzio and Pearson, 1977) using 7.5% or 12.5% 
polyacrylamide gels containing 0.1% SDS. The gels were stained with 
0.1% Coomassie Brilliant Blue R-250 and then decolorized in a 
solution of 45% methanol and 9% acetic acid.

2.7 Data analysis

All the measurements were repeated three times. The experimental 
data were expressed as mean ± standard deviation, and statistical 
analysis of variance and graphing was carried out using GraphPad 
Prism 8.0 software. One-way ANOVA was performed on the 
differences between groups using SPSS 17.0 software, and the 
significance level was set at a p-value of <0.05.

3 Results and discussion

3.1 Annual variation in Ca2+-ATPase activity

Ca2+-ATPase activity serves as a sensitive indicator, frequently 
employed for the analysis of the denaturation of myofibrillar proteins, 
especially myosin (Yin et al., 2019). Annual variations in Ca2+-ATPase 
activity of male and female scallop myofibrillar proteins are shown in 
Figure 1. Ca2+-ATPase activity was high around February to March, 
reaching a maximum of 0.516 and 0.526 μm/(min·mg) for males and 
females, respectively. As the environmental temperature rose, Ca2+-
ATPase activity began to decline. The lowest activity was observed in 
August at 0.354 μm/(min·mg) for males and 0.320 μm/(min·mg) for 
females in July. The annual trend of the changes in Ca2+-ATPase 
activity displayed high activity in autumn and winter when the 
temperature was low. In contrast, at midsummer around July and 
August, the Ca2+-ATPase activity displayed the lowest value. 

Fluctuations in water temperature within fish and shellfish habitats 
have been reported to be correlated with Ca2+-ATPase activity. In 
instances where the water temperature is not optimal, organisms 
experience temperature stress, resulting in a reduction in Ca2+-ATPase 
activity (Ranjan et  al., 2014). Scallops, as a species of cold-water 
shellfish, have lower Ca2+-ATPase activity during the summer seasons 
because of stress caused by unsuitable water temperatures. In addition, 
Ca2+-ATPase activity in scallops was much higher than in most fish, 
such as grass carp, silver carp, mackerel, and walleye (Benjakul et al., 
2003). Compared to terrestrial animals, the nutrient composition of 
aquatic animals such as fish and shellfish was more easily affected by 
seasonal changes, habitat, reproductive cycles, and males and females, 
whereas there were no significant differences between males and 
females (p > 0.05).

3.2 Seasonal thermal inactivation profile of 
scallop myofibrillar proteins

The seasonal differences in the thermal inactivation profile of 
scallop myofibrillar proteins were investigated by incubating at 38°C 
(a relatively low temperature) and 45°C (a relatively high temperature) 
for 0 to 90 min at 0.1 M KCl. The quality of animal protein-based 
products is determined by the stability of the myofibrillar proteins 
(Wang et al., 2023). The scallops in January, April, July, and October 
were used in the following study because of the different representative 
Ca2+-ATPase as referred to in 3.1. As shown in Figure 2A, KD at 38°C 
was 7.299 × 10−5/s in January, 1.023 × 10−4/s in April, 5.270 × 10−5/s in 
July, and 4.792 × 10−5/s in October, respectively. KD at 45°C was 
1.670 × 10−3 to 1.750 × 10−3/s among all four seasons, which was 
accelerated by 17- to 36-fold. No significant seasonal difference was 
observed among these 4 months (p > 0.05). In contrast to scallops, 
certain fish species such as silver carp and grass carp exhibited 
significant seasonal differences in their myosin, with the inactivation 
rate during winter being 4 to 20 times faster than that during summer 
(Yuan et al., 2006). The reasons could be attributed to a combination of 

FIGURE 1

Annual variation of Ca2+-ATPase activity in scallop myofibrillar proteins. Different lowercase letters indicate a significant difference (p  <  0.05) in males 
among different months. Different capital letters indicate a significant difference (p  <  0.05) in females among different months.
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several factors, including temperature changes, sunlight intensity, and 
dissolved oxygen content in different seasons, which affected the 
expression of the genes encoding myosin to a certain extent, resulting 
in seasonal differences in myosin structure and protein properties 
(Vornanen, 1994; Imai et al., 1997). However, the seasonal differences 
in the thermal inactivation rate of scallop myofibrillar proteins were 
insignificant. It was speculated that the seasonal variation in seawater 
temperature had less drastic changes, resulting in less structural change 
and single gene expression of myosin. Nevertheless, the expression 
patterns of scallop myosin heavy chains in different seasons need to 
be further studied. The thermal inactivation rate of scallop myofibrillar 
proteins was relatively slower than other cold-water species, such as 
Alaska Pollock and rainbow trout, but similar to that found in summer-
type myosin of silver carp (Hashimoto et al., 1982; Yuan et al., 2005). 
When the salt concentration was at 0.1 M KCl, myosin bounded tightly 
to actin through the S-1 portion. They formed a cross-bridge structure 
in a post-rigor state, under which actin strongly protected myosin from 
thermal denaturation (Zhao et al., 2021). The high thermal stability of 
scallop myofibrillar proteins indicated a greater protective effect from 
actin compared to fish actin. The differential thermal stability of 
myofibrillar proteins affected the heating temperature required for gel 
formation and stability during storage (Yuan et al., 2005; Zhang et al., 
2023). The high stability of scallop myofibrillar proteins implied 
advantages for processing and storage.

Salt concentration could weaken myosin binding to the thin 
filaments and dissolve myosin into monomers (Yuan et al., 2011). To 
investigate the effect of actin bound, the Ca2+-ATPase was measured 
at 0.5 M and 1.0 M KCl, respectively, after incubating scallop 
myofibrillar proteins at 38°C from 0 to 60 min. The results are 
displayed in Figure 2B, with the data of the inactivation rate at 0.1 M 
shown as a dotted line for comparison. An inflection point could 
be  observed at 0.5 M and 1.0 M KCl, whereas, at 0.1 M KCl, the 
inactivation rate fitted well with the first-order reaction. KD of the 
initial speed was approximately 1.75 × 10−3/s to 2.17 × 10−3/s at 0.5 M 
KCl in four seasons, approximately 23- to 40-fold faster than at 0.1 M 
KCl. After the salt concentration increased to 1.0 M KCl, the thermal 
inactivation rate was highly rapid, reaching 0.01/s at the initial speed. 
The maximum difference was 140- to 200-fold from 0.1 M to 1.0 M 
KCl. At 0.1 M KCl, myosin exhibited better thermal stability with a 
slower inactivation rate because of the protective effect of actin. This 
state could be defined as the stable bound state of myosin. After the 
salt concentration was raised to 0.5 M KCl, the inactivation rate of 
myosin showed an obvious inflection point, with a fastened 
inactivation rate in the initial period and a slow inactivation rate in 
the latter part. In this condition, myosin bounded weaker to actin. The 
existence of free myosin probably fastened the inactivation rate in the 
initial period. The slower inactivation rate in the latter part came from 
myosin, which was still bound to actin. Some studies also mentioned 

FIGURE 2

Changes of thermal inactivation profile of scallop myofibrillar proteins in different seasons. (A) Comparison of thermal inactivation profile of scallop 
myofibrillar proteins at 38°C and 45°C at 0.1  M KCl. Scallop myofibrillar protein in January (circles), April (squares), July (triangles), and October 
(diamonds) was heated from 0 to 90  min at 38°C (closed symbol) and 45°C (open symbol), respectively. (B) Comparison of thermal inactivation profile 
of scallop myofibrillar proteins at various salt concentrations at 38°C. Scallop myofibrillar proteins were heated at 38°C in the presence of 0.1  M (closed 
symbol), 0.5  M (open symbol), and 1.0  M KCl (semi-closed symbol) at January (circles), April (squares), July (triangles), and October (diamonds). 
(C) Simulated thermal inactivation profile of scallop myofibrillar protein at different salt concentrations. The experimental result at 0.1  M (circles), 0.5  M 
(triangles), and 1.0  M KCl (squares) was represented by dots. The dashed line represents the simulated inactivation profile. K1 means the bound state of 
myosin, and K2 means the free state of myosin.
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this result on rabbits, fish, and echinoderms, in which the Ca2+-
ATPase activity displayed a rapid drop phase and a slow decreasing 
phase, corresponding to the thermal inactivation of free myosin and 
remaining actomyosin (Kawakami et al., 1971; Yuan et al., 2006; Zhao 
et al., 2021). Nevertheless, the seasonal differences in Ca2+-ATPase 
inactivation rates could not be detected (p > 0.05).

To simulate inactivation curves at different salt concentrations, the 
inactivation profile of myosin in winter female scallops (January) was 
plotted as shown in Figure  2C. KD at 0.1 M KCl was used as the 
inactivation rate of bound myosin (K1), and KD before 180 s at 1.0 M 
KCl was used as the inactivation rate of free myosin (K2). The 
simulated inactivation curves fitted well with the real data. At 0.5 M 
KCl, the ratio of free myosin to bounded myosin was approximately 
5:4. When the salt concentration was increased to 1.0 M KCl, a large 
amount of myosin monomer appeared, and bound myosin detached 
from actin into myosin monomers, with a ratio of approximately 1:5.

3.3 Seasonal chymotryptic digestibility 
patterns of scallop myofibrillar proteins

Chymotryptic digestion is usually used to characterize the 
molecular structural properties of myosin and the denaturation 
degree of actin (Zheng et al., 2012; Wang et al., 2022). In general, 
myosin could be cleavage into subfragment-1 (S-1) and rod at 0.1 M 
KCl with 1 mM EDTA and heavy meromyosin (HMM) and light 
meromyosin (LMM) at 0.5 M KCl with 1 mM CaCl2 (Weeds and Pope, 

1977). The chymotryptic digestion patterns of scallop myofibrillar 
proteins in four seasons are shown in Figure 3. Three major protein 
bands could be observed. Myosin heavy chain (MHC) and actin bands 
were identified based on their similarities to their counterparts in fish 
myofibrillar protein. The band between MHC and actin was identified 
as paramyosin, which could be found in various mollusks (Sonobe 
et al., 2016; Zhao et al., 2021). There was practically no difference in 
the patterns obtained from the four seasons. Yuan et al. reported that 
winter silver carp myosin could be cleavaged into a slightly larger 
molecular weight of S-1 and a smaller molecular weight of rod 
compared to summer myosin (Yuan et al., 2011). However, there were 
no significant differences in chymotryptic digestion patterns observed 
in scallops, suggesting that the chymotryptic digestion pattern was the 
same in four seasons, consistent with the Ca2+ATPase inactivation 
rate. Therefore, scallop myosin had high thermostability and slight 
fluctuation annually, suitable for preservation and processing.

When digested in a 0.1 M KCl solution, which closely resembles 
physiological ionic strength, myosin was observed to form fibrils 
bound to actin and undergo cleavage into S-1 and rod fragments 
(Figure  3A). After 80% of MHC was digested within 20 min, 
paramyosin degradation commenced. Myosin probably exhibited a 
protective effect on paramyosin, which appeared to be enveloped by a 
layer of myosin. It was reported that high ionic strength could affect 
the rod portion of myosin, dissociating myosin from the thick filament 
into myosin monomer (Shen and Swartz, 2010). After adjusting the 
salt concentration to 0.5 M KCl and adding Ca2+, the degraded rate of 
MHC was accelerated hugely, as shown in Figure  3B. There were 

FIGURE 3

Chymotryptic digestion patterns of scallop myofibrillar protein in different seasons at 0.1 M KCl (A) and 0.5M KCl (B). Scallop myofibrillar proteins from 
January, April, July, and October were digested at 0.1 M KCl, 1.0 mM EDTA (A), or 0.5 M KCl, 1.0 mM CaCl2 (B) at 20 °C for 60 mins. MHC means 
myosin heavy chain. PM represents paramyosin. LC 2 means Ca2+-binding light chain. The α-chymotrypsin ratio to protein was 1/500 (w/w).
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almost no patterns of protein bands at HMM molecular weight at 
40 min. These results suggested that the second cleavage site (HMM/
LMM junction) contained several cleavable points, similar to the 
result of sea cucumber (Zhao et al., 2021). Apart from this, paramyosin 
was digested entirely into small fragments at 2 min due to the lack of 
myosin protection, earlier than the condition of 0.1 M. Actin band in 
both 0.1 and 0.5 M KCl exhibited no changes, suggesting its higher 
thermal and structural stability. Apart from major bands such as 
myosin, paramyosin, and actin, when comparing SDS-PAGE digested 
at 0.1 M and 0.5 M KCl, it was observed that one of the myosin light 
chains, LC2, located at the bottom of the patterns, was nearly 
completely digested under the conditions of 0.1 M KCl at the 10-min 
digestion, whereas at the conditions of 0.5 M KCl, the amount of the 
band during digestion for 10 min remained almost unchanged from 
the initial stage. This suggested that LC2 is a Ca2+-binding light chain, 
consistent with previous research (Konno et al., 1981). Hence, when 
scallops were digested at 0.1 M in the presence of EDTA, which can 
chelate calcium ions, the degradation of the Ca2+-binding light chain 
by chymotrypsin played a crucial role in cleaving the myosin heavy 
chain at the S-1/rod junction. This phenomenon was also observed in 
other fish species such as yellowtail kingfish and silver carp (Zheng 
et al., 2012; Liu et al., 2022).

3.4 Seasonal structural properties of 
scallop myofibrillar proteins

The endogenous fluorescence, surface hydrophobicity (S0), and 
total sulfhydryl content of myosin were investigated in four seasons to 
reveal the structural difference. Myosin consists of two spherical heads 
and a double helix tail (Sharp and Offer, 1992), which contains a large 
number of protein endogenous chromogenic groups, mainly including 
tryptophan, tyrosine, and phenylalanine. By measuring the relative 
intensity of endogenous fluorescence of myosin, it was possible to 
determine whether there were seasonal differences in the tertiary 
structure of the scallop myosin molecule. The results are shown in 
Figure 4. Myosin had a maximum absorption peak at 303 nm for 
tyrosine fluorescence, and its maximum absorption wavelength and 
peak did not differ among the four seasons, whether in 0.1 M or 0.5 M 
KCl solutions. However, at 0.5 M KCl, the peak intensity of myosin 
absorption at 303 nm was stronger compared to that at 0.1 M KCl. This 
might be attributed to the fact that at 0.5 M KCl, myofibrils were in a 

dissolved state, resulting in a greater presence of myosin monomers 
and thus a stronger absorption peak intensity. Shen and Swartz also 
demonstrated that high salt concentrations can induce the dissociation 
of myosin from the thick filament (Shen and Swartz, 2010).

Hydrophobic interactions mainly maintain the tertiary structure 
of proteins. Measuring the surface hydrophobicity (S0) of proteins 
could monitor the conformational changes of proteins from the native 
structures (Yongsawatdigul et al., 2005). Researchers have found that 
proteins with a higher So were unfolded to a greater extent (Jia et al., 
2016; He et  al., 2019). ANS fluorescent probes are susceptible to 
electrostatic forces that create strong interactions with hydrophobic 
groups of protein molecules, resulting in a significant increase in So. 
Therefore, it was commonly used to determine the S0 of proteins 
(Alizadeh-Pasdar and Li-Chan, 2000; Poowakanjana and Park, 2013). 
The result is shown in Figure 5. S0 of scallop myofibrillar proteins in 
January, April, July, and October was compared at low (0.1 M KCl) and 
high (0.5 M KCl) salt concentrations. Scallop myofibrillar proteins 
treated with 0.5 M KCl had a higher S0 than that with 0.1 M KCl 
(p < 0.05), which was probably due to the dissociation of myosin by 
high ionic strength. The increase of myosin monomer enhanced the 
interaction between myosin and the fluorescent probe, resulting in a 

FIGURE 4

Changes of endogenous fluorescence spectra of scallop myofibrillar protein in different seasons at 0.1  M KCl (A) and 0.5  M KCl (B).

FIGURE 5

Change of surface hydrophobicity of scallop myofibrillar protein in 
different seasons. Different lowercase letters indicate a significant 
difference (p  <  0.05) at 0.1  M among different months. Different 
capital letters indicate a significant difference (p  <  0.05) at 0.5  M 
among different months. * represents p  <  0.05; **represents p  <  0.01; 
*** represents p  <  0.001.
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higher So. Furthermore, there was no significant difference in the 
fluorescence intensity of myosin among four seasons (p > 0.05), 
suggesting that the bound and free states of myosin in scallop 
myofibrillar proteins did not show significant seasonal differences in 
their proportions and structures.

Sulfhydryl groups are essential functional groups of proteins. There 
were approximately 42 sulfhydryl groups in myosin, partly located in 
the head of myosin (approximately 24–26) and partially encapsulated 
in the tail of myosin (Hamm, 1960). The disulfide covalent bonds, 
formed from the oxidized sulfhydryl groups, were closely related to the 
molecular conformation and structural stability of proteins and played 
an important role in the gel formation process of proteins 
(Thawornchinsombut and Park, 2007). Figure 6 shows the comparison 
of the total sulfhydryl content of myosin in scallop myofibrillar proteins 
in four seasons at 0.1 M KCl (low ionic strength) and 0.5 M KCl (high 
ionic strength). There was no significant seasonal difference in the 
protein sulfhydryl content between the low and high salt conditions 
treatments. The above results of endogenous fluorescence, surface 
hydrophobicity (S0), and total sulfhydryl content indicated that there 
were no significant seasonal differences in the structure of myosin.

4 Conclusion

No significant seasonal differences in the structure of myosin in 
terms of chymotryptic digestion pattern, endogenous fluorescence, 
surface hydrophobicity, and sulfhydryl content were observed, 
suggesting less variation in thermal and structural properties and 
suitability for processing and preservation throughout the year. Ca2+-
ATPase activity of scallop myofibrillar proteins exhibited a temperature-
dependent annual change, reaching a maximum of 0.516 and 0.526 μm/
(min·mg) in winter (February) for males and females and a minimum 
in the summer of August at 0.354 for males and 0.320 μm/(min·mg) in 
July for females. However, no significant annual difference was observed 
between males and females (p > 0.05). Ca2+-ATPase activity inactivation 
rate at 38°C was 7.299 × 10−5/s in January, 1.023 × 10−4/s in April, 
5.270 × 10−5/s in July, and 4.792 × 10−5/s in October. The rate was 
accelerated by 17- to 36-fold when heating at 45°C. Actin in scallop 

myofibrillar protein had a high protective effect on myosin, as evidenced 
by the high thermal stability at low salinity. Model calculations 
estimated that approximately 50% of bound myosin was present at 
0.5 M KCl. The result of chymotryptic digestion indicated that scallop 
myosin could be cleavaged into S-1/rod portion by chymotrypsin at 
0.1 M and HMM and LMM at 0.5 M KCl. Paramyosin, which was rich 
in various mollusks, was found to be protected by myosin filaments due 
to the latter degrading followed by myosin heavy chain. The next study 
needed to focus on the seasonal variation of Ca2+-ATPase activity and 
explore further possibilities such as protein modifications.
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FIGURE 6

Change of sulfhydryl content of scallop myofibrillar protein in 
different seasons. Different lowercase letters indicate a significant 
difference (p  <  0.05) at 0.1  M among different months. Different 
capital letters indicate a significant difference (p  <  0.05) at 0.5  M 
among different months.
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