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Abstract
There are many polyphenols used for the preservation of fish, but the interaction mechanism between polyphenols and fish
protein is rarely reported. In the present study, the interactions between two kinds of polyphenols (chlorogenic acid (CGA) and
rosmarinic acid (RA)) and the myosin of grass carp (Ctenopharyngodon idella) were explored using multi-spectroscopic tech-
niques. Both CGA and RA were found to be involved in reducing the intrinsic fluorescence and surface hydrophobicity of
myosin and increasing the UV absorption intensity. This indicates that interactions between CGA, RA, and myosin ultimately
result in the formation of polyphenol-myosin complexes. The binding process of CGA and RA for the formation of the complex
was spontaneous. The main binding forces between RA and myosin are hydrogen bonding and van der Waals forces, whereas
hydrophobic interactions were observed between CGA and myosin. The results of circular dichroism (CD) showed that the
presence of CGA and RA increased the content of myosin alpha-helix. CGA and RA caused myosin aggregation which reduced
the corresponding solution dispersibility. CGA and RA protected the myosin sulfhydryl groups and reduced the degree of their
oxidation. Furthermore, the complexes formed by the combination of myosin, CGA, and RA exhibited the strongest synergistic
antioxidant properties than any one of them. The findings of the present study provide insights into our understanding of the
mechanism of interactions between myosin and polyphenols which could provide information on the application of polyphenols
in preserving aquatic products.
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Introduction

As a common freshwater fish, grass carp (Ctenopharyngodon
idellus) is very popular with consumers for its pleasant taste,

rich nutritional value, and low price. With the development of
the cold chain and fresh supermarket industry as well as im-
provement in lifestyle of the new generation, fresh fish fillets
have gradually replaced live fish as the major marketing strat-
egy (Yu et al. 2017). However, due to frequent lipid oxidation
and protein degradation during storage, fresh grass carp fillets
are prone to deterioration and thus have a shorter shelf life
compared with live fish (Wu et al. 2018). Therefore, it is vital
to find ways of improving the shelf life of grass carp fillets.

Bio-based coatings and films combined with refrigeration
have been widely considered effective and environmentally
friendly methods of improving the fish fillets’ shelf life
(Reesha et al. 2015). In general, the materials used in the
bio-based coatings and films are mainly carbohydrates, pro-
tein gels, and natural plant extracts (Yu et al. 2018). For in-
stance, pullulan has been used to inhibit myofibrillar protein
degeneration and maintain Ca2+-adenine pyrophosphatase
(Ca2+-ATPase) activity in chilled grass carp (Jiang and Wu
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2018). Chitosan has also been wildly used as a preservative in
maintaining the quality and extending the corresponding shelf
life of many varieties of fish fillets such as silver pomfret
(Pampus argentus) (Wu et al. 2016), sea bass (Lateolabrax
japonicus) (Qiu et al. 2014), grass carp (Ctenopharyngodon
idella) (Yu et al. 2017), and rainbow trout (Oncorhynchus
mykiss) (Ojagh et al. 2014). Fish gelatin coating can effective-
ly reduce total volatile basic nitrogen, peroxide value, thiobar-
bituric acid value, and pH of refrigerated rainbow trout and
thus extend its shelf life (Hosseini et al. 2016).

Recently, some natural plant extracts with excellent antiox-
idant and antibacterial properties such as polyphenols have
been used in preserving fish products (Luan et al. 2017). Tea
polyphenols are currently the most widely studied polyphenol
which can inhibit the oxidation and degradation of proteins
during preservation (Feng et al. 2017). Apple polyphenol was
applied in synthesizing fresh-keeping films for preserving fish
(Sun et al. 2018). It is reported that brown seaweed polyphe-
nols and α-tocopherol contribute to the reduction of the de-
gree of protein oxidation and maintenance of the texture char-
acteristics of frozen fish meat compared with the traditional
antioxidant, ascorbic acid (Wang et al. 2017). Due to their
excellent preservation effects, the application of polyphenols
in the preservation of fish products has also become one of the
research hotspots (Rodríguez et al. 2012; Cao et al. 2019).

It has been reported that myosin degradation is a key factor
involved in accelerating the deterioration of aquatic products
(Daskalova 2019). Numerous studies on the application of
polyphenols to fish preservation are available in literature,
and most of them focus on assessing their preservation perfor-
mance. However, there are very few studies available that
have reported the interaction between myosin and polyphe-
nols for the purpose of demonstrating the preservation of
products. In other words, polyphenols have been used in the
inhibition of fish protein degradation, but the mechanism is
not yet clear (Fan et al. 2008). Therefore, the present study
intends to explore the mechanisms involved in the interaction
between myosin of grass carp muscle, chlorogenic acid
(CGA), and rosmarinic acid (RA), respectively by employing
multi-spectroscopic techniques. It is well-known that spectro-
scopic techniques are convenient and meticulous when study-
ing the interactions between small molecules and proteins to
better understand the interaction process between them. For
example, the data of fluorescence spectroscopy shows that
quenching processes of CGA with whey protein and casein
are static (Jiang et al. 2018); 8-anilino-l-naphthalene sulfonic
acid (ANS) as a hydrophobic fluorescent probe is utilized to
study the effect of flavonoids on the surface hydrophobicity of
β-lactoglobulin (Li et al. 2018).

Results obtained by this study will offer some new insights
to our understanding of the mechanism of polyphenols in
preserving aquatic products based on the binding modes be-
tween polyphenols and myosin.

Materials and Methods

Materials

Bovine serum albumin (BSA) was obtained from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). 8-Anilino-1-
naphthalenesulphonic acid (ANS) was acquired from
Aladdin Reagents Co., Ltd. (Shanghai, China). Chlorogenic
acid (CGA, purity > 98%) and rosmarinic acid (RA, purity >
98%) standards were provided by Shanghai Yuanye
Biological Technology Co., Ltd. (Shanghai, China). All other
chemicals used were of analytical grade and purchased from
SinoPharm Chemical Reagent Co., Ltd. (Shanghai, China).
All aqueous solutions were prepared using deionized water.

Methods

Myosin Preparation

Live grass carps (Ctenopharyngodon idella) with an average
weight of 5–6 kgwere purchased fromHuazhongAgricultural
University market (Wuhan, China) and transported alive in a
plastic bag to the laboratory within 20 min. The live fish (n =
10) were immediately sacrificed by a blunt instrument to the
head, viscera removed and washed with tap water. The fresh
white muscle was separated manually from the back muscle
and kept at 4 °C for no longer than 1 h (for sample preparation
and instrument setting) for further myosin preparation.
Myosin was extracted from the white muscle of the fresh grass
carp according to the method used by Park and Lanier with
some modifications (Park and Lanier 1989). Briefly, firstly, in
order to remove residual blood and water-soluble proteins,
and obtain myofibrillar protein, the muscle was minced
through a food processor (Braun K600, Braun GmbH,
Germany) and mixed with ten-fold volume of solution A
(0.10 M KCl, 0.02% sodium azide, and 20 mM Tris-HCl
buffer, pH 7.5). Then the mixture was homogenized using
an inline dispersing homogenizer (Model FJ-200, Shanghai
specimen and models factory, China) operated at a speed set-
ting of 9000 rpm for 1 min. The homogeneous liquid was
incubated for 15 min at 4 °C and centrifuged at 8000 rpm
for 5 min in a high-speed refrigerated centrifuge machine
(Beckman Avanti J-20XP, America). Secondly, to separate
myosin and actin, the sediment was suspended with 5 times
volume solution B (0.45 M KCl, 5 mM β-mercaptoethanol,
0.2MMg(COO)2, 1 mMEGTA, and 20mMTris-HCl buffer,
pH 6.8), mixed with adenosine 5′-triphosphate (ATP) to a
final concentration of 5 mM and incubated for 1 h at 4 °C.
Then, the mixture was centrifuged at 12,000 rpm for 10 min.
Finally, purification of crudemyosin was performed. The final
supernatant was diluted slowly with 10 times the volume of
1 mM KHCO3 and kept at 4 °C for 15 min, and the mixture
was centrifuged at 12,000 rpm for 10 min at 4 °C. After that,
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the precipitate was re-suspended with 2.5 times volume solu-
tion C (0.5 M KCl, 5 mM β-mercaptoethanol, and 20 mM
Tris-HCl buffer, pH 7.5). The re-suspended precipitate was
incubated at 4 °C for 10 min, diluted with 2.5 times volume
of 1mMKHCO3, while addingMgCl2 to a final concentration
of 10 mM. The mixture was kept at 4 °C overnight and then
centrifuged at 10,000 rpm for 15 min. The pellets were re-
suspended in 0.6 M NaCl (pH 7.5) (dissolved in ionized wa-
ter) and then centrifuged at 5000 rpm for 10 min. The super-
natant was stored at 4 °C for use within 3 days. The protein
concentration of the supernatant was determined by the Lowry
method (Lowry et al. 1951), using bovine serum albumin
(BSA) as a standard. The myosin concentration was adjusted
with buffer D (pH = 7.5, 0.6 M NaCl and 0.02 M Tris-HCl).

Polyphenol Stock Solution Preparation

CGA and RA were dissolved in deionized water and fixed to
1 mg/mL in a brown volumetric flask to obtain the stock
solutions, respectively. The polyphenol stock solutions were
kept in the refrigerator at 4 °C for further use.

Fluorescence Spectroscopic Analysis

Fluorescence spectral data were recorded at three different
temperatures (25 °C, 30 °C, 37 °C) by fluorescence spectro-
photometer (F-4600, Hitachi, Japan) equipped with a quartz
cuvette of 1.0 cm path length. The excitation spectra were
obtained at 280 nm, whereas emission spectra were recorded
at a wavelength ranging from 300 to 450 nm. Synchronous
fluorescence spectra were collected from 260 to 350 nm at
25 °C with the wavelength interval of Δλ = 15 nm and
Δλ = 60 nm (Xu et al. 2019). The sample solutions of CGA-
myosin and RA-myosin for fluorescence testing were pre-
pared by mixing myosin solution (0.5 mg/mL), different con-
centrations of polyphenols (0, 3, 4, 5, 6, 7, 8 μg/mL) and
buffer D. The final volume of the sample solution was made
up to 5 mL. The solution was thoroughly mixed and left for
30 min in the experimental temperature for measurement.

Fluorescence Data Analysis

Fluorescent quenching is measured based on the Stern-
Volmer equation (Lakowicz 1999):

F0=F ¼ 1þ KSV Q½ � ¼ 1þ Kqτ0 Q½ � ð1Þ

where F0 is the fluorescence intensity without a quencher;
F is the fluorescence intensity with a quencher, τ0 (~ 10

8 s) is
the average lifetime of fluorophore without a quencher; [Q] is
the concentration of the quencher; KSV is the dynamic
quenching constant; and Kq is the biomolecule quenching rate
constant. KSV can be deduced from the slope of linear

regressions of the curve F0/F versus [Q] and Kq is deduced
from KSV and τ0, while the correlation coefficient can also be
derived from the linear regression equation.

For static quenching, the relationship between the concen-
tration of the protein and the fluorescence quenching intensity
was calculated by applying the double-logarithm equation
given below.

log F0−Fð Þ=F½ � ¼ logKa þ nlog Q½ � ð2Þ

where Ka is the binding constant and n is the number of
binding sites per protein. So Ka can be deduced from the
intercept of linear regressions of the curve log [(F0 – F)/F]
versus (logKa + nlog [Q]) and n is deduced from the slope of
the linear regression, while the correlation coefficient can also
be derived from the linear regression.

The entropy change (ΔS), enthalpy change (ΔH), and free
energy change (ΔG) were estimated using the Van’t Hoff
equation (Dai et al. 2018).

lnKa ¼ −ΔH=RT þΔS=T ð3Þ
ΔG ¼ −RT lnKa ¼ ΔH−TΔS ð4Þ

where Ka is the binding constant and same as Eq. (2) at the
corresponding temperature; R is the gas constant
(8.314 J mol−1 K−1); T is the experimental temperature (298,
303, and 310 K). TheΔS andΔH values were acquired from
the intercept and slope based on lnKa and 1/T whileΔG value
was calculated using Eq. (4), while the correlation coefficient
can also be derived from the linear regression.

Circular Dichroism Spectroscopy Measurement

Secondary structures of myosin and its complexes with each
polyphenol were measured by a CD spectropolarimeter
(J-1500, JASCO Ltd., Japan) equipped with a 1.0-mm quartz
cuvette. The CD spectra were recorded from 200 to 240 nm at
25 °C with a scanning speed of 100 nm/min, 3 accumulations,
and 1 nm bandwidth (Dan et al. 2019). The CD results were
expressed as mean residue ellipticity (MRE) in degree cm2

dmol−1 based on the Yang’s method (Yang et al. 1986) pro-
vided with the spectropolarimeter through the instrument’s
own program. The myosin and myosin-polyphenol solution
(Cmyosin = 0.5 mg/mL, CCGA = CRA = 8 μg/mL) was incubat-
ed for 30 min and diluted 10 times with deionized water to a
total volume of 5 mL due to the strong far UV absorption of
NaCl and the need for CD test.

UV Absorption Spectra Measurement

The absorption spectra of myosin solutions (1 mg/mL) with
polyphenols (1 mg/mL) at various concentrations (0, 3, 6, and
8 μ g /mL ) w e r e d e t e rm i n e d u s i n g a UV - 7 2 1
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spectrophotometer (Shanghai Precision Instrument Co., Ltd.,
Shanghai, China) with a wavelength range of 200 to 400 nm
and a scanning speed of 100 nm/min using D buffer as a
blank.

Turbidity Measurement

The samples for turbidity measurement were prepared as de-
scribed in UV absorption spectral measurement, and the tur-
bidity values of samples were recorded as the UV absorbance
at 320 nm (Yongsawatdigul and Sinsuwan 2007).

Surface Hydrophobicity Measurement

Surface hydrophobicity of myosin and complexes were re-
corded using a fluorescence spectrophotometer (F-4600,
Hitachi, Japan) with excitation and emission wavelengths at
390 and 470 nm, respectively using 8-anilino-l-naphthalene
sulfonic acid (ANS) as a fluorescent probe. The excitation and
emission slit widths were set at 5 nm each. The myosin solu-
tions (1 mg/mL) were diluted to 0.05, 0.1, 0.15, and 0.2 mg/
mL using buffer D with polyphenols (1 mg/mL) at various
concentrations (0, 3, 6, and 8 μg/mL). Four milliliters of each
complex solution was supplemented with 20 μL of 8 mM
ANS in 0.1M potassium phosphate buffer (pH 7.0) and mixed
well. After keeping each sample in the dark for 10 min, the
fluorescent intensity was measured. Protein hydrophobicity
was calculated from the initial slope of a plot of fluorescence
intensity against protein concentration using linear regression
analysis. The initial slope was defined as S0-ANS (Karaca
et al. 2011).

Particle Size Measurement

The particle size of the protein was determined using the
Malvern Zetasizer Nano ZS (Zetasizer Nano ZS, Malvern
Instruments, Worcestershire, UK) according to the method
described by Peng et al. (2017) with slight modifications.
The concentration of myosin in the sample mixture was
0.1 mg/mL, and the concentration of polyphenols was 8 μg/
mL. The refractive index used for the dispersed phase was
1.450. The RI corresponding towater was 1.333, the incubator
temperature was 25 °C, and the scattering angle was 173° in
Malvern Zetasizer Nano ZS.

Determination of Reactive Sulfhydryl Groups

The reactive sulfhydryl (SH) groups were detected spectro-
photometrically according to the method described by Liu
and his colleagues (Liu et al. 2011) with little modification.
Briefly, the myosin (0.5 mg/mL) was mixed with different
concentrations (0, 3, 4, 5, 6, 7, 8 μg/mL) of polyphenol solu-
tions and placed at 4 °C in refrigerator for 9 h. An aliquot

(100 μL) of Ellman’s reagent (10 mM 5,5-dithio-bis-[2-
nitrobenzoic acid]) was added to 4.7 mL protein solution
and the mixture placed the refrigerator at 4 °C for 1 h. The
reactive SH was measured at 412 nm with a spectrophotome-
ter and the content of sulfhydryl calculated using the molar
extinction coefficient of 13,600 M−1 cm−1.

Reducing Power Measurement

Following the method reported by Mohammadian and his
colleague (Mohammadian and Madadlou 2016), the protein
solutions of myosin (0.5 mg/mL) mixed with different con-
centrations of polyphenols (0, 3, 4, 5, 6, 7, 8 μg/mL) were
firstly placed in the refrigerator at 4 °C for 9 h. Then, a 2 mL
sample was mixed with 2 mL of phosphate buffer (0.2 M, pH
6.6) and 2 mL of potassium ferricyanide (1%). The mixture
was incubated at 50 °C for 20 min. After incubation, the mix-
ture was quickly cooled, and 2 mL of 10% trichloroacetic acid
was added. Subsequently, the mixture was centrifuged at
4000 rpm/min for 10 min. An aliquot of 2 mL of the superna-
tant was mixed with 2 mL of deionized water and 0.4 mL of
FeCl3 (1%). After incubation for 10 min at room temperature,
the absorbance of the resulting Prussian blue solution was
recorded at 700 nm.

Statistical Analysis

All measurements were recorded in triplicate if not stated oth-
erwise, and the data were expressed as the mean ± standard
deviation (SD). Statistical analyses were performed using
Microsoft Excel 2013 and IMP SPSS 22. Significant differ-
ences (p < 0.05) in means between the samples were separated
using Duncan’s Multiple Range tests. All the figures were
drawn using the Origin 2018 software.

Result and Discussion

Fluorescence Spectra Analysis

Effect of Polyphenols on Myosin Fluorescence

Myosin is known to have intrinsic fluorescence mainly be-
cause of the presence of tryptophan (Trp) and tyrosine (Tyr)
(Kominz et al. 1954; Yan et al. 2013). When the excitation
wavelength was set at 280 nm, the changes in myosin intrinsic
fluorescence without or with the different concentrations of
polyphenols (chlorogenic acid, rosmarinic acid) were record-
ed and are presented in Figs. 1 and 2 a, b, and c, respectively. It
was shown that myosin has the strongest emission peak near
334 nm, and the fluorescence intensity markedly decreased
with increasing the concentration of CGA or RA.
Meanwhile, the fluorescence intensity of myosin was reduced

1424 Food Bioprocess Technol (2020) 13:1421–1434



Fig. 1 The intrinsic fluorescence changes of myosin without or with
different concentrations of CGA at 298 K (a), 303 K (b), and 310 K (c)
(λex = 280 nm). (d) The Stern-Volmer plots and the equation for the
quenching of myosin by CGA in 298 K, 308 K, and 318 K,

respectively. The plots for the static quenching of myosin by CGA
(298 K, 308 K, and 318 K) (e). The Van’t Hoff plot for the interaction
of myosin and CGA. C(myosin) = 0.5 mg/mL; C(CGA) = 0 to 8 μg/mL (f)
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Fig. 2 The intrinsic fluorescence changes of myosin without or with
different concentrations of RA at 298 K (a), 303 K (b), and 310 K (c)
(λex = 280 nm). (d) The Stern-Volmer plots and the equation for the
quenching of myosin by RA in 298 K, 308 K, and 318 K, respectively.

The plots for the static quenching of myosin by RA (298 K, 308 K, and
318 K) (e). The Van’t Hoff plot for the interaction of myosin and RA.
C(myosin) = 0.5 mg/mL; C(RA) = 0 to 8 μg/mL (f)
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by 39.23% and 47.09% with the highest concentration of
CGA and RA at 298 K, respectively. These results indicate
that intrinsic fluorescence of myosin is quenched by CGA and
RA as quenchers, and the quenching effect of RA is stronger
than that of CGA. The reason could be the difference in mo-
lecular structures of RA and CGA (Hasni et al. 2011). From
Fig. 1, it is clear that the emission peak of myosin changed
slightly with the increase of CGA concentration, and the red
shift increased with the rise in temperature. It is reported that
the presence of anthocyanins in grape skins cause changes in
the microenvironment of amino acids of whey protein isolates
(Stănciuc et al. 2017). Thus, the binding of CGA is associated
with the changes in the microenvironment of myosin which
indicates that the tryptophan residue moved into a more hy-
drophilic environment with the addition of CGA (Kang et al.
2004).

The Fluorescence Quenching Mechanism

The addition of polyphenols leads to the quenching of myosin
intrinsic fluorescence, and fluorescence data measured at var-
ious temperatures could be utilized to understand the corre-
sponding quenching mechanism. Potential modes of fluores-
cence quenching include mainly dynamic quenching (caused
by collision) and static quenching (caused by formation of
stable complexes) (Ren et al. 2019). Figures 1 d and 2 d show
the near linear plots for CGA-myosin and RA-myosin systems
obtained at three different temperatures (298 K, 303 K, and
310 K) after analyzing the fluorescence quenching data ac-
cording to the Stern-Volmer equation (Eq. (1)). It can be seen
that the relationship between the values of F0/F and myosin
contents shows a good linear correlation at different tempera-
tures as a correlated coefficient (R2) as illustrated in Table 1.
Dynamic quenching constant (Ksv) values were obtained from
the slopes, whereas biomolecule quenching rate constant (Kq)
values were calculated using Eq. (1). Obviously,Kq values are
much higher than the maximum diffusion-limited quenching
in water (2.0 × 1010 L mol−1 s−1) which indicates that the

quenching method is more likely to be static quenching than
dynamic quenching (Cui et al. 2015). It suggests that both
fluorescence quenching modes of CGA-myosin and RA-
myosin systems are static quenching.

Analysis of the Binding Parameters

Assuming independent bindings of different polyphenols to
binding sites on myosin, values of the binding constant (Ka)
and binding sites (n) of CGA-myosin and RA-myosin inter-
actions at various temperatures were obtained from fluores-
cence data using the double-logarithm equation (Eq. (2)). The
plots of CGA and RA are shown in Figs. 1e and 2e, respec-
tively. Values of Ka and n obtained for CGA-myosin and RA-
myosin system were calculated and are summarized in
Table 1. Both binding site numbers of CGA and RA were
found to be close to 1.0, indicating the binding molar ratio
of 1:1 between both polyphenols and myosin. The Ka values
increased with rising temperature for CGA-myosin and de-
creased with rising temperature for RA-myosin systems, re-
spectively. This indicates that the binding reactions of CGA-
myosin and RA-myosin systems are endothermic and exother-
mic reactions, respectively. This conclusion can be well-
explained by the changes in enthalpy (ΔH) displayed in
Table 1. Furthermore, the Ka values decreased with increasing
temperature indicating that the formation of polyphenol-
myosin complex became more difficult, and there was a rela-
tive fall in the complex stability (Joye et al. 2015). Therefore,
it is concluded that CGA-myosin complex was easily formed
compared with that of RA-myosin complex and showed
higher stability.

Thermodynamic Parameters Measurement

Thermodynamic measurements could be helpful in determin-
ing the major binding forces between polyphenols and myo-
sin. In general, there are four major non-covalent binding
forces between quencher and protein which include

Table 1 Quenching and binding constants, and relative thermodynamic parameters for the interaction of myosin with CGA/RA at different
temperatures

Polyphenol T (Κ) Ksv (L·mol
−1) Ra Ka (L·mol

−1) N Rb ΔG (kJ·mol−1) ΔH (kJ·mol−1) ΔS (kJ·mol−1·K−1) Rc

CGA 298 3.247 × 104 0.9979 5.222 × 105 1.269 0.9944 − 32.62 188.08 741.50 − 0.9939
303 3.046 × 104 0.9933 2.456 × 106 1.429 0.9956 − 37.07
310 3.275 × 104 0.9988 1.014 × 107 1.552 0.9919 − 41.58

RA 298 4.932 × 104 0.9885 1.963 × 106 1.360 0.9924 − 35.90 − 105.00 − 231.10 0.9857

303 3.861 × 104 0.9924 1.259 × 106 1.337 0.9944 − 35.38
310 3.906 × 104 0.9866 3.898 × 105 1.226 0.9909 − 33.18

Ra is the correlated coefficient of the Stern-Volmer equation. Rb is the correlated coefficient of the equation ofKa and n.R
c is the correlated coefficient of

the Van’t Hoff equation
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hydrophobic interactions, hydrogen bonding, van der Waals
forces, and electrostatic interactions (Jia et al. 2017). The ther-
modynamic parameters, such as enthalpy change (ΔH), en-
tropy change (ΔS), and free energy change (ΔG), are depen-
dent on temperature, which can be determined in order to
specify the non-covalent acting forces between polyphenols
and myosin. The ΔH and ΔS for the interaction between
polyphenols and myosin were calculated by Eq. (3) and the
ΔG obtained using the Gibbs-Helmholtz Eq. (4). The corre-
sponding results are shown in Figs. 1f, 2f, and Table 1. For
ligand–protein interaction, ΔH > 0, ΔS > 0 represent hydro-
phobic interaction; ΔH < 0, ΔS < 0 exhibit hydrogen bonds
and Vander Waals’ interactions;ΔH < 0,ΔS > 0 signify elec-
trostatic forces (Ross and Subramanian 1981). Negative ΔG
(Table 1) indicates that the process of myosin combination
with polyphenols was spontaneous. From Table 1, the nega-
tive values of ΔH and ΔS indicate that the binding forces
between RA and myosin were mainly hydrogen bonds and
vander Waals’ interactions. On the contrary, the positive
values of ΔH and ΔS indicate that the hydrophobic interac-
tion contributed significantly to the interaction of CGA and
myosin. However, some reports have suggested that the inter-
action between RA and human serum albumin is mainly hy-
drophobic interaction (Peng et al. 2016). Some researchers
have found that hydrogen bonds and van der Waals force
promote the combination of CGA and β-lactoglobulin (Jia
et al. 2017). These reports assert that different binding forces
are involved in the binding of polyphenols and different pro-
teins. In future research, with the development of the opti-
mized myosin molecule structure, the interaction between
polyphenols and myosin could be predicted with the use of
molecular simulation technologies.

Synchronous Fluorescence Spectral Measurement

The synchronous fluorescence spectra can provide the infor-
mation concerning the microenvironmental changes of chro-
mophore molecules in protein before and after binding with
po l ypheno l s . When t h e wave l e ng t h i n t e r v a l s
(Δλ = λem–λex) are set at 15 nm and 60 nm, synchronous
fluorescence spectra offer the characteristic information of
tyrosine (Tyr) and tryptophan (Trp) residues, respectively
(Azimi et al. 2011). The synchronous fluorescence spectra
of CGA-myosin and RA-myosin at room temperature are
shown in Fig. 3. The results show that the fluorescence inten-
sity of Tyr and Trp decreased significantly with increasing
polyphenol concentration. Moreover, the fluorescence inten-
sities of Trp residues were higher than those of Tyr residues.
This phenomenon is not affected by changes in the types and
concentrations of polyphenols indicating that Trp residues
contribute more to the fluorescence generation of myosin than
Tyr residue. Additionally, there was no visible change in the
position of the maximum emission wavelength of Trp residues

(Fig. 3 a2 and b2); however, there appeared to be a slightly
blue shift for that of Tyr residues (CGA-myosin, from 286.40
to 285.80 nm; RA-myosin, from 286.40 to 285.80 nm) (Fig. 3
a1 and b1) indicating a slight change in the microenvironment
near the tyrosine residue (Yuan et al. 2007).

Circular Dichroism Spectra

Circular dichroism (CD) spectroscopy is an important method
for studying the conformation changes of protein, especially
the secondary structure (Whitmore and Wallace 2008). The
CD spectra of myosin and polyphenol-myosin complexes are
shown in Fig. 4. The two negative peaks appeared at 208 nm
and 222 nm within the detected wavelength range (200 to
240 nm) which are mainly attributed to the contribution of
α-helix of protein, and the results of α-helix content are also
presented in Fig. 4 (Yang et al. 1986). It is clear to see that the
α-helix content of polyphenol-myosin complexes increased to
50.4% or 55.00% from the initial 48.00%, when CGA and RA
were added into myosin solutions, respectively. The increase
in the α-helix content of polyphenol-myosin complexes illus-
trates that the binding of CGA or RA to myosin enhanced the
degree of the shrinking of the myosin skeleton which has
already been reported by other researchers (Tang et al.
2014). In addition, the change of the α-helix of proteins can
be attributed to hydrogen bonding or hydrophobic interaction
(Li et al. 2009) contributing to the binding of RA or CGAwith
myosin, respectively.

UV Absorption Spectra Measurement

UV absorption spectroscopy is a simple way to study the
tertiary structural changes of myosin before and after adding
different concentrations of CGA and RA (Lange and Balny
2002). UV absorption spectra of myosin and myosin-
polyphenol systems are presented in Fig. 5a1, b1. The UV
absorption spectral intensity of polyphenols under experimen-
tal conditions is negligible (data not shown). The absorbance
peak at 275 nm is the featured absorption peak of aromatic
amino acid (Tyr and Trp) residues, and the UV absorbance
values of myosin gradually increased with the addition of
CGA or RA, respectively. In addition, the absorbance peak
of myosin at 275 nm showed a slight red shift with increasing
polyphenol concentrations indicating that CGA or RA has no
significant effect on aromatic amino acids.

In order to provide detailed information of aromatic amino
acids (especially Trp and Tyr), UV absorption spectrum was
analyzed utilizing the second derivative. UV second deriva-
tive absorption spectra were used because they can provide the
exact qualitative and quantitative information from uncertain
band spectra (Rojas et al. 1988). The second derivative ab-
sorption spectra from 280 to 310 nm of myosin samples are
presented in Fig. 5 a2 and b2. Compared with the original UV
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spectra, the UV second derivative absorption spectra have two
distinct troughs (284 nm, 291 nm) and peaks (288 nm,
295 nm) from 280 to 310 nm, respectively. In addition, peaks
at 288 nm belong to Trp and Tyr residues, and the peaks at

295 nm are attributed to Trp residues (Wang et al. 2018).
When adding the polyphenols, the peaks at 288 nm displayed
almost no change; however, the other peaks showed a slight
red shift shifting from 295 to 296 nm, which indicates that Trp
residues were exposed to a more hydrophilic environment.

Furthermore, the relative amounts and three-dimensional
positions of Trp and Tyr can be characterized by the peak-
to-trough ratio (r) (Lange and Balny 2002). The “r” value is
calculated by “a” and “b”which represents the peak-to-trough
values (284 to 288 nm; 291 to 295 nm), respectively. In gen-
eral, the higher the “r” values, the greater the Tyr residues
exposed to the solution which are related to the strength of
polarity (Saleem and Ahmad 2016). Figure 5 a2, b2 shows
that the “r” values respectively increased to 2.58 and 2.61 for
CGA-myosin and RA-myosin systems compared with that of
the original myosin 2.23. This finding indicates that more Tyr
residues of myosin induced an increase in polarity in the mi-
croenvironment after the addition of CGA and RA.
Meanwhile, the “r” value of RA-myosin systems was slightly
higher than that of the CGA-myosin system which indicates
that RA is more likely to expose Tyr residues to a solution
than CGA. Moreover, the exposure of more Tyr residues

Fig. 3 Synchronous fluorescence spectra of the interaction between
myosin and CGA (a)/RA (b) (0 to 8 μg/mL) at Δλ = 15 nm (a1, and

b1) and at Δλ = 60 nm (a2, and b2); C(myosin) = 0.5 mg/mL; the
experiment was carried out at room temperature

Fig. 4 CD spectra of myosin (curve a), CGA-myosin (curve b), and RA-
myosin (curve c). Cmyosin = 0.05 mg/mL, C(CGA) =C(RA) = 0.8 μg/mL
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could reduce the surface hydrophobicity of myosin since Tyr
is a kind of hydrophilic or polar amino acid.

Turbidity Measurement

The turbidity produced after the interaction between pro-
tein and polyphenol depends on the concentration and
ratio of protein and polyphenol, and is also closely related
to the type of polyphenols (Siebert et al. 1996). The tur-
bidity of myosin before and after the addition of polyphe-
nols is determined by the magnitude of turbidity
(Yongsawatdigul and Sinsuwan 2007). The results of dif-
ferent systems are shown in Fig. 6. From Fig. 6, it can
clearly be seen that the turbidity of myosin increased after
the addition of polyphenols. However, it seems that CGA
caused higher turbidity levels of myosin growth compared
with RA which may in turn depend on the different bind-
ing modes of RA and CGA. The turbidity is influenced by
the scale of the binding forces and the number of possible
binding sites of polyphenols (Siebert et al. 1996).

Fig. 5 Zero-order UV absorption spectra (a1, b1) and second derivative
UV absorption spectra of myosin (a2, b2) (0.5 mg/mL) added with CGA/
RA (0, 3, 6 and 8 μg/mL). The letters “a” and “b” represent the peak-to-

trough values for the two main peaks. The ratio (r = a/b) of the peak-to-
trough values in the second derivative spectra of myosin with different
CGA/RA concentrations are summarized in the table

Fig. 6 Turbidity (A320nm) of myosin (0.5 mg/mL) added with CGA/RA
(0, 3, 6 and 8 μg/mL). Different lower case letters indicate significant
differences in turbidity values of myosin and myosin-RA complexes
(p < 0.05). Different capital letters indicate significant differences in
turbidity values of myosin and myosin-CGA complexes (p < 0.05)
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Surface Hydrophobicity Measurement

It has been reported that the change in surface hydrophobicity
may be due to the ligand inserted into the hydrophobic surface
of the protein (Xu et al. 2015), and the interaction between
polyphenols and proteins could change the conformation of
the protein. ANS works as a hydrophobic fluorescent probe
and has been widely used to study protein conformational
changes (Cao et al. 2015). The changes in S0-ANS before
and after adding polyphenols into myosin are shown in
Fig. 7. It can be noted that the surface hydrophobicity of my-
osin shows a decreasing trend with the addition of polyphe-
nols, and the surface hydrophobicity of the RA-myosin sys-
tem was lower than that of the CGA-myosin system under the
same concentration of polyphenol. This indicates that RA has
higher capacity to increase the polarity of the surrounding
solution than CGAwhich is similar to the results of a previous
study (Jia et al. 2017). This conclusion is in good agreement
with the results of CD spectra and UV absorption spectra.

Particle Size Measurement

The dynamic light scattering (DLS) is used to identify the
particle size of myosin and polyphenol-myosin complexes
for evaluating the myosin aggregation in order to investigate
the binding of the complex. DLS can monitor the dissociation
or monomer aggregation of myosin filaments by measuring
the hydrodynamic diameter of the particles in solution. The
molecular weight distribution curve (intensity %), polydisper-
sity index (PDI), and Z-average (d.nm) of myosin and
myosin-polyphenol systems are presented in Fig. 8. From

Fig. 8, it can be observed that the PDI and Z-average values
of myosin alone are 0.252 and 270.3, respectively. However,
after the addition of polyphenols, the values of PDI and Z-
average increased to 0.256, 281.4, and 0.352, 360.4 for
myosin-RA and myosin-CGA systems, respectively. This in-
dicates that polyphenols could promote the aggregation of
myosin and reduce the dispersion of myosin. The other expla-
nation is that during the addition, polyphenols were attached
to the surface of proteins by cross-linking different proteins
and induced the production of dimerization, which resulted in
increasing the insolubility and particle size (Jöbstl et al. 2004).
This result is in good agreement with the results of turbidity.
At the same time, a similar phenomenon was reported in a
study of the interaction between zein nanoparticles and
quercetagetin which showed a narrower size distribution of
zein (Sun et al. 2016; Sui et al. 2018)

Determination of Reactive Sulfhydryl Groups

The reactive SH group is a key active group in the tertiary
conformational changes of proteins. As shown in Fig. 9, the
contents of reactive SH groups for myosin and myosin-
polyphenol systems were investigated. After the addition of
CGA and RA (8 μg/mL), the reactive sulfhydryl group con-
tents of myosin-CGA and myosin-RA systems rose to 9.78
and 9.40 nmol/mg of protein from the original value of
8.79 nmol/mg of protein, respectively. From Fig. 9, it can
clearly be seen that the reactive sulfhydryl group content of
myosin was significantly positively correlated to the concen-
tration of polyphenols (p < 0.05). Moreover, the myosin-CGA
system had higher reactive sulfhydryl group content than that
of the myosin-RA system. It has been reported that

Fig. 7 Effects of different CGA/RA concentrations (0, 3, 6, and 8μg/mL)
on surface hydrophobicity (S0-ANS) of myosin (0.5 mg/mL). Different
lower case letters indicate significant differences in S0-ANS values of
myosin and myosin-RA complexes (p < 0.05). Different capital letters
indicate significant differences in S0-ANS values of myosin and
myosin-CGA complexes (p < 0.05)

Fig. 8 Particle size distribution (intensity %) of myosin, myosin-RA, and
myosin-CGA complex. The polydispersity index (PDI) and Z-average
(d.nm) values of myosin, myosin-RA, and myosin-CGA complex are
summarized in the Table. C(myosin) = 0.5 mg/mL, C(CGA) =C(RA) = 8 μg/
mL
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polyphenol with special structure of gallate moiety induces the
content of protein thiols and remains unchanged or decreased,
resulting in the aggregation of proteins (Chen et al. 2011; Ishii
et al. 2009). Both CGA and RA do not react to the thiol group
of proteins due to lack of the typical structure of gallate moi-
ety. On the contrary, it can increase the reactive sulfhydryl
group content of myosin through protecting the myosin thiols.

Reducing Power Measurement

The reducing power test is considered to be the best method
for assessing the electron donor capacity of antioxidants (Peng
et al. 2010). The antioxidant activity of myosin binding to
different polyphenols is evaluated by reducing the power as-
say. As depicted in Fig. 10, it was observed that the antioxi-
dant capacities of myosin-polyphenol systems are higher than
myosin, and these are significantly positively correlated to the
concentration of polyphenols (p < 0.05). An interesting result
found that myosin also has good reducing power and showed
stronger reducing power due to a synergistic effect when it
binds to polyphenols. A similar conclusion was also drawn
that the formation of complexes β-cyclodextrins-CGA and α-
tocopherol-RA further strengthened the reducing power of
complexes (Shao et al. 2014; Panya et al. 2012). The oxidation
products of polyphenols might be responsible for this syner-
gistic interaction.

Furthermore, the antioxidant capacity of the myosin-RA
system was found to be stronger than that of the myosin-
CGA system at the same concentration. The difference in
reducing power of two types of polyphenols could be related
to their different structural formulas and hydroxyl activities. In

addition, it was found that protein can maintain the stability of
small organic molecules, which could explain the synergy
between protein and polyphenols (Silva et al. 2018).

Conclusions

In the present study, multi-spectroscopic techniqueswere used
to explore the interaction between polyphenols (CGA and
RA) and grass carp myosin. Results show that both CGA
and RA had great influence on intrinsic fluorescence, surface
hydrophobicity, UV absorption intensity, turbidity, and alpha-
helix of myosin, which are indicative of the types of interac-
tions between polyphenols and myosin. Moreover, the analy-
sis of the fluorescence quenching data shows that the binding
process of the complex is spontaneous. The main interaction
forces between RA andmyosin are hydrogen bonding and van
der Waals force; however, the hydrophobic interaction is the
major interaction force between CGA and myosin. CGA and
RA had the effect of protecting myosin sulfhydryl groups
which reduced the degree of myosin oxidation. Moreover,
the complexes of myosin and polyphenols exhibited the stron-
gest synergistic antioxidant properties than any one of them.
Thus, the present study can partly provide some insights into
our understanding of the mechanism involved in the applica-
tion of polyphenols in the preservation of aquatic products.
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Fig. 9 Effects of different CGA/RA concentrations (0, 3, 4, 5, 6, 7, and
8 μg/mL) on reactive SH of myosin (0.5 mg/mL). Different lower case
letters indicate significant differences in reactive SH values ofmyosin and
myosin-RA complexes (p < 0.05). Different capital letters indicate
significant differences in reactive SH values of myosin and myosin-
CGA complexes (p < 0.05)

Fig. 10 Reducing power (A700nm) of different CGA/RA concentrations
(0, 3, 4, 5, 6, 7, and 8 μg/mL) with and without myosin (0.5 mg/mL).
Different lower case letters indicate significant differences in reducing
power values between different RA concentrations (p < 0.05). Different
capital letters indicate significant differences in reducing power values
between different CGA concentrations (p < 0.05)
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