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ey fishy off-flavor compounds to
silver carp proteins: a thermodynamic analysis

Saiqi Gu, ab Wangli Dai,a Yunqing Chong,c Fei Lyu,a Xuxia Zhou*a and Yuting Ding*a

The binding of key fishy off-flavor compounds (KFOCs), heptanal, octanal, nonanal, and 1-octen-3-ol, to

silver carp proteins (total myofibrillar protein, myosin, and actin) was studied. Myosin was the primary

binding receptor for all four KFOCs, and it showed the strongest binding at neutral pH and at higher

ionic strengths. Thermodynamic models were applied to evaluate the number of binding sites, the

binding constant, and the Gibbs free energy for the binding of the KFOCs to myosin. Myosin had

approximately 1.0 sites for binding with the three linear-chain aldehydes and about 1.6 sites for binding

with 1-octen-3-ol. Moreover, myosin showed the highest affinity for 1-octen-3-ol, and both its binding

constant and its number of binding sites with the three linear-chain aldehydes were negatively

correlated with the chain length. For all four KFOCs, the trends of the Gibbs free energies were the

opposite of those observed for the binding constant and the number of binding sites. These results may

provide a theoretical basis for improving the deodorization efficiency of traditional surimi rinsing

methods by adjusting the properties of the solutions used.
Introduction

Surimi is a tasteless and odorless sh-meat protein concentrate,
which when further processed is an intermediate ingredient in
surimi-based products such as kamaboko and crab-meat
analogues. In general, the sh muscle is minced, washed to
remove the fat and undesirable matters (such as blood,
pigments and odorous substances), and mixed with cryopro-
tectants (such as sugar and/or sorbitol) to obtain surimi.1,2 In
China, the traditional materials used for surimi production are
various kinds of low-value freshwater sh, such as silver carp
(Hypophthalmichthys molitrix). However, freshwater-sh surimi
has a high concentration of shy off-avor compounds (FOCs)
that are difficult to remove. The presence of these compounds is
an important factor that determines the acceptability and
consumption of surimi and has been considered one of the
main constraints to the development of the surimi food
industry.

The traditional method of removing FOCs in surimi pro-
cessing is rinsing.3 However, rinsing can only wash away some
of the free FOCs. The main reason for this is the complexity of
the FOCs and the binding of the FOCs to non-volatile food
ingredients.4–6 Studies have shown that meat proteins can
interact with volatile compounds, which would affect their
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release and the perception of quality in a signicant manner.7

Recently, there has been increased interest in elucidating the
interactions between avor compounds and non-volatile food
components, especially proteins.

These interactions have been studied for vegetable proteins
(e.g. soy proteins)8 as well as skeletal peptides (e.g. carnosine
and anserine) and sarcoplasmic proteins (e.g.myoglobin and b-
lactoglobulin).4,9 There have also been several studies per-
formed on the interactions between volatile compounds and
myobrillar proteins in duck and pork muscle.10,11 However, to
the best of our knowledge, relatively few studies have been
performed on the interactions between different types of
natural myobrillar proteins (e.g. myosin and actin) and FOCs
which, thus far, have not been successfully removed during sh
surimi processing.

The interactions between avor compounds and proteins, or
more specically, the binding of avor compounds to proteins
are affected by both the physicochemical properties of the avor
compounds and the properties of the proteins (e.g. protein
concentration, protein type, and conformation).12 The organic
compounds responsible for the shy off-avor in freshwater sh
products are widely reported to be geosmin,3,13 as well as volatile
aldehydes and alcohols such as heptanal, octanal, nonanal, and
1-octen-3-ol.14,15 Our previous studies have shown that 13 vola-
tile compounds with odor activity values greater than 1 (OAVs >
1) were the aroma-active compounds (AACs) that contribute
primarily to the integral aroma prole of silver carp mince.3 In
addition, we reported that the AACs—heptanal, octanal, nona-
nal, and 1-octen-3-ol—which displayed relatively high OAV
values, make a major contribution to the overall shy avor of
This journal is © The Royal Society of Chemistry 2020
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View Article Online
minced products of silver carp. Therefore, the above
compounds were dened as the key shy off-avor compounds
(KFOCs) of interest in the present study. The clarication of the
interactions between sh meat proteins and these compounds
is of particular importance for the removal of shy off-avor
during sh surimi processing.

A traditional method for evaluating the interactions between
volatile compounds and proteins has been headspace GC-MS.
More recently, solid-phase microextraction (SPME) has been
widely used to trap free molecules and detect the concentration
of the analytes.4 The headspace concentration of the analyte is
related to its concentration in the ber coating, which is based
on the equilibrium between the polymeric coating, the head-
space, and the matrix. The ber/headspace partition coeffi-
cients can be determined from the forces that drive the analyte
from the air to the ber coating.

In the present study, we analyzed the effects of silver carp
surimi proteins on the removal of four KFOCs (heptanal, octa-
nal, nonanal, and 1-octen-3-ol), the effects of protein type, and
the properties of the medium on the binding of KFOCs. For the
rst time, the binding behavior of these KFOCs to myosin was
investigated via the analysis of thermodynamic models.

Materials and methods
Materials

Three batches of fresh silver carp (ten per batch) of commercial
size (average weight approximately 1500 g) were obtained from
the Zhaohui Agricultural Products Market in Xiacheng District,
Hangzhou, Zhejiang province, China, in the middle of February
2019. The silver carp were transported alive to the laboratory in
plastic bags containing local pond water, mixed together and
labeled. All silver carp samples used in this study were killed by
a percussive blow on the head with a 250 g hammer. Next, the
foreign substances were washed away, the sh scales scraped
off, and the head, net viscera and bones removed. The sh
muscle was cut into 100 g portions, packaged in vacuum bags,
and stored at �20 �C prior to further preparation of the sh
proteins (total myobrillar protein, myosin, and actin). The
standard samples of the four KFOCs used in this study—hep-
tanal, octanal, nonanal and 1-octen-3-ol ($99.2%)—were ob-
tained from Aladdin Industrial Corporation Shanghai, China.

Preparation of proteins. The total myobrillar protein (TMP)
was obtained according to the procedure described by Nyaisaba
et al.16 Myosin was isolated using the simultaneous process
described by Ding, Liu, Rong, and Xiong.17 Actin was prepared
according to the methodology by Perez-Juan et al.18 The
concentrations of TMP, myosin, and actin were determined
according to the bicinchoninic acid method.19

Preparation of stock solutions of KFOCs. Based on our
previous study, heptanal, octanal, nonanal and 1-octen-3-ol
were selected as the silver carp KFOCs for the volatile-protein
binding study.3 Stock solutions of the KFOCs were made up in
50 mM of phosphate-buffered saline (PBS) solution at pH 7.0 to
yield a nal concentration of 5.0 mg L�1. The stock solutions of
the KFOCs were all stored at 30 �C for 16 h in the absence of
light to allow for equilibration.
This journal is © The Royal Society of Chemistry 2020
Methods of extraction and determination

Extraction of the KFOCs by SPME. SPME was used to capture
the KFOCs present in the headspace (HS) of the vials under
optimized conditions according to the procedure reported by
Gianelli et al.4 To sample the KFOCs, a 75 mm carboxen/
polydimethylsiloxane (CAR/PDMS) ber (Supelco, Bellefonte,
PA, USA) was exposed to the HS. Aer 30 min of adsorption, the
KFOCs were desorbed by inserting the ber into the injection
port of a gas chromatograph set at 240 �C for 5 min in splitless
mode. Subsequently, the ber was retracted into the needle and
the holder was withdrawn from the injection port. The ber was
heated for 5 min on the injection port at 240 �C to avoid analyte
carry-over between the samples.

Gas chromatography-mass spectrometry (GC-MS) analysis of
the KFOCs. A Trace 1300 gas chromatograph coupled with
a single quadrupole mass spectrometer (Thermo Fisher Scien-
tic, CA, USA) was used for the GC-MS analysis. The KFOCs were
separated on a DB-5MS capillary column (60 m length �
0.25 mm i.d. � 0.25 mm lm thickness; Agilent Inc., USA).
Helium (99.999% purity) was used as the carrier gas with
a velocity of 1.0 mL min�1. The gas chromatograph oven
program began at 70 �C when the ber was injected and was
maintained for 5 min. Subsequently, the temperature was
increased to 240 �C at a rate of 10 �C min�1 and held for 5 min,
for a total time of 25 min. The MS conditions were as follows:
ionization energy, 70 eV; emission current, 200 mA; transfer line,
ion source, quadrupole and detector temperatures were kept at
280 �C, 230 �C, 150 �C and 250 �C, respectively; detector voltage,
1200 V; mass range, 35–500 Da.

Determination of the standard curves of the KFOCs. A linear
range (0.1 mg L�1, 0.25 mg L�1, 0.5 mg L�1, 1.0 mg L�1,
2.5 mg L�1, and 5.0 mg L�1) of the KFOCs were diluted in
a 50 mM PBS solution at pH 7.0 to build the quantitative solu-
tions. Standard curves representing the linear correlations
between the peak areas and known quantities of the KFOCs
were then obtained by directly injecting 1.0 mL of the quanti-
tative solutions into a GC-MS inlet using a liquid-sampling
needle.

Determination of the linearity of the SPME extraction
method. 5 mL of the prepared quantitative solutions of the
KFOCs was quickly transferred into a 15 mL headspace vial and
sealed with a PTFE-faced silicone septum (Supelco, Bellefonte,
PA, USA). Aer equilibrating at 30 �C for 16 h, the headspace of
the vials was subsequently analyzed by HS-SPME-GC-MS
detection. Linear correlations between the quantities of the
KFOCs in the SPME ber coatings and their solution concen-
trations were then calculated on the basis of the standard curves
built in the previous section.
Volatile-protein binding analysis

Effect of protein type. The three sh proteins (total myo-
brillar protein, myosin and actin) and the four KFOCs (hepta-
nal, octanal, nonanal, and 1-octen-3-ol) were coupled in pairs
and dissolved in a 50 mM PBS solution to make a series of
binding solutions. The concentrations for each protein and
KFOC in a binding solution were 5.0 g L�1 and 1.0 mg L�1,
RSC Adv., 2020, 10, 11292–11299 | 11293
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Fig. 1 Linear correlations between the peak areas and the quantities of
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respectively. 5 mL of the binding solution was quickly trans-
ferred to a 15 mL headspace vial and sealed with a PTFE-faced
silicone septum. Solutions prepared with the same buffer and
the KFOCs in the absence of protein were used as controls. All
vials were stored at 30 �C for 16 h to allow for equilibration. The
percentage of the KFOCs bound to the protein (bound KFOC)
were determined from the differences between the peak areas
found in the headspace of the binding solutions and the
controls as follows:

Bound KFOCð%Þ ¼ 1� peak areaKFOC

peak areacontrol
� 100% (1)

Effect of pH, ion species, and ionic strength. The effect of pH
on the binding of the KFOCs to myosin was studied by
preparing a series of binding solutions containing 0.6 M KCl at
pH values of 5.0, 5.5, 6.0, 6.5, 7.5 and 8.0, respectively. The effect
of the ion species on the binding of the KFOCs was determined
by solubilizing different salts with the same ionic strength
(0.6 M NaCl, 0.6 M KCl, 0.2 M MgCl2 and 0.2 M CaCl2). The
effect of the ionic strength on the binding of the KFOCs to
myosin was determined by adding different KCl concentrations
(0 M, 0.2 M, 0.4 M, 0.6 M, and 0.8 M) to binding solutions at pH
7.0.20

Calculation of the binding parameters. A linear range
(0.1 mg L�1, 0.25 mg L�1, 0.5 mg L�1, 1.0 mg L�1, 2.5 mg L�1,
and 5.0 mg L�1) of the KFOCs was added into a 5.0 g L�1 myosin
solution. The concentrations of the KFOCs in the HS ([HS]) were
determined by HS-SPME-GC-MS under optimized conditions
and calculated using the equation by Pérez-Juan et al.:20

½HS� ¼ AF

S � VF � Kfiber-air

(2)

where AF is the peak area from the GC-MS chromatogram cor-
responding to a KFOC adsorbed by the SPME ber, S is the slope
of a standard curve obtained by analyzing known quantities of
the KFOC, VF is the ber volume (5.3 � 10�7 L), and Kber–air is
the ber–air partition coefficient of the KFOC determined
according to the method reported by Gianelli et al.4 These were
34 986, 38 792, 41 865 and 30 560 for heptanal, octanal, nona-
nal and 1-octen-3-ol, respectively.

The free concentration (F) and the moles of each KFOC
bound per mole of myosin (n) in the aqueous phase were
calculated using the equations reported by Pérez-Juan et al.:20

F ¼ ½HS�P
½HS�C

� CKFOC; n ¼
½HS�C � ½HS�P

½HS�C
� CKFOC

CP

(3)

In above equations, [HS]C and [HS]P are the HS concentra-
tions of each KFOC in the control and the protein (myosin) vials,
respectively. CKFOC is the linear concentration of KFOC
(0.1 mg L�1, 0.25 mg L�1, 0.5 mg L�1, 1.0 mg L�1, 2.5 mg L�1,
and 5.0 mg L�1) added to the myosin solutions, and CP is the
myosin concentration (5.0 g L�1). CKFOC and CP need to be
converted into molar concentrations before calculation.
11294 | RSC Adv., 2020, 10, 11292–11299
Non-covalent (reversible) binding of the KFOCs with proteins
can be represented by the Scatchard equation,4 which can also
be expressed in the form of a double-reciprocal equation (Klotz
plot):21

1

n
¼ 1

n
þ 1

nKF
(4)

where n and F are dened as in eqn (3), n is the total number of
binding sites on myosin, and K is the intrinsic binding
constant.

The binding parameters (n and K) are calculated from a plot
of 1/n versus 1/F, which should give a straight line with a slope of
1/nK and an intercept of 1/n. The equilibrium binding constant
K, determined under experimental conditions as a function of
temperature, facilitates the determination of the thermody-
namic parameter the Gibb's free energy of binding (DG):

DG ¼ �RT ln K (5)

Statistical analyses

The interactions between the proteins and the KFOCs were
analyzed by an analysis of variance (ANOVA) using SPSS, version
22.0 (SPSS Inc., Chicago, IL, USA). The means were compared
using Fisher's least signicance difference (LSD) procedure (p <
0.05). All graphs were created using Origin 8.5 (Microcal So-
ware, Inc., Northampton, MA, USA).

Results and discussion
Standard curves for the KFOCs

The standard curves showing the correlation between the GC
responses (peak areas) and the quantities of the KFOCs (hep-
tanal, octanal, nonanal, and 1-octen-3-ol) are shown in Fig. 1. A
favorable linear relationship between the quantities of the
KFOCs in the experimental ranges and the responses of the GC
can be observed. This indicates that the GC-MS method can be
the four key fishy off-flavor compounds (KFOCs) obtained by liquid
direct injection.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Linear correlations between the concentrations of the four key
fishy off-flavor compounds (KFOCs) in solution and their adsorption
quantities in the fiber coatings obtained by HS-SPME-GC-MS
detection.
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successfully used for the subsequent determination of the
linearity of the SPME extraction method.
Analysis of the linearity of the SPME extraction

The linearity of the KFOCs detected under equilibrium condi-
tions can be observed in Fig. 2. Aer extraction equilibria were
attained, the correlation coefficients between the SPME
adsorption quantities of the KFOCs (obtained by Fig. 1) and
their concentrations in solution were greater than 0.99. This
indicates that the SPME technique can be used, under the
conditions tested, to quantify changes in volatile concentra-
tions, over the range of 0.1 mg L�1 to 5 mg L�1, of the four
KFOCs.
Binding of the KFOCs to the sh proteins

The percentages of the bound KFOCs in the headspaces of
different binding solutions, each containing 5.0 g L�1 of sh
protein, are shown in Table 1. As a control, the percentage of
each bound KFOC in the absence of protein was set to 0%. The
presence of total myobrillar protein (TMP) and myosin
produced a signicant increase in the percentages of the bound
KFOCs, reecting that TMP andmyosin were able to bind all the
KFOCs tested. On the contrary, actin did not produce
Table 1 Comparison of the binding abilities of the four key fishy off-flav
actin. Mean values (n ¼ 3) with different capital (or lowercase) letters wi

Protein

Percentage of bound KFOC/%

Heptanal Octanal

TMP 48.744 � 3.037Ab 47.27 � 2.914Ab

Myosin 50.927 � 3.265Ab 50.402 � 3.220Ab

Actin 2.205 � 0.417Aa 2.644 � 0.404Aa

p-Value <0.001 <0.001

This journal is © The Royal Society of Chemistry 2020
a remarkable increase in the percentages of bound KFOCs (p >
0.05). These differences in binding ability could be the result of
differences in amino acid composition and protein structure.
Gianelli et al.5 studied the binding of volatile compounds to
peptides in skeletal muscle and concluded that the structures of
the peptides had an important effect on their binding potential.
Pérez-Juan et al.22 also studied the interactions of different types
of proteins in post-rigor porcine muscle with volatile
compounds and found that G-actin was unable to bind any of
the assayed volatile compounds although the polymerized form
(F-actin) bound higher quantities of the volatile compounds. It
has been reported that changes in protein conformation affect
the interactions between proteins and volatile compounds
owing to modications of the available protein binding sites.7

Although no signicant differences were found between the
binding properties of the three aldehydes studied (heptanal,
octanal, and nonanal), total myobrillar protein (TMP) and
myosin bound more 1-octen-3-ol than the aldehydes under the
same conditions. This might be the result of structural differ-
ences between the KFOCs. Wang et al.23 indicated that struc-
tural differences between the volatile aldehydes and ketones
investigated in their study resulted in signicant differences in
protein binding. Zhou et al.24 pointed out that increases in the
size of the alkyl groups strengthened hexanal binding with
peptides. By comparison, myosin produced the highest
percentages of bound KFOCs among all three sh proteins
(Table 1). Therefore, myosin was used for further investigation
of the effects of the characteristics of the reaction medium on
binding.
Effects of the reaction medium on the binding of myosin to
the KFOCs

The pH of the solution also affected the ability of myosin to bind
the KFOCs (Fig. 3A). As the pH increased, binding was initially
strengthened and then eventually weakened. The percentages of
the bound KFOCs were basically highest at pH 7.0, indicating
the strongest binding ability. This difference may be a result of
the effect of pH on the solubility and conformation of the
proteins.20 Xu et al.25 found that the solubility and turbidity of
silver carp proteins declined with declining pH from 6.3 to 4.4
potentially making them less available to bind volatile organic
compounds. Reiners et al.26 and Kühn et al.27 indicated that the
adsorptive capacity of b-lactoglobulin to alcohols decreases with
an increase of the pH value and that this might be attributed to
or compounds (KFOCs) to total myofibrillar protein (TMP), myosin and
thin the same row (or column) were significantly different (p < 0.05)

p-ValueNonanal 1-Octen-3-ol

47.015 � 2.851Ab 56.326 � 3.301Bb 0.017
48.613 � 3.007Ab 63.704 � 4.019Bc 0.002
2.888 � 0.394Aa 3.207 � 0.511Aa 0.105
<0.001 <0.001

RSC Adv., 2020, 10, 11292–11299 | 11295
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Fig. 3 Effects of the characteristics of the medium on the binding of the four key fishy off-flavor compounds (KFOCs) to myosin: (A) pH; (B) salt
type; (C) ionic strength.
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the decrease of binding ability between hydrogen bonds and
proteins under alkaline conditions.

The ability of myosin to bind the KFOCs was inuenced by
different salt types as shown in Fig. 3B. Although K+ and Na+

were observed to have no signicant effects on the binding of
the three linear-chain aldehydes to myosin (p > 0.05), Na+

signicantly promoted the adsorption of 1-octene-3-alcohol by
myosin in comparison with K+ (p < 0.05). Compared to K+ and
Na+, the presence of Mg2+ and Ca2+ both strengthened the
binding of all four KFOCs to myosin. Moreover, the presence of
Ca2+, when compared with Mg2+, strengthened the ability of
myosin to bind heptanal but weakened the binding of the other
three KFOCs. These results were basically consistent with
a study by Pérez-Juan et al.,20 who reported that the presence of
K+ and Na+ affected the adsorption of volatile compounds
because of enhanced salting-out behavior, while Mg2+ and Ca2+

exhibited a weaker effect.
The ionic strength also affects the binding ability of myosin

to the KFOCs (Fig. 3C). When the ionic strength was less than
0.6 M, the percentage of bound KFOCs increased with
increasing ionic strength indicating that the capacity of myosin
to bind KFOCs was strengthened as the ionic strength of the
medium increased. However, when the ionic strength was
greater than 0.6 M, the ability of myosin to bind heptanal and
octanal was signicantly decreased (p < 0.05), while the ability of
11296 | RSC Adv., 2020, 10, 11292–11299
myosin to bind nonanal and 1-octen-3-ol was not signicantly
affected (p > 0.05).

At lower ionic strengths, an increase in the salt concentra-
tion would likely promote protein solubility while at elevated
ionic strengths the salts might compete with the abilities of the
proteins to bind the volatile compounds, thus causing a decline
in binding capacity.25 Pérez-Juan et al.20 reported that owing to
salt solubilization, salt ions could signicantly reduce the
abilities of sarcoplasmic and myobrillar proteins to bind
branched aldehydes and other volatile compounds. Pighin
et al.28 noted that the presence of salt ions affected the confor-
mation of the proteins in their study. In addition, the structural
characteristics of the volatile compounds could also affect the
extent of binding with proteins.23 It has been reported that the
existence and absence of some functional groups have been
shown to signicantly affect the extent of binding of proteins to
volatile compounds.29
Characterization of the binding properties of myosin and the
KFOCs

The binding properties of sh myosin with the four KFOCs were
investigated. In previous studies, researchers found that binding
curves are necessary to clarify the states of the binding sites.4

According to Klotz,21 a graph showing the number of moles
bound plotted against the concentration of the free ligand on
a logarithmic scale has three characteristics: an inection point
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Binding curves for the four key fishy off-flavor compounds
(KFOCs) to myosin.

Table 2 Binding parameters of the four key fishy off-flavor
compounds (KFOCs) for their binding with myosin. Mean values (n¼ 3)
with different superscripts within the same column were significantly
different (p < 0.05)

KFOC pH

Binding parameters

n K/(L mol�1) DG/(kJ mol�1)

Heptanal 7.0 1.063 � 0.024a 50 807 � 1037c �27.310 � 0.046b

Octanal 7.0 1.052 � 0.022a 46 261 � 1116b �27.074 � 0.055c

Nonanal 7.0 1.038 � 0.025a 42 473 � 1085a �26.859 � 0.052d

1-Octen-3-ol 7.0 1.605 � 0.032b 85 487 � 1551d �28.622 � 0.048a

p-Value <0.001 <0.001 <0.001
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that appears at the half-maximum binding, an S-shaped curve
that is symmetrical around the inection point, and a plateau
that is reached as the concentration of the free ligand approaches
very large (innite) values. In the present study, the binding
curves of myosin and the four KFOCs (Fig. 4) were consistent with
the behavior proposed by Klotz.21 The binding curve representing
the data on a linear scale displayed a sigmoidal pattern, while
that of the double-reciprocal plots were linear (Fig. 5), indicating
the presence of non-covalent (reversible) binding sites.30

The binding parameters for the reversible interactions
between myosin and the KFOCs, including the number of
binding sites (n) and the affinity constants (K), were obtained
from the double-reciprocal plot (Fig. 5) and are shown in Table 2.
The numbers of binding sites (n) for heptanal, octanal, and
nonanal to myosin were all close to 1, indicating that myosin has
only one binding site for the KFOCs. However, myosin had
approximately 1.6 binding sites for 1-octen-3-ol. This difference
Fig. 5 Klotz plots for the binding interactions betweenmyosin and the
four key fishy off-flavor compounds (KFOCs).

This journal is © The Royal Society of Chemistry 2020
was likely a result of the diversity in the structure of 1-octen-3-ol
as compared with the other three KFOCs. In addition to a double
bond, 1-octen-3-ol also possesses a hydroxyl group that is not
present in the three straight-chain aldehydes. Chopin et al.1 also
reported that the presence of a double bond in the aldehyde
chain was necessary for binding to sh myosin. However, the
inuence of functional groups on the binding of volatile
compounds with proteins requires further investigation.

The analysis of the affinity constants (K) indicates that the
affinity of myosin for 1-octen-3-ol was the highest among all
four KFOCs (Table 2). Of the linear aldehydes, myosin exhibited
a relatively high affinity constant for heptanal, presented
a medium affinity constant for octanal, while it demonstrated
a relatively low affinity constant for nonanal, indicating that the
longer the chain length is, the lower the affinity. These results
were in agreement with those of a study by Gianelli et al.,4 who
indicated that the structure of the volatile compound could
inuence its binding affinity for peptides through steric effects.
Chopin et al.1 not only reported that the presence of a double
bond in the aldehyde chain is necessary for its binding to sh
myosin, but also that binding occurs more quickly with long-
chain aldehydes, presenting a double bond.

Thermodynamic data have been used to characterize the
binding properties between proteins and ligands in several
studies.31–33 Under the present experimental conditions, the
values for the free energy of binding (DG) were similar for all of
the KFOCs studied and were uniformly negative, indicating that
the binding of all four KFOCs tomyosin is spontaneous (Table 2).

The functional groups of the volatile compounds are
important for protein binding. Damodaran et al.31 have used
thermodynamic data to postulate the effects of the carbonyl
bond type (2-heptanone, 2-octanone, 2-nonanone, 5-nonanone
and nonanal) on their binding with soy protein. The authors
have indicated that the increase in the free energy of binding is
inversely proportional to its affinity. The same result was
observed for the linear aldehydes (heptanal, octanal, and
nonanal) in the present study. Damodaran et al.31 also indicated
that the increase in free energy (DG) of binding with the chain
length was consistent with the presence of hydrophobic inter-
actions. However, this was not observed in the binding of the
three linear aldehydes in the present study. Gianelli et al.4 also
indicated that the variation in DG for the binding of hexanal
RSC Adv., 2020, 10, 11292–11299 | 11297
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and octanal to skeletal muscle peptides was inconsistent with
their chain length. However, the interactions between volatile
compounds and proteins or peptides, which involve reversible
hydrogen bonding, hydrophobic bonding, ionic bonds, van der
Waal's forces and irreversible covalent bonds, have not yet been
clearly elucidated. More research is required to further clarify
these mechanisms.
Conclusions

While actin had no signicant effect on the four KFOCs studied
(heptanal, octanal, nonanal, and 1-octen-3-ol), all four can be
retained by sh total myobrillar protein (TMP) and myosin
solutions. Myosin was the primary receptor for the KFOCs. The
binding capacities of the KFOCs to myosin were inuenced by
varying the pH, the presence of different ions, and the ionic
strength to different degrees. At neutral pH and at high ionic
strength, myosin showed stronger binding ability for the
KFOCs. K+ and Na+ had a signicant effect (p < 0.05) on the
binding of 1-octene-3-ol to myosin but had no signicant effect
on the binding of heptanal, octanal, and nonanal. Compared to
K+ and Na+, the presence of both Mg2+ and Ca2+ strengthened
the binding of all four KFOCs to myosin. The binding param-
eters of myosin and the four KFOCs were determined using the
Scatchard equation and a Klotz plot. The binding reactions
betweenmyosin and the four KFOCs were spontaneous (DG < 0).
The number of binding sites for heptanal, octanal, and nonanal
with myosin were all close to 1, while the number for 1-octen-3-
ol with myosin was approximately 1.6. Moreover, myosin
showed the highest affinity for 1-octen-3-ol, while the affinity of
myosin for the three linear-chain aldehydes was negatively
correlated with their chain lengths. These results indicate that
differences in aroma retentions by silver carp muscle protein
can result in different sensory perceptions of processed aquatic
products, such as shmince products. In addition, these results
could provide a theoretical basis for improving the deodoriza-
tion efficiency of traditional rinsing methods for surimi
production by adjusting the characteristics of the media used.
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