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ABSTRACT: Protein—flavonoid conjugation is considered to effectively enhance the functionality of proteins, although how
different binding modes affect the conformation and antioxidative properties of these conjugates has yet to be revealed. Herein,
myofibrillar protein (MP)—luteolin (Lut) conjugates were noncovalently and covalently constructed using equivalent amounts of
Lut (10.00, 20.11, and 69.60 umol/g protein). Fluorescence quenching confirmed that hydrophobic interactions were the main
forces in noncovalent MP—Lut conjugates and that the binding was entropy-driven. Liquid chromatography—tandem mass
spectrometry results confirmed that Lut could be covalently grafted with MP after alkaline treatment. Proteomics analysis identified
that most graft sites were located on the myosin subunits. Intriguingly, in vitro results showed that the antioxidant activity was barely
affected by the MP—Lut binding modes. This work provides a theoretical basis for the application of MP—Lut noncovalent/covalent
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complexes as functional components.
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Bl INTRODUCTION

As the major component of meat, myofibrillar proteins (MPs)
can be modified as novel meat ingredients in the food industry
because of their high nutritional value, high digestibility, and
low allergenicity." MPs have been utilized to stabilize oil-in-
water (O/W) systems and provide rich palatability for
emulsion-type meat products because of their excellent
emulsifying capacity and gelling ability. However, lipid
oxidation is the main nonmicrobial cause of quality
deterioration in traditional meat products and the reaction of
unsaturated fatty acids with oxygen is inevitable. Furthermore,
personalized food is attracting considerable interest in the
current food market, because of the potential to meet the
needs of different consumer groups. Extensive studies have
established that polyphenols play a significant role in derivative
functions such as anti-inflammatory, antiatherogenic, antith-
rombotic, antimicrobial, and other bioactivities.”® Natural
phenolic compounds, such as propyl gallate, quercetin,
catechin, and (—)-epigallocatechin-3-gallate, can interact with
MPs to form MP—polyphenol complexes to prevent lipid
oxidation and improve the quality and value of products.””
Animal models and clinical studies have also shown that
polyphenols may have a protective effect on various
pathological conditions in humans.”” The preparation of the
MP—polyphenol complex can not only meet the demands of
functional meat products and prolong the shelf-life but also has
a considerable potential in developing personalized food.
Previous studies’ '’ reported that phenolic compounds
including phenolic acids, flavonoids, and flavanones have a
positive effect on improving the protein functional properties,
such as solubility, foaming, gelling, and emulsifying. As a
phenolic compound, flavonoids have three carbon bridges
composed of oxygen-containing heterocycles connected to two
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benzene rings formed by the C6—C3—C6 structure. Compared
with polar phenolic acid compounds (e.g.,, caffeic acid and
gallic acid), flavonoids are often less soluble in polar solvents
because of their lower polarity. As previously reported,"'>
lipid oxidation in O/W emulsions mainly occurs in the biphase
interface where reactive oxidation species and lipids contact.
Nonpolar flavonoids tend to be adsorbed at the oil—water
interface, whereas polar polyphenols tend to disperse in the
continuous phase.”” This implies that flavonoids could be
more targeted in preventing lipid oxidation. Luteolin (Lut
3',4',5,7-tetrahydroxy flavone) is a natural flavonoid, which
extensively exists in many plant species, such as celery, sweet
bell peppers, and parsley.7 As a natural antioxidant, Lut has
shown effective anti-inflammation, antiallergy, and anticancer
effects according to in vivo and in vitro studies.'* Hayasaka et
al.” have verified that Lut intake can participate in rat
metabolism with anti-inflammatory effects in different forms
and could ameliorate symptoms such as experimental colitis in
mice by regulating apoptosis, autophagy, and inflammation.
Although Lut is beneficial for human health and releases
pleasant aromas at low concentrations, at high concentrations,
Lut is highly irritating when uncombined, leading to poor
palatability and irritation to the oral, cavity, and stomach.'
Therefore, the advantages of conjugating Lut with MP include
(1) eliminating the unpleasant taste of Lut while ensuring the
biological activity of phenolic substances during digestion;'®
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(2) increasing the solubility and bioavailability of Lut while
improving antioxidant properties by using MP—Lut conjugates
in the O/W system;'” and (3) introducing Lut-fortified MP to
provide an opportunity to address the growing demand for
“clean label” functional meat products.'®

The interaction between MP and phenolic compounds and
their effects on MP functionalities have been extensively
studied in recent years.”>'? Conjugation between polyphenol
compounds and proteins can be divided into irreversible
binding via covalent bonds and more reversible binding via
noncovalent interactions (i.e., van der Waals’ forces, hydrogen
bonds, and hydrophobic interactions).”” The irreversible
covalent conjugates predictably exhibit superior stability in
the subsequent processing of meat products (e.g, mincing,
mixing, and heating). However, covalent conjugates catalyzed
by polyphenol oxidases (e.g, laccase and tyrosinase) can
induce a slight decrease in polyphenol bioactivity, and the
covalent conjugates produced by adding chemical rea%ents
(e.g, glutaraldehyde) may adversely affect human health.”" In
addition, noncovalent conjugates are first choice for many
researchers because of the simpler implementation method and
higher feasibility in practical utilization. Nevertheless, the
difference between these two modification methods on the
antioxidant activity and stability of the conjugates remains
unclear and the internal mechanism underlying these differ-
ences requires to be further revealed.

In this study, Lut was selected as the active flavonoid to
fabricate MP—Lut conjugates. To eliminate the binding
efficiency- or concentration-induced misunderstanding, sam-
ples grafted by covalent and noncovalent modifications were
carefully assessed to ensure they contained an equivalent
content of Lut and then the changes in MP secondary as well
as tertiary structure and aggregation state were analyzed using
circular dichroism, surface hydrophobicity, and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The noncovalent modifications were explored by
combining fluorescence spectroscopy with thermodynamic
parameters, and mutual corroboration between MP binding
sites and liquid chromatography—tandem mass spectrometry
(LC—MS/MS) was used to explore the grafting sites of
covalent modification. Additionally, proteomics was used to
identify the proteins affected by conjugation, and particle size
distribution (PSD) was used to assess changes in protein size.
Finally, the effects of different modification methods on the
antioxidant properties of the MP—Lut conjugate during
heating were studied, which could provide valuable informa-
tion in developing novel functional meat additives or products.

B MATERIALS AND METHODS

Materials. The chicken breast was bought at a Suguo store, and
muscle samples were bathed in ice during transportation. Luteolin was
obtained from Macklin Reagent Co., Ltd. (Shanghai, China). Sodium
chloride, sodium hydroxide, magnesium chloride hexahydrate, and
ethylene glycol bis(2-aminoethyl ether)tetraacetate were purchased
from Nanjing Chemical Reagent Co. Ltd. (Nanjing, China). All
additional reagents and substances utilized in this study were at least
of analytical grade.

MP Isolation. MP was extracted following the method outlined by
Han et al.”* with slight modifications. First, a quadruple volume of
standard salt solution (SSS) comprising 0.1 M KCl, 20 mM K,HPO,/
KH,PO,, 1 mM EGTA, and 2 mM MgCl, was combined with clipped
and diced chicken breast (100 g). The mixture was then homogenized
at 6700 rpm for 1 min using an emulsifier with high-purity dispersion
(Prima, Model PDS00-TP, England). Afterward, the above homoge-
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nate was filtered through double gauze and the filtrate was centrifuged
at 2000g for 10 min at 4 °C (Avanti J-E, Beckman Coulter, America).
The supernatant was then discarded, and the coarse MP pellet was
collected to repeat the preceding procedures twice. Following that,
the pellet was homogenized at 6700 rpm for 1 min with a quadruple
volume of 0.1 M KCl solution, followed by centrifugation at 2500g for
10 min at 4 °C and then repeated once more to remove impurities
and obtain pure MP. To avoid protein denaturation, all of the above
procedures were carried out at 4 °C. The biuret method was used to
determine the protein content of MP. The MP was used within 3 days
of extraction.

Preparation of the MP—Lut Complex. The concentration of
MP suspension was adjusted to 10 mg/mL with phosphate-buffered
solution (PBS, 0.6 M NaCl, 50 mM K,HPO,/KH,PO,, pH 7, the
same below). DMSO (dimethyl sulfoxide) was used at a
concentration of 30% v/v to solubilize the Lut stock.

Covalent Modification. Covalent modification of MP with Lut was
according to Ali et al’s’® report. Lut was initially added to MP
samples (10 mg/mL, pH 7.00) at the concentrations of 15, 30, 60, 90,
and 120 umol/g protein. After fully mixing, the samples were
subjected to alkaline pH shifting (pH 9 — pH 7). Briefly, the samples
were adjusted to pH 9.00 with 2 M NaOH, stirred for 12 h at 25 °C
with air exposure, and afterward neutralized to 7.00 with 1 M HCIL.

Noncovalent Modification. Noncovalent modification of MP with
Lut was according to Xu et al’s* report. The MP—Lut complex was
prepared by adding Lut as mentioned above; after fully mixing, the
samples were incubated at 4 °C for 1 h and vortexed every 15 min. All
the samples were dialyzed for 24 h at 4 °C against PBS, using an 8 to
10 kDa membrane. The unmodified protein (control) was prepared
under the same conditions but without adding Lut.

Quantitation of the Amount of Lut Bound to MP. The bound
Lut concentration was determined using the method described by
Winters and Minchin** with minor modifications. By adding 1 mL of
20% trichloroacetic acid and 0.4% phosphor-tungstic acid, samples
with 2 mg/mL MP were precipitated. After incubating for 30 min at 4
°C, the protein that had precipitated were washed and centrifuged at
15,000¢ for 15 min at 4 °C and then a 480 uL volume of the
supernatant obtained after precipitation of protein with trichloroacetic
acid was neutralized with 265 yL of 1 M NaOH. The final volume was
adjusted to 500 uL and assayed for free phenol. Folin—Ciocalteu
reagent was used to determine the quantity of supernatant Lut, and
the standard curves of 0—2 mg/mL free Lut were measured. The
bound Lut on MP was measured with the following equation:

conjugation efficiency of Lut on MP

total amount of Lut — supernatant of Lut

X 100%
total amount of Lut

(1)

Total SH, Free SH, Free Amino, and Tyrosine Content
Determination. Urea-SDS solution (8.0 M urea and 3% SDS in
PBS) was used to pre-treat the MP samples (2 mg/mL), and the total
sulfhydryl group (SH) was determined using the method of Xu et al.*®
by utilizing the S,5’dithiobis-2-nitrobenzoic acid (DTNB) assay. The
free sulfhydryl thiol group content in the MP samples was also
determined based on the DTNB method. The content of free amino
was determined using 2,4,6-trinitrobenzene sulfonic acid (TNBS) as
described by Benjakul and Morrissey.”® To compare the free amine
content, the standard curve of L-leucine (in 1% SDS) was established.
TI;«; content of tyrosine residues was determined according to Liu et
al.

Circular Dichroism (CD). After diluting to 0.05 mg/mL with PBS,
the original MP and MP—Lut conjugates’ secondary structural
features were recorded on a J-1500 CD spectrometer (Jasco, Japan)
in the range of 200—250 nm at a scan rate of 100 nm/min at 25 °C.
Each sample was transferred to a 0.1 cm-path-length silica cuvette,
and the PBS without adding proteins was used as the control. The
spectroscopic data were analyzed to obtain the secondary structure at
the online Circular Dichroism Website (http: //dichroweb.cryst.bbk.
ac.uk/html/home.shtml).
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Figure 1. Impact of the various contents of Lut (15, 30,60, 90, and 120 umol/g protein) upon noncovalent and covalent treatments on (A) the
binding capacity and (B) binding efficiency of Lut on MP. *p < 0.05, **p < 0.01, ***p < 0.001 were compared between the noncovalent and

covalent groups.

Surface Hydrophobicity. The surface hydrophobicity of the MP
and MP—Lut conjugates was measured according to the strategies of
Alizadeh-Pasdar and Li-Chan®® with some modifications. First, PBS
was utilized to dilute the samples and 4 mL of sample (1 mg/mL) was
mixed with 10 yL of the fluorescence probe 8-anilino-1-naphthalene
sulfonic acid (ANS) stock solution (15 mmol/L ANS in PBS). Then,
the samples were kept in the dark for 20 min at an ambient
temperature. A fluorescence spectrophotometer (SpectraMax M2,
Molecular Devices Limited, USA) was used to determine the
fluorescence. The excitation wavelength was set to 375 nm, and
emission spectra were set from 300 to S00 nm, respectively; the
scanning speed was 10 nm/min.

SDS-PAGE. MP and their conjugates’ protein profiles were
determined by SDS-PAGE. Samples (I mg/mL) were combined
with an equivalent volume of SDS-PAGE loading buffer (20%
glycerol, 100 mM Tris—HCI, 4% SDS, pH 6.8) with or without 1% /-
mercaptoethanol (-ME). Dye solution (0.01% bromophenol blue)
was added to the loading buffer in advance, and then all the samples
were boiled for S min. The electrophoretic separation was run after
the MP samples were loaded into the SurePAGE™ gel (4—20%, 15
wells). The gels were then stained for around 2 h using Feto SDS-
PAGE staining buffer, destained overnight in deionized water, and
examined using a Molecular Imager Gel Doc™ XR+ imaging system
(Bio-Rad, USA). The light density value of protein bands was
analyzed using Image] (National Institutes of Health, USA).

PSD. The PSDs were measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS 90 (Malvern Instruments Ltd.,, Great
Malvern, UK), as previously reportecl29 with slight modification. The
samples (0.5 mg/mL) were transferred to a quartz cuvette with a 1 cm
path length and subjected to DLS measurement with a detection
angle of 90° at 25.0 + 0.1 °C.

Fluorescence Measurements. Fluorescence Spectroscopy. The
formation of the MP—Lut conjugates was identified by the
fluorescence quenching method of Dai et al.*® with little modification.
The fluorescence spectrum of the complex at 298, 308, and 318 K was
recorded on a microplate reader (SpectraMax M2, Molecular Devices
Limited, USA). Before measurements, the volume of samples was
adjusted to 5.0 mL with PBS and then water bath, incubated at
different temperatures (298, 308, and 318 K) for 40 min. The
emission spectra were recorded from 300 to 500 nm, with the
excitation wavelength set at 280 nm and the excitation and emission
slit widths both adjusted at 2.5 nm.

Fluorescence Quenching. The interaction between MP and Lut
was investigated using fluorescence quenching, and the results were
evaluated using the Stern—Volmer equation:

5

F =1+ KqTO[Q] =1+ I<sv[Q] (2)
where F; and F mean the fluorescence intensities without or with a
quencher and [Q] equals the quencher concentration, 7, (7, = 1078 s)
is the lifetime of the fluorophore without a quencher, and K, and K,
refer to the bimolecular quenching constant and the Stern—Volmer
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quenching constant, respectively. The K, and K, values are calculated
by linear regression of an Fy/F vs [Q] plot. Values of n (denoting the
number of MP—Lut binding sites) and the equilibrium constant K, for
static quenching are calculated with the altered Stern—Volmer
equation as follows:

(F - F)

log = log K, + nlog[Q]

3)

Thermodynamic Parameters and Interaction Mode. The binding
properties between MP and Lut were assessed using thermodynamic
parameters. The specific interaction mode between MP and Lut in the
interaction process was identified using the enthalpy and entropy
changes (AH and AS, respectively). The Van’t Hoff equation was
used to determine the values of AH and AS:

InK = _AH + AS
RT

R 4)

where K is equivalent to K, the effective quenching constant, at the
corresponding temperature. R is the gas constant [8.314 J - (mol-K)
~']. In addition, the following formula is used to calculate the free
energy variation (AG):

AG = —RTIn K = AH — TAS (3)

LC—MS/MS Analysis. MP and MP—Lut conjugates’ peptide after
enzymolysis was separated on a Q Exactive Plus mass spectrometer
coupled with EASY-nLC 1200 (Thermo Fisher Scientific). In buffer A
(0.1% formic acid in water), the peptide was first loaded onto a trap
column (100 ym X 20 mm, S um, C18, Dr. Maisch GmbH,
Ammerbuch, Germany). A self-packed column (75 pm X 150 mm; 3
um ReproSil-Pur C18 beads, 120 A, Dr. Maisch GmbH, Ammerbuch,
Germany) was used in RP-HPLC separation using the EASY-nLC
system. With a linear gradient of buffer B (0.1% formic acid in 95%
acetonitrile), the dissolved peptides were eluted over the course of
120 min. A data-dependent top20 method was used to acquire MS
data, dynamically selecting the most prevalent precursor ions from the
survey scan (300—1800 m/z) for HCD fragmentation. For mass
calibration, a lock mass of 445.120025 Da was used as the internal
standard. The resolution for the full MS scans was 70,000 at m/z 200,
and for MS/MS scans, it was 17,500 at m/z 200. For MS and MS/
MS, 50 ms was chosen as the maximum injection time. The isolation
window was set to 1.6 Th, and the normalized collision energy was 27.
The dynamic exclusion lasted for 60 s. The peptides were identified
by using pLabel 2.4 software to retrieve information from the
corresponding database.

Antioxidant Properties. Before the measurement, all the samples
were installed in centrifuge tubes and heated in the water bath at
different temperatures (25, 50, and 75 °C) for 1S min. After thermal
treatment, the samples were stood in an ice bath to recover to the
ambient temperature. The antioxidant properties of the MP and MP—
Lut conjugates were measured through 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)

https://doi.org/10.1021/acs jafc.3c01959
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Figure 2. The summarized scheme on the oxidation of flavonoids under alkaline conditions for the formation of protein crosslinks (pathways I and
I1) and polymer products (pathway III) based on previous reports."*>’

(ABTS) radical scavenging activity and Fe®* reducinig power, which MP+Lut (pmol/g protein) MP-+alkaline conditions+Lut (xmol/g protein)
were acquired usin% previous strategies of Chen et al,,"” Siddhuraju,®' 0 10 30 120 0 10 30 120

and Yildirim et al,>* respectively. The ABTS scavenging activity and z
Fe®* reducing power were calculated and expressed as gmol Trolox
equivalents (TE) per g of sample based on a Trolox calibration curve,
which was conducted by the strategy mentioned above.

Statistical Analysis. Each experiment involved at least three
independent trials. In the analysis of variance (ANOVA), Duncan’s
multiple range ana]ysis was used to determine the Signiﬁcant Non-covalent interaction Covalent interaction(yellow semiquinones)
differences between the means. Statistical analysis was accomplished
utilizing the SAS System for Windows V8, and the data were
considered statistically significant when the p-values <0.0S.

Figure 3. Effects of Lut addition (10, 30, and 120 gmol/g protein)
and alkaline pHg;z (7.00 - 9.00 — 7.00) on color change of
noncovalent and covalent-treated MP aqueous solutions.

B RESULTS AND DISCUSSION
L the differences in the amount of bound Lut. MP samples
Quantitation of the Amount of Lut Bound to MP. covalently or noncovalently grafted with equivalent amounts of
With the gradual addition of Lut, the binding capacity of Lut Lut were carefully obtained. Conjugates at three Lut
increased in both the covalent and noncovalent groups (Figure concentrations (10, 30, and 120 umol/g protein) were
1A), indicating the successful grafting of Lut on MP molecules prepared by pipetting different volumes of Lut stock (360
in different ways. Notably, the Lut binding efficiency of the umol/g protein, dissolved in DMSO and mixed with PBS) into

covalent group decreased with the increasing Lut dose from 10 the protein suspension while vortexing. After dialyzing, the
to 120 pmol/g protein, whereas the binding efficiency of the addition of 10 pmol Lut/g protein (low concentration)
noncovalent group remained at a relatively high level, although produced an equal binding capacity for Lut of 10 ymol Lut/
this was lower than that of the initial value (Figure 1B). A g protein in both the covalent and noncovalent samples. When
similar phenomenon has been observed in MP—chlorogenic the addition of Lut reached 30 umol/g protein (medium
acid conjugateS-ls This trend of binding efficiency can be concentration), the grafting degree of noncovalent and
explained by the dynamic reaction equilibrium between the covalent samples was 20.1land 23.19 umol/g protein,
Lut and MPs (Figure 2). Under alkaline conditions of the respectively. When the addition of Lut was 120 umol/g
covalent treatment group, the shifting between (ortho- or semi- protein (high concentration), the substitution degree of
) quinones and phenols resulted in a change of color’® and the samples in noncovalent and covalent ways was 96.12 and
covalent sample accentuated the yellow color (Figure 3). For 69.60 pmol/g protein, respectively.
catechol-containing flavonoids, catechol groups of Lut can be Therefore, the addition of Lut in noncovalent/covalent
oxidized into o-quinone by oxygen transfer and subsequent free samples was adjusted and the final following addition content
radical formation, triggering the dimerization reaction to form of Lut was 10.00/10.00, 30.00/24.82, and 86.89/120.00 umol/
biphenolic compounds (pathway III in Figure 2). The self- g protein at low, medium, and high concentrations,
association of Lut via dimerization or polymerization at high respectively. The final total Lut contents of noncovalent and
concentrations may limit the binding of Lut to reactive covalent MP-Lut conjugates at low, medium, and high
residues of the protein, further reducing the binding efficiency concentrations were 10.00, 20.11, and 69.60 pmol/g protein,
of covalent groups. respectively.
To compare the physicochemical properties of covalent and MP Binding Sites. Lut (o-diphenols) can be oxidized into
noncovalent MP—Lut conjugates, it is necessary to eliminate o-quinones, which being a reactive electrophilic intermediate
9911 https://doi.org/10.1021/acs jafc.3¢01959
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Figure 4. Impact of the various contents of Lut (10, 30, and 120 gmol/g protein) upon noncovalent or covalent treatment on (A) total sulthydryl;
(B) reactive sulthydryl; (C) tyrosine; and (D) free amine contents of MP. *p < 0.0, **p < 0.01, ***p < 0.001 were compared between the
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can react with nucleophilic groups (e.g, Lys, Cys, and Tyr
residues) in MPs" (pathway I in Figure 2), such as lysine,
tyrosine, cysteine, and tryptophan residues in a protein chain.
The changes in these residues were measured to indicate a
protein—phenolic interaction.”

Myosin (the major protein in MP) has a particularly high
SH content; the amount of lost SH groups is used to
sensitively assess the extent of MP oxidation. We then assessed
whether the total SH content of noncovalent and covalent
control MP was equal with the increase in Lut concentration.
The total SH content of the noncovalent group at low and
medium concentrations was not significantly different (P >
0.05), whereas the total SH content of the covalent group at
these concentrations was significantly reduced (P < 0.05),
causing a loss of SH of 15.27 and 25.76%, respectively. At the
high Lut concentration, the total SH contents of both the
noncovalent and covalent samples decreased sharply, with a
loss up to 29.49 and 39.13%, respectively. This trend was
similar with the changes in reactive SH content (Figure 4B),
indicating that the noncovalent treatments had less effect on
SH content, whereas the covalent treatment significantly
reduced the content of reactive SH in a dose-dependent
manner (P < 0.05), exhibiting a loss of reactive SH up to
80.42% at the high concentration (from 16.65 to 3.26 nmol/g
protein in S1). The MP structure unfolded because of the
covalent treatment, causing the reactive SH content in the
control group to be higher than that in the noncovalent group.
A comparable decline in the SH content occurred in the
treatment of other MPs because of the formation of thiol—
quinone adducts.’®** The disulfide bond (S—S) formation via
the oxidation of SH groups by radicals generated by phenolic-
mediated redox cycling was believed to account for the loss of
these groups.'® Thus, the total SH and reactive SH contents of
covalent samples decreased at different concentrations. This
could be because (1) the S—S binding was the major force in
the aggregation of MP—Lut conjugates and (2) the Cys residue
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containing SH groups was one of the modification sites of Lut.
In the noncovalent samples, (1) the presence of high
concentrations of Lut may promote the oxidation of some
SH groups and induce MP aggregation to a certain extent and
(2) the catechol moieties of Lut may exert auto-oxidation and
chemically react with the nucleophilic SH groups®® of MP in a
neutral or slightly alkaline solution (pH 7.0).

An increasing Lut concentration led to a sharp decrease in
the Tyr content in both noncovalent and covalent samples
(Figure 4C). The change in the Tyr content was consistent
with that of SH; the noncovalent and covalent samples at high
Lut concentrations caused losses of up to 40.79 and 75.52%
Tyr, respectively in MP (P < 0.05). The original MP of
covalently bound samples had a higher Tyr content than that
of noncovalently bound MP, whereas noncovalent treatment
did not significantly (P > 0.05) affect the Tyr content at the
low and medium Lut concentrations. Hydrophobic inter-
actions mainly exist between Tyr and the benzene ring of
polyphenols.®® The Tyr loss in noncovalent samples was
mainly because of the direct contact between Tyr and the more
polar (Lut) benzene ring at the molecular level that changed
the polarity of the microenvironment near the Tyr residues.”’
For the covalent samples, this could be attributed to the
reaction between oxidized Lut with MP Tyr residues and the
formation of bityrosine.”* Bityrosine production has been
described as a marker for MP oxidative modification by
hydroxyl radicals.”” The Tyr content generally exhibits a
positive correlation with the reactive SH content. Disulfide
bridge and bityrosine formation can induce MP polymerization
together. The Tyr residues thus appear to be another reactive
site for Lut binding. A similar drop of the SH groups and Tyr
residues in MP was also observed after reacting with catechin
and gallic acid.”

The covalent conjugates also showed a significant (P < 0.05)
but slight change in the free content of free amines compared
with that in the control at the high concentration (Figure 4D),
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Figure 5. (A) Far-UV CD spectra; (B) the secondary structure contents; and (C) the surface hydrophobicity of MP as affected by different

contents of Lut under covalent and noncovalent treatments.

which can be attributed to the reaction between Lut and Lys
residues, whereas the free amine content of noncovalent/
covalent samples exhibited no apparent change at other
concentrations (P > 0.05), indicating that quinone-NH,
adducts were not produced as a result of neutral or alkaline
auto-oxidation.

These results showed that Cys, Tyr, and Lys may be the
modification sites of Lut-modified MP, which was also verified
in the proteomics analysis.

Structural Changes in MP. Secondary Structure. The
CD spectrum of MP and MP—Lut conjugates revealed two
negative bands near 208 and 222 nm (Figure SA), implying the
predominant presence of a-helix conformation as the myosin
tail has a supercoiled a-helix structure.”® The spectrum peaks
of the different concentration samples underwent profoundly
negative attenuation upon Lut addition, inferring significant
losses of the a-helix structure of the MP—Lut conjugates.'®*”

Upon covalent treatment, the a-helix structure content
(Figure SB) of the covalent control group was significantly
lower than that of the noncovalent control group (P < 0.05). Li
et al"” have revealed that the pH-shifting led to an MP
unfolding—refolding behavior, causing the loss of an a-helix
structure. Considering that the covalent samples underwent
pH-shifting treatment, the a-helix content of the covalent
original MP was even lower than that of the noncovalent MP.
Low and medium Lut concentrations had a significant (P <
0.05) but minor effect on the a-helix structure content of
noncovalent and covalent samples, possibly because the
concentration of Lut critically promoted the MP reaction
with Lut rather than affect the protein structure at low and
medium doses, whereas at the high Lut concentration, the a-
helix content of both the noncovalent and covalent samples
decreased significantly (P < 0.05) accompanied by a significant
increase in f-sheet and random coil content. The conjugation
of flavonoids with different structures has been reported to
cause the decrease in a-helix content in a variety of proteins,
including MP,"'®** egg white protein,*' and f-lactoglobulin.**
Our results indicated that both noncovalent/covalent binding
of Lut to MP promoted the transformation of the secondary
structure at the high Lut concentration, thus making the
conjugate structures looser and more flexible.”® Notably, the
binding mode had a considerable influence on the protein
secondary structure. The relatively higher random coil
contents caused by noncovalent treatment indicated that the
protein transitioned from an ordered to a disordered structure,
indicating that the secondary structure of noncovalent MP—
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Lut conjugates was more intensely disordered than that of
covalent ones.

Tertiary Structure. Surface hydrophobicity was measured to
assess the influence of Lut adduction on the tertiary structure
of MP. The fluorescent probe ANS combines with hydro-
phobic residues and elicits strong fluorescence” and was
therefore used to evaluate the surface hydrophobicity. The
surface hydrophobicity of the covalent control group was far
greater than that of the noncovalent group, which indicated
that the process of unfolding—refolding caused by covalent
treatment exposed numerous hydrophobic residues in the MP.
With the increasing Lut concentration, the surface hydro-
phobicity of noncovalent and covalent samples both decreased
(Figure SC), suggesting that the reaction with Lut made the
surface of MP molecules more polar. Modification of oxidized
phenolic compounds could also decrease the surface hydro-
phobicity of porcine MPs” and cuttlefish skin gelatin.*> The
reduction of surface hydrophobicity was mainly because the
grafting of Lut blocked hydrophobic residues and thereby
exposed hydrophilic regions that were previously buried.*”

Protein Profile by SDS-PAGE. The nonreducing and
reducing SDS-PAGE profiles of noncovalent and covalent
samples are shown in Figure 6A and B, respectively, and the
corresponding light density value changes of each lane are
shown in Figure 6C,D. The reducing SDS-PAGE result
exhibited a typical MP electrophoretic profile, with the major
polypeptides being myosin heavy chain (MHC, 200 kDa) and
actin (45 kDa). For both noncovalent and covalent conjugates,
larger protein bands were present compared with the size of
the control MP bands, indicating the formation of Lut-
mediated MP aggregates. Large aggregates (high molecular
weight aggregates, HMWA) formed concurrently and
remained in the sample well while a few new bands (low
molecular weight aggregates, LMWA) appeared in the protein
profile at approximately 40 and 280 kDa. The highest light
density value peaks of LMWA (Figure 6C, covalent H) also
appeared between the peaks of HMWA and MHC bands.
Generally, free radicals attack MP molecules mainly at three
sites, including the backbone of peptides, aliphatic amino acid
side-chain groups, and aromatic amino acid side-chain
groups.”* It can be seen from the profiles that the reaction
will lead to modifications of the amino acid side chains, and the
formation of intermolecular cross-linked proteins, whereas
there is no peptide backbone scission or fragmentation.

The amount of Lut-induced aggregates was quantitatively
related to the Lut concentration, especially at a high Lut
dosage (120 pmol/g protein), which reduced the intensity of
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the MHC band and slightly reduced that of the actin bands in
covalent samples. Aggregation was less apparent in the
noncovalent sample bands at a relatively low dosage (10 and
30 pmol/g protein). Additionally, the light density value peaks
of HMWA and LMWA in noncovalent samples (Figure 6C,
noncovalent H) were lower than those of the covalent ones
(Figure 6C, covalent H). Thus, more aggregates were
generated through covalent treatment with the increase in
Lut concentrations (pathways I and II in Figure 2), whereas
the noncovalent treatments did not induce the formation of
aggregates at low and medium Lut concentrations.
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When compared with the reduced profiles of samples, the
nonreduced profiles of samples showed higher density values
for both HMWA and LMWA, suggesting that f-ME cleaved
the disulfide bonds and partially diminished the amount of
disulfide-linked LMWA and HMWA (Figure 6D). Conspic-
uous aggregates were still present, which was probably because
(1) Lut acted as a crosslinker through adduction with free
nucleophilic protein side-chain groups (pathway I in Figure 2)
and (2) the aggregates may be cross-linked by covalent bonds
other than disulfide bonds (pathway II in Figure 2), such as
Tyr—Tyr and carbonyl-NH,.”” The Lut-dose dependent loss
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of —SH groups and Tyr residues (Figure 4) in the
noncovalent- and covalent-treated MP samples supported the
premise that Tyr is a dominant site for the crosslinking
between MP conjugates. Furthermore, the covalent samples
exhibited more aggregation bands than were present in the
noncovalent samples, verifying that the quinones derived from
Lut oxidation can promote covalent crosslinking of proteins in
alkaline conditions. This phenomenon agreed with results from
the previous studies,”'® which reported that MP aggregates
could be formed through disulfide bonds and non —S—S—
linkages, and compared with the noncovalent treatment,
covalent treatment increased aggregation.

PSD. The PSD of noncovalent and covalent MP—Lut
samples is shown in Figure 7. The PSDs of noncovalent
samples all displayed approximate multimodal distributions*
(Figure 7A), a minor proportion of high molecular weight
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aggregates were observed with increasing Lut concentration,
and the first small peak of samples was attributed to the
monomers or oligomers in the system. Along with the Lut
content increasing, the major peaks of noncovalent samples
were maintained at approximately 615 nm, indicating that the
noncovalent binding did not markedly change the PSD pattern
and only affected the peak proportions. Multi-component
distribution of MP—Lut conjugates may be due to Lut-
promoted crosslinking between proteins and induced aggregate
formation at different Lut concentrations. These results were
consistent with those of a previous study that showed that
chlorogenic acid enhanced p-lactoglobulin unfolding and
aggregation.

The PSDs of the covalent samples showed an approximate
monomodal manner for all the fortified samples with
increasing concentration of Lut. In comparison with the
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Table 1. Binding Constants and Thermodynamic Parameters for the Interaction between MP and Lut at Different

Temperatures
T (K) regression equation R* K, (10° L/mol)
298 K y =0.76x + 3.16 0.99 0.01
308 K y = L1lx + 4.80 1 0.63
318 K y = 157x + 6.70 0.99 99.08

n AH (kJ/mol) AG (kJ/mol) AS (kJ/mol/K)
0.76 288.53 —18.00 1.03
1.11 —28.29
1.57 —38.57

PSDs of the noncovalent samples, the major peaks of covalent
samples increased from 458 nm to approximately 615 nm with
increasing Lut content, suggesting that the covalent mod-
ification had a stronger effect on the PSDs than that of
noncovalent modification. The larger PSDs were consistent
with the decreasing trend of surface hydrophobicity (Figure
SC). In addition, the covalent samples exhibited lower
heterogeneity’” in PSD than that seen in the noncovalent
samples; therefore, the covalent samples may exhibit better
solution stability, considering that the increase in the particle-
specific surface area may increase water—particle interac-
tions.”’

Overall, the noncovalent treatment had a minor effect on the
distribution of MP particle size and resulted in MP aggregation
to a moderate extent, whereas covalent treatment had a
relatively large impact on conjugates and considerably
increased PSDs.

Fluorescence Quenching. The interaction between MP
and Lut was studied by investigating the intrinsic fluorescence
spectra of protein at different Lut concentrations and ambient
temperatures (Figure 8). Tyr residues in MP are responsible
for most of the fluorescence intensity when excited at 280
nm.* Since the fluorescence intensities of Tyr are sensitive to
the microenvironment polarity variation, these can be used as
an effective means of investigating the interaction between Lut
and MP. To minimize the inner-filter effect, the absorbance at
280 nm of Lut must be <0.1.** According to Figure 8A, the
absorption for the maximum concentration of Lut (75 ymol/
L) at the excitation wavelength (280 nm) was only 0.062
(<0.1). Thus, the inner-filter effect can be excluded and further
calibration fluorescence intensity is unnecessary.

Conjugating MP with an increasing concentration of Lut
caused a decrease in the maximum fluorescence intensities
(Fpa) of MP at a specific ambient temperature as seen in
Figure 8B (298 K), Figure 8C (308 K), and Figure 8D (318
K). The maximum emission wavelength (4,,,,) had red-shifted
to longer wavelengths by 3—5 nm, which were accompanied by
slight changes in the secondary structure of noncovalent
samples (Figure SB). This suggested that the increasing Lut
concentration enhanced the unfolding degree of MP and
microenvironment polarity of the Tyr residues,”’ ie., non-
covalent molecular forces such as hydrogen bonds formed
within the conjugates changed the structural properties of the
protein and exposed more Tyr residues. A similar quenching
effect has been previously reported.*>*’

The fluorescence regression equation, the association
constant (K,), and the number of binding sites (n) of MP—
Lut samples are shown in Table 1. Several quenching
mechanisms can occur, including the inner-filter effect,
dynamic quenching, and static quenching. If the quenching is
static, the quenching constant (Kgy) will decrease with
increasing temperature, whereas for dynamic quenching, the
quenching constant will increase with increasing temperature
because of the collision effect.”” The type of fluorescence
quenching mechanism of MP—Lut conjugates was analyzed
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using the Stern—Volmer equation (eq 2) at three different
temperatures (298, 308, and 318 K). The Stern—Volmer plot
showed good linearity at different temperatures (Figure 8E),
suggesting that the quenching mechanism was not a mixture of
the dynamic and static quenching but one of these alone. The
Ky values (1.15 X 10% 1.10 X 10%, and 0.61 X 10> M™" at 298,
308, and 318 K, respectively) decreased gradually as the
temperature increased, indicating a typical static quenching
induced by the formation of MP—Lut conjugates rather than
collision. The bimolecular quenching rate constant (K,) was
also higher than the maximum diffusion collision quenching
constant value (2.0 X 10" L-mol™'s™!), which further
confirmed that the quenching type was static.”

For the static quenching, the K, and n values could be
calculated according to a double logarithmic equation (eq 3).
The n values were all approximately equal to 1 (Table 1),
suggesting that MP had a single class of binding sites for Lut
under the noncovalent treatments. The K, values (0.04 X 10°,
0.57 X 10° and 15.03 x 10° M at 298, 308, and 318 K,
respectively) of MP—Lut conjugates increased with increasing
temperature. This indicated that the interaction between MP
and Lut could be enhanced at the higher temperature, which
allowed a stronger complex formation.

The binding mode between MP and Lut was further studied
using thermodynamic parameters. There are four main
noncovalent forces formed between ligand and macromolecule,
namely, hydrogen bonds, hydrophobic interactions, electro-
static forces, and van der Waals forces.” According to Ross
and Subramanian®® when AH > 0 and AS > 0, hydrophobic
effects are the main force; when AH < 0 and AS < 0, van der
Waals forces and hydrogen bonds play major roles in the
interaction; and when AH < and AS > 0, electrostatic
interactions would dominate. Thermodynamic parameters
were obtained using the Van’t Hoff equation, and the
calculated data (AG, AH, and AS) are shown in Table I;
the negative AG indicated that the complex was incorporated
spontaneously.

Meanwhile, the positive value of AH (198.37 kJ/mol) is
likely due to endothermic effects: Lut molecules approach MP
particles and partly destroy the hydrophobic hydration
structure in an endothermic process. Simultaneously, the
positive value of AS (0.72 kJ/mol/K) can be attributed to the
release of combined water molecules into the buffer medium,
including those from the molecular pocket and hydration layer
on the surface of the MP molecules;®' as such, the water
molecules in the hydration layer have a higher degree of
mobility and the MPs are in a more active state.”> Hence, the
AH and AS both had positive values, indicating that
hydrophobic interactions were the main forces for MP—Lut
conjugates and that the binding was entropy-driven. This result
is consistent with other studies, which have reported that the
driving forces for the binding of flavonoids (such as
kaempferol, and genistein) to ﬂ-lactoglobulinw and the
interaction between MPs and ketones’' were mainly hydro-
phobic interactions.
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M 4
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N 2
Y 1
total 33
K, Q N, M, C, and Y represent lysine, glutamine, asparagine,
methionine, cysteine, and tyrosine sites, respectively.

peptides and 837 modified proteins were identified and were
searched against the UniProt-Gallus gallus (Chicken) [9031]-
35012-20220706.fasta. To improve the reliability, the peptide
data were filtered with grafting possibility >95%. Thirteen Lut-
modified peptides corresponding to 14 proteins were obtained.

The 14 modified proteins from different accessions were
classified on the basis of functions and locations, and 10
proteins were identified in the MP family, including chick atrial
MHC, myosin motor domain-containing protein, fast MHC,
actin, and myosin-binding protein C. MPs are structural
proteins that are composed of myofibrils and are crucial in
regulating the binding affinity.”> Three kinds of uncharac-
terized proteins were found that may have resulted from the
protein aggregates linked by newly formed covalent linkages.
Notably, the uncharacterized proteins 1 and 2 had almost
identical Lut-adducted sites (Lys884) and annotated sequences
([K]. ELEEKMVK*LVQEKNDLQLQVQAEA) as a fast
MHC; therefore, uncharacterized proteins 1 and 2 may be
composed of MHC isoforms. Three MPs were modified with
Lut, among which the chick atrial MHC was modified with Lut
at the Lys1532 site (modified peptide [K].QLDAEK*LEL-
QAALEEAEASLEHEEGK.[I]) (Table 3).

The myosin motor domain-containing protein and myosin-
binding protein C had more than one modified site and were
modified with Lut at Lys1499, Glul494, and GlulS03
(modified peptide [R]. KQ*LDAEK*LELQ*AALEEAEASLE-
HEEGK.[I]) and Asp544 and Lys553 (modified peptide
[K].AAEN*TIVVVAGNK*VRLDVPISGEPAPTVTWK.[R]),
respectively. Two subtypes of actin cytoplasmic, namely, actin
cytoplasmic 1 and 2, were also identified. Actin, which
constituted approximately 22% of the myofibrillar mass, was
modified with Lut at Cys285 and Lys291 (modified peptide
[K].C*DVDIRK*DLYANTVLSGGTTMYPGIADR. [M]).
Among all proteins listed in Table 3, 14 identified proteins
could form MP—Lut conjugates, of which seven were from
MHC protein isoforms. This showed that myosin, as the main
component of MP, accounts for 60% of the total content and
had the strongest binding activity to Lut. Considering that the
binding sites were mainly at the Lys sites in the amino acid
sequence around 800 and 1500, Lut was more likely to bind
with MP at the myosin tail.
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Table 3. Lut-Modified Proteins and Peptides in Covalent MP—Lut Conjugates

annotated sequence
[K].QLDAEKLELQAALEEAEASLEHEEGK.[I]

modifications
1xPolyphenol [K6(100)]

description

accession
Q910Cs
AOA1DSPFB7

chick atrial myosin heavy chain

myosin motor domain-containing

protein

[K].ELEEKMVKLVQEKNDLQLQVQAEADSLADAEER.  AOA1DSPS52S [877—909]

1xOxidation [M6(100)]; 1xDeamidated [Q11(99)]; 1xPolyphenol

uncharacterized protein 1

AO0A1DSPS25

[K8(99.5)]
2xDeamidated [Q2(100); Q11(100)]; 1xPolyphenol [K7(99.6)]

(C]

[R].KQLDAEKLELQAALEEAEASLEHEEGK.[I]

fast myosin heavy chain

QIDGM4

chick atrial myosin heavy chain

Q910CS
AOAIDSPFB7

myosin motor domain-containing

protein

[K].ELEEKMVKLVQEKNDLQLQVQAEADALADAEER. Q9DGMS [880—912]

1xOxidation [M6(100)]; 1xDeamidated [Q/N]; 1xPolyphenol [K]

fast myosin heavy chain

Q9DGMS

(C]
[K].CDVDIRKDLYANTVLSGGTTMYPGIADR.[M]

[K].AAENTIVVVAGNKVRLDVPISGEPAPTVTWK.[R]
[R].QKPSFGPMPVQVPPPR.[G][R].KIEELYASLEK.[K]

IxDeamidated [N]; 1xPolyphenol [K13(100)]

1xCarbamidomethyl [C1]; 1xPolyphenol [K7(99.5)]
1xOxidation [M8(100)]; 1xDeamidated [Q11(100)]; 1xPolyphenol
[K2(100)]1xPolyphenol [Y6(100)]
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Identification and Distribution of the Modified Sites
between Lut and MP. Overall, a total of 33 modified sites
were identified for the MP—Lut complex, including uncharac-
terized proteins. A total of 13 Lys, 6 Glu, 7 Asp, 4 Met, and 2
Cys sites as well as 1 Tyr site were modified with ratios of
39.39, 18.18, 21.21, 12.12, 6.06, and 3.03%, respectively (Table
2). These results indicated that among the MP-—Lut
conjugates, Lys possessed the highest reactivities, followed by
Glu and Asp. Based on the peptide identification, 14 adducted
sites of Lys and Tyr were clearly identified. Furthermore, 19
modified sites formed through other modifications such as
oxidation (Met), deamidation (Glu), and carbamidomethyla-
tion (Cys). Cys and Met are the most easily oxidizable amino
acids since they contain sulfur atoms, whose anion is a strong
nucleophile rich in electrons allowing them to act as
antioxidants. Other amino acids such as Tyr, Try, His, Arg,
and Lys have been highlighted as highly susceptible to free
radicals.”® The substances that reacted with the above sites
might be the unidentified polymer of Lut or the oxidation of
MP itself. The covalent bonds formed between Cys/Tyr and
Lut would decrease the content of tested sulthydryl/Tyr
residues, which was consistent with our earlier results (Figure
4). Therefore, Cys and other amino acid residues may be the
sites used for adduction. Peptides containing alkali amino acids
are deeply embedded inside proteins and rarely participate in
the adduction process because of steric hindrance;> therefore,
the crosslinking between the internal Cys residues and Lut in
this study may be inhibited by the steric effect, exhibiting a
lower degree of modification than predicted.

The Influence of Lut Concentration on Peptides and
Modified Sites. We identified 57 unique peptides at the low
Lut concentration, 41 unique peptides at the medium Lut
concentration, and 13 unique peptides at the high Lut
concentration, as seen in the Venn comparison chart (Figure
9) and Table 3. The number of modified peptides gradually

Lut-H

13

15

1126

131 41

Lut-L Lut-M

Figure 9. Venn diagram of peptide distribution at different Lut
concentrations. Lut-L, Lut-M, and Lut-H represent the low, medium,
and high, concentrations of Lut-modified MP upon covalent
treatments.

decreased with the increasing Lut concentration. The type of
modified proteins was unaffected by the Lut concentration, as
indicated by the unchanged protein source of the modified
peptides for all the Lut concentration groups, whereas the
category of modified peptides and the modified sites were Lut
concentration-dependent. Specifically, Lys, Gln, Met, and Asn
were modified in the peptides for the low Lut concentration
groups, whereas Lys and Asn were modified in the medium Lut
concentration groups and Lys was modified in the high Lut
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concentration groups. The type of unique modified peptides
and sites decreased progressively with the increasing Lut
concentration, which may be related to the aggregation of the
conjugates at high concentrations. Although the difference
mainly lay in the type of peptide, the abundance of peptides
affected by the Lut concentration was low compared with the
total peptide number and the overall impact on binding
efficiency might not play a decisive role. Significantly, when
amino acid side chains from different unique peptides are
modified by reactive oxygen species, the metabolism of those
amino acids will also likely be altered.”*

Antioxidant Properties. Construction of MP—polyphenol
conjugates can improve the antioxidant properties of
complexes. The introduction of hydroxyl groups from the
polyphenols can enhance antioxidant activities, and the
number of hydroxyl groups in the polyphenol ring is
recognized as being positively correlated with antioxidant
ability.”® The influence of binding on the antioxidant
properties of MP—Lut conjugates under different concen-
tration and various thermal treatments was analyzed by a
combination of DPPH, ABTS, and Fe** reducing power
(Figure 10).

All samples showed dose-dependent DPPH radical scaveng-
ing capacity at 0—120 umol Lut/g protein (Figure 10A). The
DPPH radical scavenging capacities of low-, medium-, and
high-concentration MP—Lut conjugates were significantly
improved (P < 0.05) by 6.08, 27.71, and 36.86% (noncovalent
treatments) and 7.34, 14.20, and 35.99% (covalent treatments)
compared with those of the control MP at 25 °C. Similar
reports showed that the modification of epicatechin'” and
catechins™ on MP conjugates enhanced the DPPH scavenging
ability. We found that after thermal treatment, the DPPH
radical scavenging activities of both noncovalent and covalent
samples decreased slightly with the increase in temperature.
Notably, the noncovalent samples showed stronger thermal
stability of the DPPH radical scavenging capacity than that of
covalent samples at the medium Lut concentration; this
phenomenon might be due to the structural change and
aggregation of the MPs caused by o-quinone (catechol-
containing Lut) as crosslinker-mediated protein crosslinking,
which may have changed the electrical environment of the Lut
molecule and diminished the capacity of the phenolic hydroxyl
groups to donate hydrogen or electrons.”

The ABTS scavenging activities of the MP—Lut conjugates
(Figure 10B) were approximately consistent with the DPPH
free radical scavenging activities. The ABTS scavenging
activities of MP conjugates increased with increasing Lut
concentration (low, medium, and high) by 7.60, 14.06, and
35.74%, respectively, in noncovalent treatments and by 3.32,
10.63, and 30.95%, respectively, in covalent treatments as
compared with those in the control group. The ABTS
scavenging activity of the noncovalent samples showed
stronger thermal stability than that of the covalent group,
especially at low and medium concentrations. After thermal
treatment at 75 °C, the ABTS scavenging activity of
noncovalent samples was significantly (P < 0.05) higher than
that of covalent ones at low concentrations (Figure 10B).
Considering that the ABTS scavenging activity of chlorogenic
acid-modified S-lactoglobulin®® also remained relatively stable
under thermal treatment at 85 °C, thermal treatments may not
initiate further oxidation of the complex.

The values of Fe** reducing power upon different binding
ways remained almost equivalent at different concentrations.
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Figure 10. Antioxidant activities of MP following different treatments in terms of (A) scavenging capacity on 2,2-diphenyl-1-picrylhydrazyl radicals,
(B) ABTS scavenging ability, and (C) reducing power. *p < 0.0S, **p < 0.01, ***p < 0.001 were compared between the noncovalent and covalent

groups.

The Fe** reducing power values of low-, medium-, and high-
concentration MP—Lut conjugates improved significantly (P <
0.05) by 60.56, 109.44, and 137.87% (noncovalent treatments)
and 51.35, 97.92, and 127.06% (covalent treatments) as
compared with that of the control MP at 25 °C. With the
increase in thermal treatment temperature, the reducing power
of all the noncovalent/covalent samples showed no con-
spicuous changes. These mutually supporting results confirmed
that the binding method, either noncovalent or covalent, had
only a minor effect on the antioxidant properties of MP—Lut
samples, whereas the binding amount of Lut played a
predominant role. Similarly, digestive results of a phosvitin
and the gallic acid complex’® showed that noncovalent
complexes had greater antioxidant and polyphenol protective
effects than that of the covalent complexes. In summary, the
content of Lut primarily determined the antioxidant capacity of
the MP—Lut conjugates, which was dramatically improved
compared with that of the control group at higher
concentrations of Lut. The binding modes and preparation
ways had minimal effect on the antioxidant activity, and each
group had unimpaired antioxidant ability under thermal
conditions, indicating that the complex can be used as an
additive in heat-treated food. Although the stability of
flavonoids was relatively poor, the antioxidant activity of
flavonoids would not be affected at pH 9.0. Given the similar
antioxidant activity obtained from the two binding methods,
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noncovalent modification ways with simpler operations would
be preferentially selected to prepare the complex.

In conclusion, this study explored the difference between
MP—Lut conjugates fabricated through noncovalent and
covalent modification. Upon covalent treatment, Lut was
successfully conjugated with MP through binding with Cys,
Tyr, and Tyr (Figures 4 and 8). The Tyr—Tyr and S—S bonds
via the Lut redox reaction were the predominant driving force
for MP aggregate formation at low concentrations of Lut,
whereas at high concentrations, the bonding involved in
protein aggregation was governed by Lut-bridged crosslinking
(Figures 2 and 6). The hydrophobic interactions were the
main forces for noncovalent MP—Lut conjugates, and the
binding was entropy-driven (Table 1). The antioxidant
property of MP—Lut conjugates was enhanced as expected
but was barely affected by the conjugation method used. The
binding amount of Lut determined the strength of the
antioxidant property, which indicated that (1) the in vitro
antioxidant activity of MP—Lut conjugates may not be related
to the binding mode but was only dependent on the content of
Lut and (2) the bioactivity of Lut in the protein complex was
not affected by transient alkaline and thermal treatment.
Furthermore, the noncovalent samples showed greater thermal
stability since the antioxidant ability for noncovalent groups
was slightly improved relative to that of covalent samples
during the heating treatment. This means that the simpler
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noncovalent method can produce equally effective results
without chemical reagent addition or exhaustive labor. This
finding provides valuable insights into the interaction between
MP and Lut and its effects on the structure and function of
MP, as well as the antioxidant effects of Lut during thermal
processing. Furthermore, our study provides information on
how to maintain the health benefits of Lut, which is used for
industrial production in muscle protein-rich products and
other foods, by using simpler food processing conditions.
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