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The binding capacity of 10 flavonoids with okra seed protein (OSP) was studied by fluorescence spectroscopy.
The structure of flavonoids had an obvious impact on binding performance. The binding ability of flavanone was
lower than that of flavone, isoflavone and dihydrochalcone. The binding capacity of flavonoid glycoside was
superior to that of the corresponding flavonoid aglycone. The binding ability was positively correlated with the
number of phenolic hydroxyl groups on the B ring. The steric field and electrostatic field model constructed by

3D-QSAR method could well explain the above interaction behavior. Thermodynamic analysis suggested that the
quenching mechanism of OSP caused by flavonoids was static quenching, and the binding-site number was 1. In
addition, hydrogen bonding and van der Waals force dominated this interaction. The 3D and synchronous
fluorescence spectra showed that there was no significant change in the polarity of the environment around
tryptophan and tyrosine residues during binding.

1. Introduction

Flavonoids are secondary metabolites produced by plants. It widely
exists in fruits, vegetables, tea and medicinal materials, and is a wide-
spread phenolic substance in plants (Giil¢in, 2012; Gulcin, 2020; Taslimi
& Gulcin, 2018). It has many medical benefits, such as anti-cancer
(Ahmed et al., 2016; Chae, Xu, Won, Chin, & Yim, 2019), anti-virus
(Badshah, Faisal, Muhammad, Poulson, Emwas, & Jaremko, 2021;
Cataneo et al., 2021), anti-inflammation (Ozarowski & Karpinski, 2021;
Zhang et al., 2011), anti-allergy (Shi, Niu, Zhao, Wang, Jin, & Li, 2018),
anti-hypertension (Lv et al., 2013) and anti-diabetes (Lodhi & Kori,
2021). Therefore, the biological activities and corresponding physio-
logical functions of flavonoids have become a research hotspot. But their
application is seriously limited because of their low bioavailability and
poor stability. Thus, a large number of studies have been carried out to
solve these problems of flavonoids. And it is found that some delivery
systems based on cyclodextrins, lipids, proteins and emulsions can be
used to improve the bioavailability and stability of flavonoids. Liu et al.
applied maltosyl-p-cyclodextrin to encapsulate polydatin, and found
that it could significantly improve the water solubility and stability of
polydatin (Liu, Li, Xiao, Liu, Mo, & Ma, 2015). Wolfram et al. prepared
liposomes and loaded hesperidin, which improved the stability and drug

* Corresponding author.
E-mail address: liubenguo@hist.edu.cn (B. Liu).

https://doi.org/10.1016/j.fochx.2023.101023

release properties (Wolfram et al., 2016). Yu et al. fabricated the com-
posite colloidal particles of Zein and polysaccharides to stabilize Pick-
ering emulsion of methoxylated flavonoids, and found that the emulsion
system enhanced antioxidant activity (Yu, Liu, Wang, Zhang, Jiang,
Shan, et al., 2022).

After the interaction of flavonoids with macromolecules, new com-
plexes will be formed, and the concentration, biological activity and
spectral properties of the substances will change accordingly. The
binding behavior between flavonoids and macromolecules can be
studied by fluorescence spectroscopy, and some interaction parameters
(binding-site number, binding constant, quenching constant) can be
obtained by measuring the changes of parameters before and after the
binding. It has been widely used to determine the interaction of whey
protein, serum protein, p-casein and lysozyme with flavonoids (Das
et al.,, 2019; Milea et al., 2020). Quantitative Structure-Activity Rela-
tionship (QSAR) is often used to explore the relationship between bio-
logical activity and molecular structure. 2D-QSAR mainly uses multiple
linear regression, principal component analysis and other methods to
describe the relationship between physical and chemical properties of
molecules and their activities (Boudergua, Alloui, Belaidi, Al Mogren,
Ellatif Ibrahim, & Hochlaf, 2019). 3D-QSAR is to establish the rela-
tionship between the activity and the 3D structure of molecules based on

Received 20 October 2023; Received in revised form 15 November 2023; Accepted 20 November 2023

Available online 23 November 2023

2590-1575/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:liubenguo@hist.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2023.101023
https://doi.org/10.1016/j.fochx.2023.101023
https://doi.org/10.1016/j.fochx.2023.101023
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. He et al.

comparative molecular field analysis (CoMFA) and comparative mo-
lecular similarity indices analysis (CoOMSIA) (Tong, Wu, Bai, & Zhan,
2017). Wu et al. (Wu, Lan, & Jiang, 2015) constructed the COMFA and
CoMSIA models of 22 curcumin derivatives, which indicated that the
change of the substituent groups in the corresponding regions could
affect the cytotoxicity of MCF-7. Yue et al. combined fluorescence
spectroscopy with 3D-QSAR method to explain the binding behavior of
Zein and flavonoids (Yue, Geng, Shi, Liang, Wang, & Liu, 2019).

Okra, widely cultivated throughout the world (Balasubramanian &
Sadasivam, 1987), is an annual herbaceous plant of the Malvaceae
family. Okra is rich in proteins, polysaccharides, flavonoids, vitamins
and unsaturated fatty acids, with antioxidant, anti-inflammatory, hy-
poglycemic and other health functions (Elkhalifa et al., 2021; Esmaeil-
zadeh, Razavi, & Hosseinzadeh, 2020; Nikpayam, Safaei, Bahreini, &
Saghafi-Asl, 2021). Okra seed protein (OSP) can be used as a supple-
ment to cereal protein and as a carrier to deliver flavonoids (Ofori,
Tortoe, & Agbenorhevi, 2020). But so far, there is no systematic report
on the interaction between OSP and flavonoids. In view of this, the
interaction mechanism of OSP and flavonoids was investigated based on
fluorescence spectroscopy and 3D-QSAR methods, so as to provide
reference for the application of OSP.

2. Materials and methods
2.1. Materials and chemicals

Okra seeds were provided by Feifan Food Co., LTD (Hebi, China).
Flavonoids (taxifolin, rutin, naringin, naringin dihydrochalcone, dihy-
dromyricetin, naringenin, neohesperidin dihydrochalcone, hesperitin,
puerarin, phloridzin) were bought from Aladdin (Shanghai, China). All
other chemicals were of analytical grade.

2.2. Extraction of OSP

According to the method of Luo et al. (Luo et al., 2022), okra seeds
were crushed with a high-speed universal crusher to obtain okra seed
powder. The okra seed powder (100 g) was mixed with 1000 mL of n-
hexane and stirred for 4 h. This operation was repeated until the lipid
was completely removed. The defatted okra seed powder was mixed
with ultra-pure water at the ratio of 1:20 (w/v), and adjusted pH to 9.0
with 1.0 M NaOH. The mixture was stirred at 25 °C for 2 h, and
centrifuged at 8000 x g for 20 min. The supernatant was collected and
the residue was re-extracted as described above. The supernatant was
combined and its pH was adjusted to 4.5 with 1.0 M hydrochloric acid
and centrifuged at 6000 x g for 15 min. The precipitate was collected,
washed 3 times with ultra-pure water, and the pH was adjusted to 7.0. It
was re-dissolved in water and dialyzed for 24 h at 4 °C. After vacuum
freeze-drying, 9.6 g of okra seed protein was obtained.

2.3. Construction of test system

According to the method of Meng et al. (Meng, Wei, & Xue, 2023),
the binding constants of 10 flavonoids with OSP were determined. The
OSP sample (0.1 g) was mixed with PBS (pH = 7.0, 10 mM) to form 1
mg/mL stock solution. The flavonoid was dissolved with a small amount
of DMSO and diluted with PBS to a solution of 1.25 mM (the final
concentration of DMSO was 1 %). The OSP stock solution (5 mL, 1 mg/
mL) was mixed with the flavonoid solution of 0, 100, 200, 300, 400, and
500 pL (1.25 mM), and diluted to 25 mL with PBS. The reaction system
was stored at 30 °C for 30 min.

2.4. Determination of binding constants
The reaction system obtained in section 2.3 was analyzed by an

Agilent Cary Eclipse fluorescence spectrophotometer (Santa Clara, CA).
Under the excitation wavelength of 280 nm, the fluorescence emission
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spectrum of 300-450 nm was recorded with the voltage of 680 kV. The
excitation and emission slits were fixed to 5 nm. In order to eliminate the
interference of fluorescence internal filtration effect, the fluorescence
data was corrected according to Eq. (1).

(ODex+0Dem)
2

F=F, Xe (€8]

Where Fgps and F were the fluorescence intensity values before and
after calibration. OD¢y and ODe, were the UV absorbance values of the
mixture at the excitation wavelength and emission wavelength,
respectively.

Stern-Volmer equation (Eq. (2)) was used to determine the fluores-
cence quenching mechanism.

Fy
Fo 1+ Ky [Q] = 1+ K, 79°[0] (2)

Where, F and F, were the fluorescence intensity values of OSP so-
lution with/without flavonoids, respectively; [Q] was the flavonoid
concentration; Ky and Ky were the quenching constant and quenching
rate constant, respectively; To was the average lifetime of protein (108
s).

The binding-site number (n) and binding constant (K) for static
quenching could be calculated from the double logarithm curve (Eq. (3):

1g{F i } — 1gK, +n-1[0) @)

2.5. Construction of 3D-QSAR model

The 3D structures of flavonoids used was from PubChem database
(https://pubchem.ncbi.nlm.nih.gov/). The molecular structure was
imported into SYBYL 8.1 software, Powell conjugate gradient method
was used in the optimization process, Tripos force field and Gasteiger-
Huckel charge was adopted. The maximum iteration coefficient was
set to 10000, the calculation gradient was 0.005 kJ/mol. The optimized
molecule was cut into two fragments R; and R, by the Topomer method
(Table 1), and the corresponding 3D conformations of the fragments
were obtained, which were further adjusted to generate the Topomer
model. Then, the steric and electrostatic parameters of the flavonoid
were used as independent variables, and the pKy value, the logarithm of
Ka, was used as the response value. The model was fitted by Partial Least
Squares (PLS) and cross-validated by Leave-One-Out method (LOO).

2.6. Determination of thermodynamic parameters

OSP was mixed with the flavonoid solution (rutin, dihydromyricetin
and phloridzin) in accordance with section 2.3, and stored at 30 °C and
37 °C for 30 min, respectively. The corresponding K values were
measured based on the fluorescence spectra. The thermodynamic pa-
rameters (free energy change, AG; entropy change, AS; enthalpy change,
AH) were calculated using Egs. (4) and (5):

AH AS
K, = -~ 422
nK, RT+ R 4)
AG = AH —T-AS (5)

Where R was the gas molar constant (8.314 J -mol'lK’l), and T was
the test temperature.

2.7. Determination of synchronous and 3D fluorescence spectra

OSP was mixed with the flavonoid solution (rutin, dihydromyricetin
and phloridzin) in accordance with section 2.3, and kept at 37 °C for 30
min. According to the method of Zhen et al. (Zhen, Geng, Ma, & Liu,
2023), the corresponding synchronous and 3D fluorescence spectra were
recorded. The synchronous fluorescence spectra were measured at the
excitation wavelength ranges of 250-350 nm (A\A = 15 nm) and
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Table 1
Chemical structure and pK, values of 10 flavonoids.
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No Type Name 3 4 5 6 7 8 2’ 3’ 4 5 6’ pKa

1 I Taxifolin OH OH OH OH OH 4.0109

2 1 Rutin O- OH OH OH OH 5.2306

rutinoside
3 I Naringin OH O- OH 4.1766
neohesperidoside

4 v Naringin OH OH O-p-p- OH  4.8495
dihydrochalcone glucopyranoside

5 I Dihydromyricetin OH OH OH OH OH OH 4.3304

6 1I Naringenin OH OH OH 4.0770

7 v Neohesperidin OH OCH3 OH O- OH 5.1533
dihydrochalcone neohesperidose

8 I Hesperitin OH OH OH  OCHj3 4.0978

9 111 Puerarin OH C- OH 4.7875

glucoside
10 IV Phloridzin OH O-p-p- OH OH  5.2827
glucopyranoside

220-350 nm (AA = 60 nm), respectively. For 3D fluorescence, the
excitation wavelength range was 220-290 nm while the emission
wavelength was 290-450 nm. Scanning was performed at a speed of
9600 nm/min. Both the slit widths of emission and excitation were fixed
at 5 nm.

2.8. Statistical analysis

The experimental data were analyzed and plotted by Origin 2018
software (Northampton, MA).

3. Results and discussion
3.1. Topomer CoMFA model analysis

The binding constants (Ka) of 10 flavonoids and OSP were deter-
mined in this study. According to the structural characteristics of 10
flavonoids, they were divided into four structural types in Table 1,
namely flavone (structure I), flavanone (structure II), isoflavone
(structure III) and dihydrochalcone (structure IV). According to the
difference in pKja, the following preliminary conclusions could be ob-
tained: (1) The binding ability of flavanone was lower than that of
flavone, isoflavone and dihydrochalcone; (2) The binding ability of
flavonoid glycoside was higher than that of the corresponding flavonoid
aglycone; (3) There was a positive correlation between the binding ca-
pacity of the flavonoid aglycone and the number of phenolic hydroxyl
groups in the B-ring.

To investigate the effect of the molecular structure of flavonoids on
OSP binding, the 3D-QSAR model was established by using the Topomer
CoMFA method, which not only inherits the advantages of COMFA, but
also has faster model generation speed. The molecular structure of fla-
vonoids was cut into R; and Ry fragments, and the steric and electro-
static parameters of each fragment were calculated. The PLS regression
method could combine the pKu values with the obtained molecular field
energy to construct the 3D-QSAR model. The optimal principal
component of the model was 2, and the multiple correlation coefficients
of fitting and cross validation were 2 = 0.957 and q2 = 0.634, respec-
tively. The linear regression diagram of the predicted and actual pKp
values of the model for 10 flavonoids is shown in Fig. S1. The data points

were uniformly distributed around the 45° line, confirming a good
fitting ability of the model.

3.2. 3D-QSAR analysis

In this study, naringenin (No.6) with the simplest chemical structure
was selected as a reference for 3D-QSAR analysis. Fig. 1A and C are the
3D steric field maps of Ry and Ry, and Fig. 1B and D are the 3D elec-
trostatic field of R; and Ry, respectively. In Fig. 1A and C, a large number
of green regions were gathered in the positions of C3', C4, C5' of Ry and
C3, C4, C7 and C8 of Ry, indicating that if a bulky substituent group was

Fig. 1. 3D contour plots of the Topomer CoOMFA model. (A: steric field map of
R;-group; B: electrostatic field map of R;-group; C: steric field map of Ry-group;
D: electrostatic field map of Ry-group.).
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introduced here, the corresponding flavonoid would have a higher
binding capacity. Thus, the H at the C3 position of rutin (No.2) was
replaced by O-rutinoside, and the binding ability of rutin was superior to
that of taxifolin (No.1). Naringin (No.3) with O-neohesperidoside group
at C7 had higher binding ability than naringenin (No.6). On the con-
trary, there were a large number of yellow regions in the C2' and C6'
positions of Ry, which suggested that if large groups were present in
these regions, the binding ability of the flavonoid would be reduced. The
C3', C4, C5' of Ry and the C3, C5, C7 positions of Ry were surround the
red regions (Fig. 1B and D), which meant that the introduction of
negatively charged substituents in these regions could enhance the
binding capacity of the corresponding derivatives. For example, the
binding capacity of dihydromyricetin (No.5) with -OH at C5' was higher
than that of taxifolin (No.1). In Fig. 1D, there were blue regions around
C4, C5 and C6 of Ry. If the H at the corresponding site was replaced by a
positively charged group, the binding capacity of the derivative could be
enhanced.

In addition, 3D-QSAR also confirmed that the binding performance
of flavone, isoflavone and dihydrochalcone with OSP was higher than
that of flavanone. This may be due to the fact that the B ring of flavones
and isoflavone could form the n-conjugated system with its A and C
rings, which improved the planar properties of the derivatives. This
helped flavonoids bind to the active site of OSP and improved its binding
capacity (Geng, Jiang, Ma, Wang, Liu, & Liang, 2020; Yue et al., 2019).
The B ring of dihydrochalcone was far away from the A ring and easy to
freely rotate orientation, which made it easier to bind to proteins, so its
binding ability was higher.

3.3. Binding behavior analysis

Most proteins contain tryptophan, tyrosine and phenylalanine resi-
dues, and these aromatic amino acid residues have strong endogenous
fluorescence, which makes the protein fluorescent (Lang, Gao, Tian,
Shu, Sun, & Li, 2019). Fig. 2 exhibits the effects of three representative
flavonoids (rutin, dihydromyricetin and phloridzin) on OSP fluores-
cence spectra. OSP had a fluorescence characteristic absorption peak
around 341 nm. Its fluorescence emission peak intensity decreased
significantly and regularly with the increase of the flavonoid concen-
tration, indicating that these flavonoids could quench the endogenous
fluorescence of OSP. However, there were some differences in the
decreasing trend. Rutin caused the most significant decrease in the
fluorescence intensity of OSP, followed by phloridzin and dihydromyr-
icetin. It was inferred that the glycoside substituents on the A ring of
flavonoids could affect the binding of flavonoids with OSP.

The quenching mechanism is usually divided into dynamic and static
quenching (Yue et al., 2019). In Fig. S2, the Fy/F values at different
temperatures had a good linear relationship with flavonoid concentra-
tion, indicating that the quenching process belonged to single quench-
ing, that is, static or dynamic quenching (Byadagi, Meti, Nandibewoor,
& Chimatadar, 2017). The quenching rate constant (K;) values of 3
flavonoids were significantly higher than the maximum quenching rate
constant of diffusion collision (2.0 x 1010 L/mol-s), which confirmed
that flavonoids caused static fluorescence quenching of OSP by forming
complexes with OSP.

When small molecules interact with proteins, the small molecules
involved in binding and unbound molecules in the system are in a state
of equilibrium. The binding-site number (n) and binding constants (Ky),
which reflect the equilibrium relationship, could be obtained from the
double-logarithmic equation. The n and K values of 3 flavonoids with
OSP were shown in Table 2 and the double logarithmic curve was shown
in Fig. S3. The results showed that rutin, dihydromyricetin and phlor-
idzin had strong binding ability to OSP, and the formed complex had
good stability. All n values were close to 1, indicating that there was only
one binding site for flavonoids interaction with OSP. Yu et al also found
that the n value was close to 1 when studying the interaction between 16
flavonoids and Tartary buckwheat protein (Yu, Liang, & Wang, 2022),
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Fig. 2. Effect of flavonoids on the OSP fluorescence spectrum. (A: rutin; B:
dihydromyricetin; C: phloridzin).
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Table 2

Quenching constants, binding constants and thermodynamic parameters of the 3 flavonoids and OSP.

Food Chemistry:

X 20 (2023) 101023

Flavonoids T (K) 10" Kq (L-mol™'s™) PKa n AG (KJ-mol™1) AH (KJ-mol 1) AS (J-mol’K™1)
Rutin 303 2.2820 5.2306 1.1855 —-30.34 —95.45 —214.91
310 2.0835 4.8590 1.1160 —28.83
Dihydromyricetin 303 1.5386 4.3304 1.0304 —25.12 —48.19 —76.15
310 1.8755 4.1428 0.9713 —24.59
Phloridzin 303 1.3541 5.2827 1.2440 —30.65 —325.37 —972.65
310 1.3838 4.0161 0.9737 -23.85
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Fig. 3. Effect of the three flavonoids on the synchronous fluorescence spectrum of OSP. (A, B, C are the synchronous fluorescence spectra of rutin, dihydromyricetin,
phloridzin at AL = 15 nm, respectively; Al, B1, C1 are the synchronous fluorescence spectra of rutin, dihydromyricetin, phloridzin at AL = 60 nm, respectively.).
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which could be related to the structure of the hydrophobic region on the
protein surface. When the temperature increased, the n and K, values
instead decreased, indicating that high temperature was not conducive
to the binding of flavonoids to OSP. Zhen et al. found similar experi-
mental results in the study of the binding of dihydromyricetin with
a-lactalbumin, suggesting that the increasing temperature promoted the
movement of molecules, which was not conducive to the stability of the
complex (Zhen et al., 2023; Jiang, Li, Ma, Chen, & Tian, 2020).

3.4. Thermodynamics analysis

Protein molecules and small molecules are combined mainly through
non-covalent interactions such as electrostatic interaction, hydrophobic
interaction, van der Waals force and hydrogen bonding. Ross et al.
summarized the corresponding relationship between the driving force
and the thermodynamic parameters based on a large number of exper-
iments: When AH > 0, AS > 0, the hydrophobic force is the dominant
force; When AH < 0, AS < 0, van der Waals force and hydrogen bonding
are the dominant forces; When AH < 0, AS > 0, the electrostatic force
dominates the interaction (Ross & Subramanian, 1980; Jafar et al.,
2014). The types of binding between different small organic molecules
and proteins are different. According to thermodynamics, at a certain
temperature and pressure, whether the bonding of small molecules with
protein can proceed spontaneously depends on AG of the reaction sys-
tem. AG < 0 is beneficial to the spontaneous reaction.

In Table 2, the AS and AH of the three flavonoids were all negative,
suggesting that van der Waals forces and hydrogen bonding were the
dominant forces in the interaction. Rutin, dihydromyricetin and phlor-
idzin had more hydroxyl groups in their structures, making it easier to
form hydrogen bonding with OSP. The AG of the three flavonoids was all

Crew)Rsuanuy
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negative, reflecting that binding was actually a spontaneous process.
Therefore, the increasing temperature was not conducive to the binding
reaction of flavonoids with OSP. The fluorescence quenching of OSP
induced by three kinds of flavonoids was actually an enthalpy driven
spontaneous process.

3.5. Synchronous and 3D fluorescence analysis

Synchronous fluorescence spectroscopy is often used as a powerful
means to study the effect of small molecules on protein conformation
due to its advantages of simplifying spectra and reducing spectral
overlap. When A\ = 15 nm, it only presents the spectral properties of
tyrosine residues. When AA = 60 nm, it only reflects the fluorescence
characteristics of tryptophan residues. Fig. 3 demonstrates the syn-
chronous fluorescence spectra of OSP interacting with 3 flavonoids. The
fluorescence intensity of tryptophan and tyrosine residues declined with
the increasing flavonoid concentration, but the degree of decrease was
different. The tryptophan residue was quenched to a greater extent than
the tyrosine residue, so that its binding site was closer to the tryptophan
residue. A similar quenching phenomenon had also been reported in the
studies about interaction of flavonoids and a-lactalbumin, suggesting
that flavonoids bound near the tryptophan residues of the protein (Zhen
et al., 2023; Mohammadi & Moeeni, 2015). This is because tyrosine is
easily quenched or ionized by quenchers, so the fluorescence informa-
tion of tryptophan residue in proteins is commonly used to study
interaction between biological macromolecules and small organic mol-
ecules. Besides, the characteristic peaks of tryptophan and tyrosine
residues did not shift, suggesting that the polarity of the environment of
these residues did not change significantly.

In order to further analyze the spatial conformation of proteins and

=
=

]

Crre)lusuany

£

ne)Ansuanuy

Fig. 4. Effect of flavonoids on 3D fluorescence spectrum of OSP. (A: rutin; B: dihydromyrictin; C: phloridzin; D: OSP without flavonoids.).
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the changes in the microenvironment of chromophores, we selected the
intermediate concentration of flavonoids (15 pmol) for 3D fluorescence
scanning. Fig. 4 showed 3D fluorescence spectra and contour plots with/
without of flavonoids. There were two absorption peaks in the 3D
fluorescence spectrum of OSP. Peak 1 (A = 279 nm) exhibited the
spectroscopic characteristics of tryptophan residues. Peak 2 (A = 228
nm) was closely related to the peptide skeleton structure, and its in-
tensity was depend on the secondary structure of protein. The addition
of flavonoids reduced the fluorescence intensity of peaks 1 and 2, but the
position of the peaks did not change significantly. It could be concluded
that the microenvironment of amino acid residues and the secondary
structure of proteins did not change significantly during the binding
process.

4. Conclusions

Fluorescence spectroscopy was used to study the binding of 10 fla-
vonoids with OSP in this study. The 3D-QSAR model was also estab-
lished based on the Topomer CoOMFA method with pKj as the modeling
response value, which could explain the binding behavior between fla-
vonoids and OSP. It was found that rutin, dihydromyricetin and phlor-
idzin could interact with OSP to quench the intrinsic fluorescence of
OSP, and the quenching mechanism was static quenching. There was
only one binding site between the three flavonoids and OSP. Van der
Waals forces and hydrogen bonding were the dominant forces in the
binding process. The microenvironment of tyrosine and tryptophan
residues did not change significantly during binding. The obtained re-
sults can provide reference for the study of the interaction between
flavonoids and proteins, and promote the application of flavonoids and
OSP in food.
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