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ARTICLE INFO ABSTRACT
Keywords: Lipoxygenase (LOX) has the harmful effect of accelerating lipid oxidation, and polyphenols have the inhibitory
LiPOXY.ge.nase (LOX) effect on lipoxygenase. However, there were rare researches investigated on the interactions between poly-
Jaceosidin phenols and LOX. In this study, the binding mechanisms between polyphenols (Jaceosidin-JSD and baicalein-
?;lgra;:i;n BCL) and LOX were investigated by multi-spectroscopic analysis and computational study. Both JSD and BCL

binding to LOX resulted in static fluorescence quenching, and the complexes of JSD-LOX and BCL-LOX were built
at a molar ratio of 1:1, respectively. The binding constants of LOX-JSD (72.18 x 10° L/mol at 298 K) and LOX-
BCL (12.43 x 10° L/mol at 298 K) indicated that LOX had stronger binding affinity to JSD compared to BCL.
Compared with BCL-LOX, the JSD-LOX system formed more hydrogen bonds which ensured a stronger bond
between JSD and LOX. The studies in molecular dynamics also demonstrated that the JSD-LOX complex is more
stable, and the addition of JSD is more conducive to the complex formation. The current study provides some
new insights for the study on the inhibition of lipid oxidation and affords a new strategy for the discovery of
novel food preservatives.
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1. Introduction

Lipoxygenase (LOX, EC 1.13.11.12) is a type of non-heme iron con-
taining protein, which oxidizes unsaturated fatty acids and fatty acid
esters with a 1,4-cis, cis-pentadiene structure and converts them to hy-
droperoxides [28]. In the catalytic cycle of LOX, the activation of the
diene by Fe*' in the enzyme active site, with an intermediate bis (allyl)
radical (or similar iron coordination) species reacting directly with
dioxygen,the peroxide radicals are reduced by Fe?* to form hydroper-
oxides, and Fe2+ is converted to Fe>* which continues to participate in
the reaction [27]. Due to the high reactivity of free radicals produced by
the breakdown of hydroperoxides, they are able to initiate free radical
chain reactions with biomolecules, such as proteins, lipids, and DNA,
and destroy the components of the organism, thereby damaging the
body tissues.

LOX activity usually deteriorates the quality of aquatic products and
it induces a variety of physicochemical reactions which should not be
ignored during the storage. It has found that the increase of fishy odor
was regulated by LOX-induced oxidation during Nile tilapia preserva-
tion [32]. LOX in sardine mince can trigger the oxidation of PUFAs and
produces labile hydroperoxides in fish tissues, which induces aggrega-
tion of proteins, reduction of insolubility and the formation of colored
complexes [39]. Endogenous LOX of mussel (Mytilus edulis) promotes
the degree of hydrolysis and oxidation of lipids during the refrigeration,
which leads to the lipid nutrient loss and fatty acid composition changes
[49]. Therefore, it is very necessary to inhibit the activity of LOX for
aquatic product storage.

Plant polyphenols have strong antioxidant capacity due to the exis-
tence of active phenolic hydroxyl. Many studies have proved that plant
polyphenols can reduce LOX activity. Green tea polyphenols have potent
free radical quenching effects, and their antioxidant activity is partly
attributable to specific structural features that can interfere with the
LOX pathway [17]. Chlorogenic acid can inhibit the endogenous LOX
enzyme activity of grass carp, reduce the level of lipid oxidation during
storage [4]. Baicalein is an effective inhibitor of lipoxygenase, which is
one of the reasons why it inhibits the oxidation process [34].Currently,
many biochemical investigations have found that phenolic compounds
are LOX inhibitors, and they have the ability to scavenge free radicals
and/or chelate iron [21]. Sesamol inhibited the activity of lipoxygenase
by preventing the conversion of inactive LOX (Fe?™) to active LOX
(Fe>*) and scavenging free radicals [44]. Curcumin also competitively
inhibited soybean lipoxygenase by affecting the active site iron [2]. As
human platelet 12-LOX and human reticulocyte 15-LOX, baicalin can
reduce trivalent LOX with catalytic activity to an inactive ferrous form,
which is oxidized to baicalin free radicals [10,35]. Most studies focus on
the inhibition mechanism of polyphenols on LOX activity, but the
research on the interaction between polyphenols and LOX is not very
sufficient. In recent years, some studies have further explored the
interaction between polyphenols and lipoxygenase through multi-
spectroscopy and molecular simulation [25,8]. Our research has found
that the inhibitory activity of baicalein and jaceosidin on lipoxygenase is
strong. However, the interaction between polyphenols and LOX has
rarely been reported. So a comprehensive study of the interaction be-
tween polyphenols and LOX is still needed.

Jaceosidin (JSD) is a flavonoid compound derived from the herb of
Artemisia vestita wall, and it exhibits anti-cancer effects based on some
cytotoxicity studies [24,40]. Baicalein (BCL) is a flavonoid derived from
the roots of Scutellaria baicalensis Georgi (a traditional medicinal herb),
which has a variety of pharmacological activities such as antioxidant,
antiviral, anti-bacterial, anti-inflammatory, antiallergic and so on
[3,37]. In this study, JSD and BCL (the molecular structures of them are
shown in Table S1) were used to interact with LOX, and explore the
corresponding binding mechanism. Soybean lipoxygenase was used as a
model enzyme. At present, the main methods to study the interaction
between proteins and small molecules are multispectral method and
molecular docking [22]. In addition, dynamic simulation plays an
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important role in studying the stability and dynamic behavior of pro-
teins and small molecules. The quenching mechanism, binding param-
eters, thermodynamic parameters, conjugation model, binding sites, and
conformational changes JSD-LOX and BCL-LOX systems were investi-
gated using multi-spectroscopic and computational study. It might
provide some new insights for the study on the inhibition of lipid
oxidation and the discovery of novel food preservatives.

2. Materials and methods
2.1. Chemicals

Lipoxygenase (EC 1.13.11.12, 10 u/mg protein, 108 kDa), and all
polyphenols (purity greater than 98 %) were provided by Shanghai
Yuanye Biological Technology Co., Ltd. (Shanghai, China). The Nitro-
phenyl butyrate (4-NPB, purity > 98 %) was provided by Shanghai
Yuanye Biological Technology Co., Ltd. All reagents and chemicals used
in the present study were of analytical grade, and polyphenol solutions
were ready to be prepared before use to avoid autoxidation.

2.2. Inhibition assays

LOX’s activity was assayed at 234 nm using a UV-vis spectropho-
tometer (MAPADA, Shanghai, China) according to a former method with
modifications [14]. The substrate solution of LOX was prepared by
dissolving 0.27 mL linoleic acid and 0.25 mL Tween-20 in boric acid
buffer (10 mL, 0.2 mol/L, pH = 9.0), the pH value was adjusted to 9.0
with 1 mol/L NaOH. Finally, the above solution was adjusted to 500 mL
with borate buffer (10 mL, 0.2 mol/L, pH = 9.0) and used as a substrate.
Subsequently, fixed concentration of LOX (1 mL, 0.4 mg/mL) was mixed
with polyphenols (0-70 pM) and substrate linoleic acid (0.25 mL, 2
mM), then the mixture is made up to 15 mL with borate buffer (0.2 mol/
L, pH = 9.0), and the mixed solution was equilibrated for 10 min at
37 °C. One minute after the reaction, the absorbance at 234 nm was
recorded. One unit of LOX’s activity was defined as an increase of
absorbance at 234 nm of 0.001 per min under assay condition.

2.3. Fluorescence measurements

LOX solution (0.1 mg/mL) was mixed with polyphenol solutions (0,
5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0, 40.0 x 10°° M), and finally a
boric acid buffer (0.2 mol/L, pH = 9.0) was added. The fluorescence
spectra of all samples were collected on F-4500 fluorescence spec-
trometer (Hitachi, Japan). The fluorescence emission spectroscopy was
carried out at three different temperatures (298, 304 and 310 K) with an
excitation wavelength of 290 nm and a wavelength range of 290-450
nm. The slit widths for the excitation and emission were both adjusted to
5 nm. All solutions were balanced at the set temperature for 30 min
before measurement.

2.4. Synchronous fluorescence

The synchronous fluorescence spectra of the LOX and LOX-
polyphenols complexes were measured at AL = 15 nm and 60 nm on
F-4500 fluorescence spectrometer (Hitachi, Japan) with 5/5 nm slit
widths (n = 3/group). The settings were as follows: the voltage is 400 V,
the scanning speed is 1200 nm/min, and the scanning range is 260
nm-340 nm.

2.5. UV-vis measurements

UV-vis absorption were measured using a UV-2600 spectropho-
tometer (UNIC, China).The solutions contained LOX solution (1 mg/
mL), relative boric acid buffer (0.2 mol/L, pH = 9.0) and various doses
of polyphenol solutions (0, 10, 20, 30, 40 x 10~® mol/L). The absorption
spectra were recorded ranging from 230 to 450 nm (n = 3/group).
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2.6. FT-IR measurements

The LOX solution (0.1 mg/mL) was combined with relative boric
acid buffer (0.2 mol/L, pH = 9.0) and polyphenol solutions (0, 20, 40 x
107 M), and then all samples are freeze-dried. The FT-IR spectra of the
samples were gauged in the range of 4000 to 500 cm™! with 64 scans
and 4 cm™! resolutions by a Nicolet470 FT-IR spectrometer (Nicolet,
USA) in a KBr pellet (n = 3/group). A background spectral scan was
performed before each measurement.

2.7. Particle size measurement

The particle size and polydispersity index (PDI) were measured on
the Malvern Zetasizer Nano ZS (Zetasizer Nano ZS, Malvern Instruments,
Worcestershire, UK). The solutions containing LOX solution (0.1 mg/
mL), polyphenol solutions (ranging from 0 to 4 x 10~% M, stepped by 1
x 107 M) and relative boric acid buffer (0.2 mol/L, pH = 9.0). All
samples were determined, and the experiment repeated 3 times for each
group.

2.8. Observation with atomic force microscopy (AFM)

The LOX (0.1 mg/mL) or LOX-polyphenols (Crox = 0.1 mg/mL,
Cpolyphenols = 20.0 x 107% M) solution was dispersed in absolute ethanol
to be transparent, then sonicated for 20 min. The sample solution was
dropped on a freshly cleaved flat mica surface until the ethanol dried.
AFM measurements were performed in tapping mode using a Dimension
edge atomic force microscope at room temperature.

2.9. Molecular docking

The crystallographic structure of LOX with PDB ID: 2POM was ob-
tained from the Protein Data Bank (PDB: https://www.rcsb.org/). The
structures of JSD and BCL were obtained from the PubChem (https://p
ubchem.ncbi.nlm.nih.gov/). The Fe atom was positioned within the
docking box. The center of docking box locates at the Ca atom of L597,
and the box size was 30 A x 30 A x 30 A. The extra precision (XP)
flexible docking was performed by the Glide module of Schrodinger-
Maestro v11.3 [12,13], which is more sophisticated than the SP/HTVS
in scoring function [13].

2.10. Molecular dynamics simulation

The molecular dynamics simulation was carried out using GROMACS
2019 (Abraham, et al., 2015) with an Amber’s FF03 force field and the
force field of LOX were obtained in gromacs code via PDB2GMX tool.
The Gaussian09 code [33] was applied to calculate the electrostatic
potential of JSD and BCL, and the Antechamber tool in AmberTools [7]
was used by employing the RESP [51] charge fitting method. The LOX-
JSD and LOX-BCL complexes were put in a solvent environment
approximating normal saline (0.15 M NaCl) at a temperature of 300 K in
order to reduce the energy for 1000 steps. The reduced system was then
brought to equilibrium for 100 ps in the NVT ensemble and then for an
additional 100 ps in the NPT ensemble. After then, a manufacturing run
lasting 100 ns total was carried out at 300 K with a 2 fs time step. The
final 10 ns of steady kinetic trajectories were used to acquire 100 frames
of kinetic trajectory files, and the binding free energy for this trajectory
was calculated using the MM/PBSA [20] approach.

2.11. Statistical analysis

All the experiments were conducted in triplicate and significant
differences between the means (p < 0.05) were determined by the one-
way ANOVA test. The figures were produced using Origin2020 software.
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3. Results and discussion
3.1. Inhibitory activities for lipoxygenase

The inhibition effect of JSD and BCL on LOX activity is displayed in
Fig. S1. As shown in Fig. S1, when the concentration of LOX was kept at
0.4 mg/mL, the enzymatic activity of LOX significantly decreased with
increasing amounts of JSD and BCL. One-way ANOVA analysis showed
that the inhibitor concentrations have significant effects on the inhibi-
tion rate of LOX (p < 0.05).To compare the inhibitory efficiency of
different polyphenols, IC50 values were measured. The IC50 values of
JSD and BCL for LOX are 25.32pM and 27.16 pM respectively, sug-
gesting that JSD has a higher LOX inhibitory activity compared with
BCL.

3.2. Effect of BCL and JSD on fluorescence emission spectra of LOX

The fluorescence spectroscopy can explore the binding of small
molecules to proteins and can reveal some details regarding the binding
mechanism, binding constants, and binding sites. As shown in Fig. 1-al,
a significant quenching in the fluorescence intensities of LOX accom-
panied by a blue shift in the fluorescence emission wavelength (from
339 to 329 nm) was noticed. This phenomenon (the blue shift in fluo-
rescence emission wavelength) indicates a rise in the hydrophobicity
around the fluorophore and amino acid residues of LOX when JSD is
added. Furthermore, the fluorescence intensities were remarkably
decreased without significant changes in the fluorescence emission
maximum after the addition of BCL, which demonstrates that BCL has a
quenching effect on the intrinsic fluorescence of LOX and forms a stable
complex with LOX (Fig. 1-a2).

Similar results were also reported showing that the fluorescence in-
tensity of bovine serum albumin decreased with the addition of butyl-
ated hydroxyanisole, and a slight blue shift of 3 nm emerged which
indicates that the microenvironment of bovine serum albumin had been
changed by butylated hydroxyanisole [15]. The relative fluorescence
quenching rates were 76.69 % and 85.04 % when BCL and JSD were
added at the highest concentration to LOX respectively, which demon-
strates that JSD quenched the intrinsic fluorescence of LOX more easily
than BCL.

3.3. Fluorescence quenching mechanisms

Temperature-dependent fluorescence measurements were gauged at
three different temperatures (298, 205, and 310 K) to elaborate the
quenching mechanism, the fluorescence quenching data were calculated
by the well-known Stern-Volmer equation [47].

Fy/F =1 +K4T0[Q] =1 +K\-\1[Q] 2

Fy is fluorescence intensity of LOX and F are fluorescence intensities
of LOX-polyphenols complexes, K, is the quenching rate constant of
biomolecule, 70 is the average lifetime of a fluorescence molecule (about
1078 s_l), and [Q] is the concentration of the quencher. Kgy is the
quenching constant (Ksy = Kq7o).

The fluorescence quenching is usually classified as static quenching
(quenching constant is inversely proportional to temperature), dynamic
quenching(quenching constant is proportional to temperature), or a
combination of the two mechanisms [16]. The linear relationship of Fy/
F with BCL and JSD molar concentrations at three different temperatures
is displayed in Fig. 1b. The good linear relationship between the Fy/F
value and the quencher concentration suggests that the LOX-BCL and
LOX-JSD interaction modes are purely static or dynamic mechanisms. As
displayed in Table 1, the relationship between the calculated Ksy and Kq
values and temperature is inverse, and the K4 values are more than 2.0
x 10%%L/mol s 1. The findings indicate that the fluorescence quenching
mode of LOX by inhibitors is static quenching, which coincides with the
findings from a prior investigation on the interaction of myosin and
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Fig. 1. Fluorescence spectra analysis of the interaction between JSD (al-d1) or BCL (a2-d2) and LOX. Note: al and a2: The fluorescence spectrum of LOX without or
with different concentrations of JSD and BCL (a—i) at 298 K; b1 and b2: Stern-Volmer plots for fluorescence quenching; ¢ and d: Synchronous fluorescence spectrum of
JDS-LOX and BCL-LOX complex, c-AA = 15 nm, d-A\ = 60 nm. The concentrations of JSD and BCL were 0.00 to 40.00 x 10~° mol/L, with a concentration gradient of

5 x 10~° mol/L for curves a-i.

chlorogenic acid [18].

3.4. Binding constant and binding number

For static quenching, the binding constant (K4) and binding number
(n) of LOX-BCL and LOX-JSD systems at 298, 305 and 310 K can be
calculated by the logarithmic transformation mode of Stern-Volmer
equation.

log[(Fo — F)/F] = logK, + nlog[Q] (3)

The results are displayed in Table 1. The K4 value is the binding
constant and it was gained from the slope of the straight line, n is the
number of binding sites per protein and it was achieved from the
intercept of the straight line. The Ky value of 5 orders of magnitude
indicates that there exists a strong binding interaction between the two
polyphenol inhibitors and LOX [1]. The values of K4 and n decreased as
the temperature increased, which is in accordance with the Ky, and Kq
values calculated before for the BCL and JSD binding to LOX. This result
implies that the stability of the complex was reduced by the high tem-
perature [30]. The K4 for BCL-LOX and JSD-LOX interactions were
calculated to be 12.43 x 10° and 72.18 x 10° L/mol respectively at 298
K, which suggests that the binding capacity of LOX-JSD is stronger than
that of LOX-BCL. This is consistent with the findings of fluorescence
emission spectra analysis. Previous studies have shown that the inter-
action between native BSA and p-car was higher than the p-car/unfolded

BSA interaction because it has higher K4 value, which confirms our
conclusion that the combination of JSD and LOX is stronger [36]. The
value of n (number of binding sites for the LOX-BCL and LOX-JSD
complexes) were about equal to 1, indicating that JSD and BCL has a
single binding site on LOX respectively. We have reported a similar
conclusion obtained in our previous study demonstrating that chloro-
genic acid has a single binding site with LOX [5].

3.5. Determination of thermodynamic parameters

It is well known that hydrophobic interactions, electrostatic forces,
van der Waals forces, and hydrogen bonds can promote the combination
of small molecules and biomolecules [31]. In order to explore the
driving force behind LOX-BCL and LOX-JSD systems, the entropy
change (AS), enthalpy change (AH) and free energy change (AG) were
calculated by the Van’t Hoff equations [26].

InK, = — AH/RT + AS/T 4

AG = —RTInK, = AH —TAS 5)

AG is the Gibbs free energy change, AH is the enthalpy change, AS is
the entropy change, and T is the corresponding temperature (298 and
310 K), R is the gas constant (8.314 J mol ! K™1). Table 1 reveals that
AG values were negative for both interactions, implying that the binding
process was spontaneous. The negative values of AH and AS indicate
that the binding process of BCL with LOX is mainly driven by the

Table 1
Quenching constant (Kgy), binding constant (K4), quenching rate constant (K,) and thermodynamic parameters of the LOX-JSD and LOX-BCL complexes at different
temperatures.
T (K) K, (10* L/mol) Kq (10'? L/mols) K4 (10° L/mol) n /\H (KJ/mol) A\S (J/mol-K) G (KJ/mol)
BCL 298 6.39 6.39 12.43 1.29 —66.11 —105.51 —34.77
305 5.22 5.22 6.09 1.24 —33.78
310 4.78 4.78 4.33 1.21 —33.45
JSD 298 9.78 9.78 72.18 1.41 —280.24 —809.42 —-39.13
305 6.62 6.62 4.88 1.19 —33.22
310 5.27 5.27 0.89 1.05 —29.37

Note: n is the number of binding sites per protein, AS is the change in entropy, AH is the change in enthalpy and AG is the change in free energy.
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hydrogen bond interaction and van der Waals force. The negative value
of AH and the negative value of AS confirm that the hydrogen bond
interaction and van der Waals force may play a major role in the binding
process of the JSD-LOX system. These results are similar to earlier
studies which reported that the combination of CGA (chlorogenic acid)
and myofibrillar protein is due to the combination of hydrogen bonds
and van der Waals forces [41].

3.6. Synchronous fluorescence spectral measurement

The synchronous fluorescence spectra can probe the changes in the
molecular microenvironment near the Tyr and Trp residues of LOX
during the procedure of BCL and JSD binding to LOX. The synchronous
fluorescence spectra of LOX and LOX-polyphenols complex at specific
intervals AL = 15 and 60 nm are illustrated in Fig. 1c-1d. After the
addition of BCL, the maximum emission wavelength did not signifi-
cantly shift with increasing BCL concentration for AA = 15 and 60 nm,
while the fluorescence intensity gradually decreased. This indicates that
BCL could quench the fluorescence of Trp and Tyr residues of LOX to
form a stable complex with LOX, while the microenvironment of the Tyr
residue and Trp residue failed to exhibit apparent changes for the
combination of BCL and LOX [9]. For AA = 15 nm, the maximum
emission wavelength is weakly blue-shifted (Fig. 1c1) with increasing
concentration of JSD, but no shift is observed for AA = 60 nm, which
demonstrates that the polarity around the tyrosine residues decreased,
and hydrophobicity increased. This is consistent with the result of
luteolin binding with xanthine oxidase, which showed that the hydro-
phobicity increased around tyrosine residues, while there was no sig-
nificant change in the surrounding around tryptophan residues [43].
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3.7. UV-vis absorption spectroscopy

UV-vis is widely used to explore and confirm the structural changes
and complex formation during protein-ligand interactions. The UV-vis
absorption spectra of LOX and LOX-polyphenols complexes were
recorded and are displayed in Fig. 2a. There was a finding that the ab-
sorption of LOX around 275 nm gradually increased and generated a
small blue shift following the increasing concentration of BCL and JSD.
The results show that there exists an interaction between LOX and li-
gands as new complexes were created. Similar results were found during
the interaction of eriocitrin with p-casein, the UV peak absorption in-
tensity of p-casein at 280 nm increased after the addition of various
doses of eriocitrin, which indicates the generation of eriocitrin-p-casein
complex [6]. During the reaction and complex formation of polyphenols
with LOX, a new characteristic absorption peak was also formed at 325
nm and 350 nm for BCL-LOX and JSD-LOX complexes, which can be
attributed to the long wavelength charge transfer band between poly-
phenols and iron [27]. Some studies have also found that the charac-
teristic peaks of polyphenols appear around 325-360 nm during the
complexation process between polyphenols and proteins [50,48]. From
Fig. 2a, it is obvious to see that both quenching styles of LOX and BCL or
JSD are static quenching due to the dynamic quenching which only af-
fects the excited state of the quenching molecule, and not the absorption
spectra of the quenching substances. Previous studies have reported that
the absorption spectra of the two carotene HSA/BSA systems are
significantly different from those of HSA/BSA systems, which confirms
that the role of static quenching [23].
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Fig. 2. UV-VIS/FT-IR spectra of JSD-LOX (al and b1) and BCL-LOX (a2 and b2) complex. Note: UV-VIS spectra of LOX with various concentrations of JSD (al a-e =
0, 10, 20, 30 and 40 x 107° mol/L) and BCL (a2 a—e = 0, 10, 20, 30 and 40 x 10° mol/L).
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3.8. FT-IR spectra studies

The secondary structure changes of enzyme affected by polyphenols
can be detected effectively with FT-IR spectroscopy. In these protein
amide bands, both amide I band (1700-1600 c¢m 1) and amide II band
(1600-1500 cm™!) have a strong relationship with protein secondary
structure, amide I band which is mainly influenced by C=O0 stretch is
more susceptible to changes in protein secondary structures compared
with amide II band which is mainly influenced by C—N stretch coupled
with N—H bending mode [38]. The FT-IR spectroscopy of LOX and LOX-
polyphenols complexes are shown in Fig. 2b. The wavelength of amide I
bands shifted from 1651 to 1648 cm ™! and 1652 to 1650 cm ™~ when JSD
and BCL were added to LOX respectively. The peak positions of the
amide II band changed from 1545 to 1538 cm ™ and 1544 to 1546 cm™*
when JSD and BCL were added to LOX respectively. The results suggest
that these two kinds of polyphenols interact with both the C=0 and
C—N groups in the peptide chain of protein, which results in changes of
the LOX secondary structure [23]. The amide [ and amide Il bands have a
larger displacement range after adding JSD illustrating that the addition
of JSD significantly affects the secondary structure of LOX. Previous
study reported that the binding of TFDG (theaflavin-3,3"-digallate) and
BSA, as TFDG caused the destruction of the hydrogen bond network
which ultimately led to changes in the secondary structure of BSA [46].

3.9. Particle size measurements

The determination of particle size can be used to explore the size
distribution of LOX with or without polyphenols. The particle sizes of
LOX with various doses of BCL and JSD are exhibited in Fig. 3. The
average particle size of LOX was observed to be 611 + 10 nm in solution.
After the addition of polyphenols, the size of LOX complexes increased
up to 988 + 55 nm and 965 =+ 25 nm for BCL-LOX and JSD-LOX systems,
respectively. The reason may be that the conformation of LOX changed
when BCL and JSD bound to LOX, allowing the hydrophobic interaction
to result in protein combination [30]. A recent study showed that the
size of the vitamin D3-a-lactalbumin complex was much larger than that
of a-lactalbumin, suggesting that the addition of vitamin D3 brought
about the exposure of hydrophobic plaques of a-lactalbumin, the hy-
drophobic interaction causes the formation of larger a-La complexes
[11]. Cao et al. [5] studied the complexation of CGA with lipase, the
addition of CGA caused aggregation of lipase and the increase in the
average diameter of lipase indicated the formation of lipase-CGA
complex.
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Fig. 3. Results of particle size analysis. Different lowercase letters (a, b, c,
d and e) indicate significant differences in the average particle size values of the
JSD-LOX or BCL-LOX complexes (p < 0.05).
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3.10. AFM analysis

The properties of protein morphology may change if the protein
structure is destroyed. AFM can probe the changes in LOX morphology
during the interaction between LOX and polyphenols. The two and three
dimensional images of LOX and LOX-polyphenol complexes are given in
Fig. 4. LOX is uniformly adsorbed on the surface of mica, and its
morphological image can be clearly observed in Fig. 4a. After adding
polyphenols, it can be seen that the larger protein complex was created
by the combination of small particles especially for JSD. This phenom-
enon confirms that the LOX-polyphenols complexes were formed [25].
The microenvironment around LOX becomes more hydrophobic when
interacting with polyphenol. Therefore, LOX molecules minimize their
surface area when they contact with water through molecular aggre-
gation. A similar result was reported of the combination between the
plant derived conferone and serum albumins [19].

3.11. Molecular docking study

Molecular docking is frequently used to foretell the apparent com-
bination models for ligands and proteins. In this study, the molecular
docking project aimed to identify the major binding sites for LOX
binding to polyphenols and the amino acid residues that interact with
polyphenols. The findings of molecular docking are shown in Fig. 5a-5c.
It can be observed that a variety of hydrogen bonds have been estab-
lished between BCL and LOX (Fig. 5¢2), the hydroxyl group on the ring
of BCL formed aromatic hydrogen bond with the aromatic hydrocarbon
in the sidechain of His366 (Bond length: 3.62 fo\) in LOX, the other two
hydroxyl groups, hydrogen bond donors, formed conventional hydrogen
bond with the oxygen atom in the sidechain of Ile663 (Bond length: 4.05
A and 4.49 A, respectively). Furthermore, Van Der Waals’ force domi-
nates the role in BCL-LOX system interaction as displayed in Fig. 5c2.
The results above showed that hydrogen bonds and van der Waals forces
mainly stimulate the combination of LOX and BCL, which are consistent
with the thermodynamic analysis. As shown in Fig. 5c1, JSD formed
more hydrogen bonds with LOX, including the conventional hydrogen
bond with l-isoleucine (Ile) 593 (3.37 10\) and aspartic (ASN) 401 (3.12
A), carbon hydrogen bonds with glutamic acid (Glu) 357 (5.44 A and
4.33 A) and l-isoleucine (Ile) 663 (5.20 A). These hydrogen bonds sta-
bilize the spatial conformation of polyphenols and LOX complexes [30].
The benzene ring of JSD formed hydrophobic interactions with Ala 404
(5.02 A), isoleucine (Ile) 593 (6.14 A), Leu 362 (5.43 A) and Leu 408
(5.46 A and 5.26 A). The formation of these hydrophobic bonds helps
maintain the three-dimensional structure of the JSD-LOX complex.
Additionally, it was noted that the interaction between apigenin and
PPO molecules is comparable to the result [42]. Docking analysis
showed that the minimum binding affinity is JSD-LOX (—5.8 kJ/mol) >
BCL-LOX (—3.7 kJ/mol), which also proved that JSD has a stronger
binding affinity with LOX. However, the bond length of JSD binding
with LOX is shorter, so the n value of JSD decreases sharply with
increasing temperature(1.41-1.05), indicating that the stability of the
binding site of JSD with LOX is poorer at high temperature. The mo-
lecular docking findings have proved that the hydrogen bond formed
between JSD, and LOX is more evenly distributed due to the slight
structural difference between the two LOX inhibitors (the groups
forming hydrogen bonds with LOX on JSD are more dispersed than that
of BCL), which leads to a closer combination between JSD and LOX. A
previous study found that paclitaxel has more benzene rings and hy-
droxyl groups than artemisinin, which leads to a greater effect of
paclitaxel on the structural changes of BSA [29].

3.12. Molecular dynamic simulation
Molecular dynamics simulation is very important when the stability

and dynamic behavior of ligand and protein complexes were studied.
Herein, root mean square deviations (RMSD), and root mean square
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complexes (black) and BCL-LOX complexes (red); (e) RMSF values of the JSD-LOX complexes (black) and BCL-LOX complexes (red).
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fluctuations (RMSF) were analyzed to evaluate the conformational
changes of LOX during the binding process. The findings revealed that
the RMSD value of the LOX-polyphenol complexes structure fluctuated
greatly within 20-80 ns (Fig. 5d). Overall structures of the LOX-JSD and
LOX-BCL systems reached equilibrium after 100 ns. However, the RMSD
value of the LOX-JSD complex was smaller than that of the LOX-BCL
complex. That means the LOX-JSD complex is more stable than the
LOX-BCL one, which is similar to the results of molecular docking
analysis. The time averaged root mean square fluctuations (RMSF) of
protein residues was obtained to analyze position variation of particles
and local changes in the protein structure. The results of RMSF calcu-
lation in Fig. Se. showed that the RMSF value of the LOX-BCL complex
was generally greater than the RMSF value of the LOX-JSD complex,
indicating that the combination of JSD can restrict the fluctuation of
LOX more. An earlier study found that the RMSD value of HAS decreased
after the addition of corilagin which suggests that the process of the
ligand binds to protein increases the rigidity and stability of the struc-
ture [45]. However, the high fluctuation region of the LOX-JSD complex
appeared in the following residue range: 180-200 and 320-330. The
amino acid residues in this region such as Leucine (Leu) 191 and Glycine
(Gly) 309 are essentially in the region where JSD and LOX bond. Given
that the structure of brown cyanidin is more complex than that of scu-
tellarin, brown cyanidin has a higher effect on the structural change of
LOX when combined with LOX.

4. Conclusions

The interaction mechanisms of BCL-LOX and or JSD-LOX systems
were explored by using multi-spectroscopic and computational study.
The intrinsic fluorescence intensity of LOX is significantly quenched by
JSD and BCL mainly through static quenching. The binding constant of
LOX-JSD and LOX-BCL indicates that LOX has stronger binding affinity
to JSD compared to BCL. The docking simulation results demonstrate
that there are more hydrogen bonds in the JSD-LOX system and the
hydrogen bonds are more evenly distributed, resulting in a tighter bond
formed between JSD and LOX. The molecular dynamic simulation re-
sults show that the complex formed by LOX and JSD is more stable, and
the addition of JSD is more conducive to the formation of complex
molecules. This study provides some theoretical basis for the inhibitory
mechanism of polyphenols on LOX, and expects to afford some useful
information on the preservation of aquatic products.
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