Food Chemistry 404 (2023) 134580

Contents lists available at ScienceDirect

FOOD

CHEMISTRY

Food Chemistry

journal homepage: www.elsevier.com/locate/foodchem

ELSEVIER

Check for

Elucidating the inhibitory mechanism on polyphenol oxidase from e
mushroom and melanosis formation by slightly acid electrolysed water

Yun He ", Isaac Kang Xing Yeo ™", Chenxi Guo™”, Yi Kai®", Yuyun Lu?, Hongshun Yang*""

@ Department of Food Science and Technology, National University of Singapore, Science Drive 2, Singapore 117542, Singapore
b National University of Singapore (Suzhou) Research Institute, 377 Lin Quan Street, Suzhou Industrial Park, Suzhou, Jiangsu 215123, PR China

ARTICLE INFO ABSTRACT

Keywords:

Melanosis
Polyphenol oxidase
Conformation change
Molecular docking

It has been revealed that slightly acid electrolysed water (SAEW) could delay enzymatic browning and melanin
formation in food. In this work, multi-spectroscopic methods and UHPLC-Q-TOF-MS were combined to study the
underlying reason. The reversible mixed-type inhibition mode of HOCI (main components in SAEW) was
determined. The ground state complex formation quenched the intrinsic fluorescence of polyphenol oxidase
Dihydroxyphenylalanine (DOPA) (PPO) and it was stable at lower temperature. The PPO conformational change (transformation from a-helix to
Enzymatic browning p-sheet) induced by SAEW was confirmed by 3D fluorescence and Circular dichroism (CD) spectrum. Moreover,
Color the driving force of the interaction between HOCI and PPO was hydrogen bond, which was validated by the
molecular docking result. Besides, the formation of melanin related compounds including dihydrox-
yphenylalanine (DOPA), dopaquinone, dopachrome, 5,6-dihydroxyindole-2-carboxylic acid (DHICA), 5,6-dihy-
droxyindole (DHI), and 5,6-indolequinone were significantly inhibited by SAEW treatment. These results
demonstrated the potential of SAEW as a PPO inhibitor in the food industry.

1. Introduction

Polyphenol oxidase (PPO) is a commonly found enzyme presented in
fruits, seafood, vegetables and microorganisms. The common part in all
PPO is their binuclear type III copper centre containing two copper
atoms each connected with six histidine molecules in their active site
(Marusek, Trobaugh, Flurkey, & Inlow, 2006) It catalyses a series of
reactions including the hydroxylation of monophenols to o-diphenols
and the oxidation of o-diphenols to o-quinones (Goncalves & de Oliveira,
2016). The presentation of PPO poses a threat to the food industry
including the browning of fruits and vegetables and black spot formation
in shrimp, negatively affecting the sensory perception and nutritive
value of these food products (Cheng et al., 2020; Sae-leaw & Benjakul,
2019).

Hence, PPO inhibitors have been explored to control the melanosis
and extend the shelf life of food products. These agents were developed
based on the main components crucial for the undesirable enzymatic
reaction by eliminating the enzyme, oxygen or substrate (Nirmal, Ben-
jakul, Ahmad, Arfat, & Panichayupakaranant, 2015). Polyphenols have
been extensively studied for control of discolouration of crustaceans
during storage (Sae-leaw & Benjakul, 2019; Sae-leaw, Benjakul, &

Simpson, 2017). The melanosis of Pacific white shrimp (Litopenaeus
vannamei) treated with pomegranate peel extract and ethanoic extracts
from avocado seed and peel could be delayed. The mechanism of inhi-
bition of melanosis formation may be due to the ability of some poly-
phenols to interact with or compete with the active site of the PPO
because of their structural similarity to the substrate (Abbasvali, Ranaei,
Shekarforoush, & Moshtaghi, 2016; Basiri, Shekarforoush, Aminlari, &
Akbari, 2014). Nonetheless, Their use is limited by the low extraction
rates (Sae-leaw & Benjakul, 2019). Besides, the possible polyphenol-
protein interactions might lead to a detrimental effect on the in vivo
bioavailability of shrimp protein as well as the unfavorable impact on
sensory characteristics (Gomez-Guillen & Montero, 2007). More
convenient and cost-effective methods need to be developed for the
alleviation of melanosis formation of crustaceans during storage.

The effectiveness of slightly acid electrolysed water (SAEW) for
colour conservation of food has been previously demonstrated (He et al.,
2022; Jia, Shi, Song, & Li, 2015). The SAEW treatment with FAC value of
25 mg/L effectively reduced Chinese yam browning during storage. In
our previous research, the shrimp was immersed in SAEW ice with FAC
value of 30 mg/L for 7 days. And it was found that the melanosis for-
mation and discolouration of shrimp was retarded by the SAEW ice
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during the whole storage period (He et al., 2022), The activity of PPO
enzyme extracted from these food products was inhibited by SAEW
during the whole storage period. However, the underlying mechanism
on how the SAEW inhibited the PPO activity and how it regulated the
formation of the melanosis remains unknown.

In this work, we aimed to elucidate the inhibition mechanism of
SAEW on PPO activity and melanin formation progress. Specifically, the
inhibition kinetics was conducted to elucidate the reversibility and in-
hibition type of SAEW on PPO. The fluorescence quenching spectros-
copy was used to illustrate the binding and quenching constant,
enthalpy and entropy alternation of interactions. Circular dichroism
(CD) spectroscopy clarified the conformation changes of PPO induced by
SAEW. Molecular docking was applied to verify the potential interaction
between SAEW and PPO were simulated by. Moreover, the products of
the PPO catalysed reaction in absence and presence of SAEW were
identified and quantified wusing ultra-high performance liquid
chromatography-quadrupole time-of-flight mass spectrometry (UHPLC-
Q-TOF-MS). This study emphasised on the mechanism involving PPO
and SAEW, also gave valid information for usage of SAEW as PPO in-
hibitor in food industry.

2. Materials and methods
2.1. Preparation of reagents solution

The SAEW was generated according to the method described by He,
Zhao, Chen, Zhao, and Yang (2021) by electrolysis of 1 % (w/v) NaCl
solution combined with 4 mmol/L NaHCOs (Sigma-Aldrich, St Louis,
MO, USA). Free available chlorine (FAC), pH, and oxidation- reduction
potential (ORP) were tested by a chorine test kit (Merck Pte, 1td,
Singapore), a pH meter (Thermo Scientific, Waltham, MA, USA), and an
ORP meter (Metrohm Singapore Pte, 1td, Singapore), respectively. The
SAEW was prepared by dilution with deionised (DI) water to achieve
final FAC concentrations of 1.0, 2.0, 3.0, 4.0 mg/Lfor following exper-
iments. And the DI water was used as the control group. PPO from
mushroom (EC 1.14.18.1, 100,000 U/mg, Sigma Aldrich, St. Louis, MO)
was dissolved in phosphate buffer (50 mM, pH 6.5). L-3,4-dihydrox-
yphenylalanine (L.-DOPA) substrate solutions were also made by diluting
with PBS to achieve final concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5
mM, respectively.

2.2. Inhibition kinetics analysis

PPO activity was conducted using L.-DOPA as a substrate according to
the method of (Nirmal & Benjakul, 2012) with several modifications.
The SAEW was prepared by dilution with deionised (DI) water to ach-
ieve final FAC concentrations of 1.0, 2.0, 3.0, 4.0 mg/L. SAEW solution
(15 pL) was added into 30 pL PPO solution, and then 140 pL of .-DOPA of
each concentration was added to start the reaction. The absorbance
readings were taken at 475 nm every 45 s using a UV-vis spectropho-
tometer (BioTek Synergy HTX, USA) to monitor formation of dop-
achrome. The inhibition type for SAEW was investigated by kinetic
analysis. The plots of V against different PPO concentrations at different
FAC levels of SAEW were conducted to investigate the reaction revers-
ibility. In addition, the Lineweaver-Burk equation in double reciprocal
form was used to elucidate the mechanism of mixed-type inhibition as
follows:
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where V represents the PPO reaction rate. K; and Ky, are the inhibition
constant and Michaelis-Menten constant, respectively. [I] and [S] rep-
resents the concentrations of inhibitor and substrate, respectively. The
secondary replots of slope or Y-intercept versus [I] is linearly fitted,
indicating a single inhibition site or a single class of inhibition site.

2.3. Intrinsic fluorescence spectra measurement

Intrinsic fluorescence of different samples was measured using
fluorescence spectrophotometer (Horiba, US). PPO solutions (1.0 mg/
mL) was dissolved in phosphate buffer. Multiple samples of SAEW were
diluted with deionised water to achieve final FAC concentrations of 1.0,
1.5, 2.0, 2.5, 3.0, and 4.0 mg/L at different temperatures (277, 298, and
308 K). The excitation wavelength was set to 280 nm, and the spectra
was scanned from 300 nm to 500 nm. The excitation and emission slit
widths were set at 5 nm, and the voltage was 1450 v. It was also possible
to determine the nature of the quenching, be it dynamic or static
quenching. The fluorescence quenching was analysed by the Stern-
Volmer equation (Eq. (4)).

Fo/F =14 K,5[Q] = 1 + K [Q] “)

where Fj and F represent the fluorescence intensity in the absence and
presence of SAEW, respectively. 10 (1078 s) is the average lifetime of
unquenched fluorophore. [Q] is the concentration of the quencher (in
this case SAEW). The bimolecular quenching rate constant (Ky) and the
Stern-Volmer quenching constant (Ks,) could be calculated for the slop
of the plot.

For static quenching, a modified Stern-Volmer equation using double
logarithms was introduced (Eq. (5)).

log[(Fo — F)/F] = logK, + nlog[Q] (5)

where K, is the binding constant, and n is the number of binding sites.
The thermodynamic parameters for PPO and SAEW binding could be
estimated by the Van’t Hoff equation (Eq. (6)).

AH AS

InK, = ——
RT R

©
where R is the gas constant, T is thermodynamic temperature.

Gibbs free energy (AG) of the quenching progress at different tem-
peratures was calculated by Eq. (7).

AG = AH — TAS @

2.4. Three-dimensional fluorescence spectra measurement

Three-dimensional fluorescence spectra of PPO (1.0 mg/mL) in the
absence and presence of SAEW with 2 mg/L FAC level was performed.
the excitation wavelength was recorded between 200 nm and 320 nm
with an increment of 2 nm, the emission wavelength was scanned from
220 nm to 500 nm with an increment of 2 nm, and the scan speed was set
at 2400 nm/min. The excitation slit and emission slit were both 5 nm.

2.5. Secondary structure of PPO measurement using CD spectroscopy

The effect of SAEW on the secondary structure of PPO was measure
by a CD spectrometer (J-1500, Jasco Corp., Japan). SAEW with FAC
level of 0, 2, and 4 mg/L was mixed with 0.1 mg/mL PPO and detected at
a wavelength range from 190 nm to 250 nm. BeStSel server (https://be
stsel.elte.hu) was used to analyse the secondary structure elements
(Micsonai et al., 2018).


https://bestsel.elte.hu
https://bestsel.elte.hu
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Fig. 1. Effect of SAEW on PPO activity. Plots of V versus [PPO] for SAEW at different FAC levels (A), Lineweaver-Buck plots for SAEW(B), the secondary replots of
slope versus [SAEW] (C), and Y-intercept versus [SAEW] (D). Note: SAEW, slightly acid electrolysed water; PPO, polyphenol oxidase.

2.6. Molecular docking of PPO and SAEW

The computational molecular docking was applied to investigate the
potential bind between PPO and HOCI using AutoDock Vina 1.2.3 ac-
cording to the previous method (Cheng et al., 2020). The PPO structure
was obtained from the RCSB Protein Data Bank (PDB ID: 2Y9W). The
three-dimensional structure of HOCl was drawn by Chem3D Ultra 12.0
and the energy was minimised by MM2. Docking data with the lowest
docking affinity was considered to be the most appropriate result and
chosen for further analysis. The docking results were visualised and
generated from PyMol 2.3.

2.7. Identification and quantification of PPO-catalysed reaction
compounds

Tyrosine was chosen as the substrate for the PPO-catalysed reaction
as the melanin formation in shrimp were reported to be related to
tyrosine. PPO (100 U/mL) was mixed with SAEW with FAC level of 2
mg/L, HOCI solution (2 mg/L), and DI water, respectively. And tyrosine
dissolved in phosphate buffer (2.5 mM) was added to start the reaction.
The mixture was incubated for 10 min at room temperature. The PPO
enzyme was further removed by ultrafiltration with vivaspin (molecular
weight cutoff: 30 k) to stop the reaction (Inukai, Hara, & Ichinose,
2022). The formation of the reaction products was monitored using the
ACQUITY UPLCTM I-Class PLUS system (Waters, Milford, MA) with a
VION ion mobility spectroscopy quadrupole time-of-flight mass spec-
trometer (IMS-QTOF-MS) (Waters, Manchester, U.K.). ACQUITY UPLCr
BEH C18 analytical column (2.1 x 100 mmz, 1.7 pm) (Waters, Milford,
MA) was used for analysis. The gradient elution was conducted using
mobile phase consisted of 0.1 % (v/v) formic acid (FA) in water (A) and
acetonitrile (ACN) (B) at a flow rate of 0.3 mL/min"L. The gradient
conditions were set as follows: 0-1 min 1 % B, 1-2.5 min 1-25 % B,
2.5-5.5 min: 25-32 % B, 5.5-14.5 min 32-100 % B, 14.5-16.5 min 100
% B, 16.5-17.0 min 100-1 % B, and 17-20 min 1 % B.

The capillary voltage was set at 2.2 kV for positive mode and 2.0 kV
for negative mode. The source temperature was set to 120 °C and the

desolvation nitrogen gas was adjusted to 500 °C with a flow rate of 600
L/h. The MSE experiment simultaneously acquired in the m/z range of
50-1200 Da. A low-energy function (collision energy of 9.6 eV) and a
high-energy function with collision energy varying linearly from 24 to
72 eV were developed. The Leucine enkephalin solution (100 ppb) in
ACN/H20 (50:50, v/v) containing 0.1 % FA was injected through a
lockspray needle at a rate of 10 pL/min and collected every 5 min with a
scan time of 0.3 s for automated mass measurements. The protonated
and deprotonated molecules of leucine enkephalin (m/z 556.27658 in
ESI™ mode and m/z 554.26202 in ESI” mode) were used for mass cor-
rections, respectively, to confirm that mass measurements were accurate
during the run. The UPLC-MS spectra were further analysed using the
Progenesis QI software (V.2.4, Nonlinear Dynamics, Waters, Newcastle,
U.K.). For compounds identification, the adducts [M-+H]*, [M+NH4] ¥,
[M+Na]™* and [M+K] " were chosen for the positive mode, and [M—H] ~
and [M—H20—H] ~ were applied for the negative mode. The signifi-
cantly altered compounds in the reactions in the presence and absence of
SAEW (VIP > 1, P value < 0.05 and CV < 30) were carefully chosen for
further analysis.

2.8. Data analysis

Analysis of variance (ANOVA) was conducted, and mean compari-
sons were made by Duncan’s multiple range tests using SPSS Statistics
20 software (IBM Co., USA). The significant differences between means
with groups were set at P < 0.05.

3. Results and discussion
3.1. Reversibility and inhibition type analysis of SAEW on PPO

To determine the mode of inhibition of 1-DOPA oxidation by SAEW,
the kinetics of inhibition following the Michaelis Menten equation were
investigated. The plots of PPO activity (V) versus SAEW at different FAC
concentrations were constructed to elucidate the reversibility of inhi-
bition of SAEW on PPO. As shown in Fig. 1A, good linearity was
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Fig. 2. Fluorescence emission spectra of PPO in the presence of 0-4 mg/L FAC level of SAEW at 277 K. FAC level of SAEW 0, 1, 1.5, 2, 2.5, 3, and 4 mg/L curves a —
g, respectively (A). The inset showed the Stern-Volmer plot for the quenching of PPO by SAEW at 277 K. The double-logarithmic regression plots of PPO treated with
SAEW at 277 K, 298 K and 308 K (B). Three-dimensional (3D) fluorescence spectra of PPO in the absence (C) and presence (D) of SAEW. Note: SAEW, slightly acid

electrolysed water; PPO, polyphenol oxidase.

observed for all plots and these lines all passed almost through the
origin. Moreover, the slope of the curve decreased with the increasing
FAC concentration of SAEW. These results demonstrated that SAEW
reversibly inhibited PPO activity, and noncovalent bond was formed
during the interaction of SAEW and PPO. Similar results were also
observed in the inhibition of gentisic acid and chlorogenic acid on PPO
(Cheng et al., 2020; Zhou, Xiong, Liu, & Zou, 2017).

The Lineweaver-Buck double reciprocal plot was further introduced
to investigate the inhibition type of SAEW on PPO according to previous
report (Hu et al., 2012). As can be seen from Fig. 1B, both the X axis

intercept (1/Vmax) and Y axis intercept (-1/Kp) changed with the
different FAC level of SAEW, suggesting that SAEW induced a mixed-
type inhibition on PPO in which the inhibitor bound both the free
enzyme and the enzyme-substrate (ES) complex. Moreover, the
increasing FAC level of SAEW further lead to the decrease of V¢ and
increase of Ky, indicating that SAEW reduced the overall affinity of PPO
for its substrate L.-DOPA and more favorably bound to free enzyme,
rather than to ES complex (Ramsay & Tipton, 2017). Similar observation
was made by (Cheng et al., 2020) about the nature of chlorogenic acid as
mixed mode inhibitor. Interestingly, the slope and Y-intercept of the



Y. He et al.

Table 1
The fitting parameters of Stern-Volmer models and the quenching constants for
SAEW and PPO at different temperatures.

TK R? RMSE (x1073)  Kq(x10"L/mols™) K (x10*L/mol)
277 0.94 7.4 3.66 £ 0.14a 3.66 + 0.14a
298 0.98 103 6.34 £ 0.69b 6.34 £ 0.69b
308 097 131 7.26 £ 0.47b 7.26 + 0.47b

Note: within the same column, values with different lowercase letters are
significantly different (P < 0.05). Note: SAEW, slightly acid electrolysed water;
PPO, polyphenol oxidase.

Table 2

The fitting parameters of double-logarithmic models, the binding constants, and
thermodynamic parameters for the interaction of SAEW with PPO at different
temperatures.

T R? RMSE Ka N AG (KJ AH (K]  AS@J
(K) (x107%)  (x10° mol 1) mol 1) mol !
L/mol) K1
277 097 21 10.77 1.37 —-31.93 -38.84  —24.95
+ + +0.68a  +3.43 +9.99
2.45b 0.03a
208 099 2.0 318+  1.17 —31.40
1.21a + + 0.46a
0.04a
308 0.9 2.5 1.98+  1.11 -31.15
0.01a + + 0.36a
0.01a

Note: within the same column, values with different lowercase letters are
significantly different (P < 0.05). Note: SAEW, slightly acid electrolysed water;
PPO, polyphenol oxidase.

Lineweaver-Burk plot against the corresponding HOCI concertation
were then plotted and both yielded first order curves (Fig. 1C-D),
demonstrating that SAEW exhibited a class of inhibitory sites or a single
inhibitory site on PPO (Hemachandran et al., 2017).

3.2. The fluorescence quenching mechanism analysis

The protein-ligand interaction is commonly investigated and iden-
tified by fluorescence quenching study, which could further help to
study the mechanism in-depth (Ren, Xiong, Li, & Li, 2019). The intrinsic
fluorescence of PPO was due to the presence of fluorophores tryptophan
and tyrosine residues when excited at 280 m. As shown in Fig. 2A, the
maximum peak position of PPO in the absence of SAEW was exhibited at
338 nm. After exposing to different FAC concentrations of SAEW, the
peak florescence intensity decreased. The SAEW induced a
concentration-dependent quenching of the the intrinsic fluorescence of
PPO, suggesting the interactions between SAEW and fluorophores of
PPO. Moreover, the emission wavelength at which the peak florescence
was observed also shifted, from 338 nm for control sample to 316 nm for
the samples 4 mg/L SAEW. The blue shifts of SAEW treated PPO protein
could be explained by more burying of Trp residues inside the protein, as
buried Trp induced blue shifts (Igbal et al., 2020).

The quenching mechanism was further elucidated using Stern-
Volmer equation (4). As depicted in Fig. 2A and Table 1, the plot of
Fo/F of PPO versus the concentration of SAEW was linearly fitted with
the high R? and low RMSE values at different temperatures (Ran, Yang,
Chen, & Yang, 2022). The K, values were obtained from the slopes of
the plot, while the K values were further calculated based on Kgy. Kq
values at different temperature were all much greater than the
maximum diffusion-limited quenching constant in water (2 x 10'° L/
mol $71), revealing that the static quenching predominated in the
interaction between SAEW and PPO, rather than dynamic quenching
which was induced by collision (Yang, Xu, Liu, Yuan, & Gao, 2014).
Static quenching was caused by the formation of the ground state
complex. And the increasing of the temperature led to the rise in
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temperature K, values (from 3.66 x 10'% at 277 K to 7.26 x 10'? L/mol
s ! at 308 K), The results was consistent with previous reports demon-
stration that the complex for static quenching became unstable at higher
temperature and led to an increase in the quenching constant (Hema-
chandran et al., 2017; Liao et al., 2021).

For static quenching mechanism, a double-logarithmic equation (Eq.
(5)) was applied to determine the binding constant (K,) and number of
binding sites (N), and the obtained data were shown in Fig. 2B and
Table 2. The high R? and low RMSE values indicated the good linearity
of the plots (Ran et al., 2022). And the K, and N were further determined
by the intercept and slope of the plots of log[(Fo-F)/F] versus log[Q],
respectively. When the temperature increased from 277 to 298 K, the Ka
value significantly decreased, indicating the complexes were stable at
relative low temperature, revealing their interactions to exothermic
reactions (Jia, Gao, Hao, & Tang, 2017). Moreover, the N values at
different temperatures were almost equal to 1, indicating that single site
in PPO was available for SAEW binding, which was corresponding well
with previous inhibition kinetics result.

In general, the relative magnitude of the thermodynamic parameters
can be used to determine the intermolecular interaction forces. The
molecular structure of PPO did not change significantly at the three
experimental temperatures (277, 298 and 308 K). The enthalpy change
(AH) could be considered as a constant (Guan, Yan, Zhao, Sun, & Peng,
2018). The obtained K, could be further applied to calculate the
enthalpy change (AH), entropy change (AS) and Gibbs free energy
change (AG) using Egs. (6) and (7) as shown in Table 2. Previous studies
have shown that hydrophobic interactions were the main driving force
when AH > 0 and AS > 0. Van der Waals forces and hydrogen bonds
played a vital role when AH < 0 and AS < 0. When AH ~ 0 and AS > 0,
the electrostatic forces were mainly formed (Cheng et al., 2020). In our
study, the negative value of AG represented that the binding between
PPO and SAEW was spontaneous at the corresponding temperature. AH
and AS were both smaller than 0, suggesting Van der Waals forces and
hydrogen bonds were mainly formed during interaction (He, Xu, Zeng,
Qin, & Chen, 2015).

The effect of SAEW addition on detailed conformational information
of PPO was monitored by 3D fluorescence spectroscopy. The 3D spectra
were depicted in Fig. 2C-D. Strong fluorescence peak appears at the
excitation wavelength at around 280 nm, due to the fluorescent amino
acid residues. Upon interaction with SAEW, a decrement of peak in-
tensity was induced, depicting conformational changes. These results
were in line with the intrinsic fluorescence results.

3.3. PPO secondary structure analysis

The CD spectroscopy has been widely used to analysis the secondary
structure, unfolding of protein when binding with other compounds
(Akita et al., 2020; Li, Bai, Ji, & Jin, 2020). As can be seen from Fig. 3A,
the negative ellipticities at 208 and 222 nm is attributed to the peaks of
a-helix structure of PPO. And the o-helix was shown to be the main
structure of PPO, which was consistent with previous research (Liao
et al., 2021). After treatment with SAEW, significant raise in the ellip-
ticity of PPO at 208 nm was observed, and it gradually increased with
the increasing FAC level of SAEW, indicating the decrease of ordered
structure of PPO. However, there is no significant change in peak shape
or position, indicating that the a-helix remained dominant.

The main components of the secondary structure were further
calculated to better elucidate the effect of SAEW treatment on the sec-
ondary structure. The a-helix content decreased from 25.5 % to 21.8 %,
while the level of B-sheet increased from 13.0 % to 23.5 %, while there
was no obvious change in f-turn and random coil, demonstrating that
SAEW could induce the conversion of the a-helix to a p-sheet when
binding to PPO molecules. The natural PPO has been reported to consist
of a mostly a-helical structure, with the catalytically essential dinuclear
copper-binding site located at the centre of two pairs of anti-parallel
a-helix (Ismaya et al., 2011). Similar transformation from o-helix to
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Fig. 3. CD spectra of SAEW-treated PPO. The inset
showed the secondary structure content calculated

active site of PPO. Note: SAEW, slightly acid elec-
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B-sheet has been found in salicylic acid-treated PPO (Liao et al., 2021)
and ultrasound-treated PPO (Zhou et al., 2016), which was usually
accompanied by lower PPO enzyme activity. This phenomenon could be
explained by the disruption of the hydrogen bonding network that
maintained the stability of the a-helical and p-folded structures in the
PPO enzyme (Liao et al., 2021).

3.4. Computational simulation of SAEW on PPO

The interaction between HOCI and PPO was identified and verified
using the molecular docking method. HOCI was used because it was the
main chlorine form presented in the SAEW at the pH used in our study
(Rahman, Khan, & Oh, 2016). The molecular docking result with the
lowest binding affinity is shown in Fig. 3B. The catalytic core of PPO was
like a pocket, consisting of two Cu ions and six histidine residues,
including His 61, His 85, His 94, His 259, His 263 and His 296 (Ismaya
et al., 2011). And the HOCI was found to interact with the His 296 of
PPO via hydrogen bond with binding energy of — 2.3 kcal/mol, indi-
cating that the binding site was located in the catalytic active site of
PPO, further avoiding the entry of substrate. Besides, the docking results
provided the verification of the thermodynamic parameters based on the
fluorescence results, demonstrating that the main drive force between
SAEW and PPO was hydrogen bond. The modelling results combined
with enzyme conformation analysis suggested that HOCI could interact
well with the primary amino acid residues on the active site of PPO. And
it could be deduced that the insertion of HOCI into the active site of PPO
and the disrupted structure of the PPO might avoid the entrance of the
substrate, resulting in the decrease of PPO activity ultimately.

3.5. Comparison of PPO catalysed reaction compounds

To further understand the effect of SAEW on regulating the melanin
formation, the tyrosine was chosen as substrate and the PPO catalysed
compounds in the absence and presence of SAEW were identified and
quantified. Besides, the control experiment using HOCI in place of SAEW
has been performed to verify the effect of this main component of SAEW
on the melanin formation. In our study, many of the reported melanin-
forming intermediates were potentially identified including DOPA,
dopaquinone, dopachrome, 5,6-dihydroxyindole-2-carboxylic acid
(DHICA), 5,6-dihydroxyindole (DHI), and 5,6-indolequinone shown in
Fig. S1 and Table S1. Relatively high scores and fragmentation scores of
these compounds was obtained indicating the high confidence of these
compounds (Arndt, Wachsmuth, Buchholz, & Bentley, 2020). Their fold
change comparison between these groups was further conducted. Based
on the putative compounds and previous research, the schematic syn-
thesis of PPO catalysed melanin was given and shown in Fig. 4. the
oxidation of tyrosine was catalysed by PPO to form dopaquinone, which
underwent rapid intramolecular cyclization and converted to cyclodopa
(Bronze-Uhle et al., 2013). Dopachrome and DOPA were then produced
by a spontaneous redox reaction between cyclodopa and uncycled
dopaquinone. The generated DOPA could be further oxidised to dop-
aquinone. Dopachrome was considered as an important intermediate
during melanosis formation which could evolve into dihydroxyindole
with putative decarboxylation. Therefore, non-enzymatic trans-
formation may occur mainly to produce DHI and, to a lesser extent,
DHICA (Edge et al., 2006; Sugumaran, Evans, Ito, & Wakamatsu, 2020).
Further oxidative polymerisation of DHICA and DHI produced
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Fig. 4. The schematic synthesis of PPO catalysed
melanin based on the potential compounds identified
in UPLC-MS and proposed mechanism of SAEW
regulation on melanin formation. Note: Compounds
coloured in green or red represented significantly
higher and lower concentration in SAEW group as
compared to control group, respectively; compounds
in italic black were not identified. Note: SAEW,
slightly acid electrolysed water; PPO, polyphenol ox-
idase Several steps were referred to Swarup and Jong-
Whan (2021) and Edge et al. (2006). (For interpre-
tation of the references to color in this figure legend,
the reader is referred to the web version of this
article.)
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eumelanin, which appeared brown and black, respectively (Swarup &
Jong-Whan, 2021).

Interestingly, in the presence of SAEW, almost all the identified re-
action products exhibited a significant decreasing trend, while the
tyrosine consumption is relatively low in the SAEW and HOCI group
when compared to the DI treated group. Similar patterns in regulating
the reaction progress were observed in the SAEW group and HOCI
group, demonstrating that HOCI played a vital role in regulating the
melanin production. The inhibition of these compounds formation could
be attributed to several reasons. Firstly, the PPO activity was inhibited
by SAEW treatment. While in the process of melanin formation, PPO
catalysed several reactive processes including monophenols hydroxyl-
ation to form o-diphenols and oxidation of o-diphenols to form o-qui-
nones, i.e., it was directly involved in the formation of dopaquinone,
dopachrome, and 5,6-indolequinone (Sabarre & Yagonia-Lobarbio,
2022). Therefore, lower levels of these compounds were observed. The
gradual reaction further lead to the depleted level of DOPA, DHICA, and
DHI. Meanwhile, although the compounds were not identified in our
study, the reaction of HOCI with tyrosine, DOPA and dopaquinone,
respectively, might occur according to previous report, further blocking

)OS
HO N
DHI

PPO

0

5,6-indolequinone

|

the next reactions and thus inhibiting melanin formation (Chen, Wang,
Zhou, & Huang, 2011; de Bruin-Hoegee et al., 2022). These results
explained the regulatory mechanism of SAEW in the specific melanin
formation reaction. And it provided some theoretical basis for the in-
hibition of enzymatic browning and the production of melanin by SAEW
(He et al., 2022; Jia et al., 2015). However, PPO from various food
species exhibited different isoforms with varying molecular weight
(MW) and kinetic parameter (Sae-leaw & Benjakul, 2019). Further
investigation is needed to understand the inhibition mechanism of
SAEW involved in the in vivo melanosis formation progress. A better
comprehension regarding in vivo mechanism can provide more technical
guidance for the practical application of colour conservation in food
industry.

4. Conclusions

In this study, the underlying mechanism by which SAEW inhibit
melanin formation was elucidated by multi-spectroscopic and MS
method. The inhibition kinetic analysis revealed that PPO reversibly
bound to HOCI (main components presented in SAEW) via the mixed-
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type mode, reducing its affinity for substrate. The fluorescence data
demonstrated that the binding interactions of SAEW with HOCI] were
spontaneous processes mostly driven by hydrogen bond, which was
verified by the molecular docking results. Meanwhile, the interaction
between HOCI and PPO led to the conformational changes of PPO, from
a-helix to p-sheet. Computational docking simulation predicted that
HOCI inserted into PPO and interact with amino acid residue located
within the active site pocket with a binding energy of —2.3 kcal/mol to
inhibit the PPO activity by avoiding the entry of the substrate. Moreover,
the formation of melanosis related compounds including dopaquionone,
DOPA, dopachrome, DHICA, DHI and 5,6-indolequinone, which was
directly or indirectly involved in PPO catalysed reaction, was inhibited
by SAEW addition. These results have provided a deeper insight of
melanin inhibition by SAEW and further demonstrate the potential of
SAEW for food preservation applications.
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Fig. S1. Chromatograms of reaction products in positive ionization mode (A), negative
ionisation mode (B), mass spectra of tyrosine (C), dihydroxyphenylalanine (DOPA) (D),
Dopaquinone (E), Dopachrome (F), 5,6-dihydroxyindole (G), 5,6-dihydroxyindole-2-
carboxylic acid (H), and 5,6-indolequinone (I).



Table S1. The overview of potential reaction products detected by UPLC-MS in different treated groups.

Putative identified Product m/z Retention  Score Fragmentation C/S C/H H/S
compound ions (m/z) time (min) (out of Score FC Pvalue FC Pvalue FC P value
60)

Tyrosine [M-H]" 180.0664 2.00 54.8 77.3 093 88E- 096 2.5E- 1.03 0.16
03 02

Dihydroxyphenylalanine [M+H]" 198.0766 1.01 46.7 52.9 920 2.6E- 290 2.0E- 3.17 6.3E-

(DOPA) 06 03 03

Dopaquinone [M+H]" 196.0605 1.23 49.3 47.5 3.57 39E- 281 4.7E- 1.27 0.24
04 06

Dopachrome [M+H]" 194.1150 3.26 51.2 62 2.74 45E- 281 3.6E- 1.23 0.23
04 06

5,6-dihydroxyindole [M+H]" 150.0551 1.23 49.2 48.7 347 2.6E- 275 1.6E- 1.26 0.22
04 06

5,6-dihydroxyindole-2- [M+H]" 194.0451 2.57 49.9 55.6 503 4.1E- 358 3.5E- 1.40 0.09

carboxylic acid 05 07

5,6-indolequinone [M+H]" 148.0398 2.57 47.5 43.7 474 33E- 339 1.2E- 1.40 0.08
04 07




Note: C/S: Control group/SAEW group; C/H: Control group/ HOCI group; H/S: HOCI group/SAEW group; FC: fold change.
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