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Abstract: There has been considerable interest in controlling polyphenol oxidase (PPO) activity to
prevent enzymatic browning in foods. However, studies on inhibitions of different forms of PPO are
very limited. Thus, this study focuses on the effects of cinnamic acid, β-cyclodextrin, L-cysteine, and
ascorbic acid on soluble PPO (sPPO) and membrane-bound PPO (mPPO) in peach fruit. The activity
of partially purified sPPO was 3.17 times higher than that of mPPO. However, mPPO was shown to
be more stable than sPPO in the presence of inhibitors with different concentrations (i.e., 1, 3, 5 mM);
activation of mPPO was found by 5 mM L-cysteine. Both sPPO and mPPO inhibitions were PPO
substrate-dependent. Ascorbic acid showed the highest inhibitory effect on both sPPO and mPPO
with all studied inhibitors and substrates. The inhibition of 1 mM ascorbic acid on sPPO and mPPO
reached 95.42 ± 0.07% and 65.60 ± 1.16%, respectively. β-Cyclodextrin had a direct inhibitory effect
only on sPPO, while the other three inhibitors had direct effects on both sPPO and mPPO. Cinnamic
acid exhibited a non-competitive inhibition on sPPO and mPPO, with L-cysteine showing the same,
though on sPPO. The inhibition of studied inhibitors on sPPO and mPPO is highly related to the
substrate environment, type, and concentration of inhibitors. This study provides a basis for the
further prevention of peach fruit browning from the perspective of different enzyme forms.

Keywords: polyphenol oxidase (PPO); membrane-bound; inhibition; direct effect; peach fruit

1. Introduction

Peach (Prunus persica L.) fruit is delicious and rich in various nutrients (e.g., dietary
fiber, organic acids, vitamins, phenolic compounds, and other bioactive substances) [1]. For
these reasons peach fruit is deeply loved by the public. However, due to the thin skin and
the soft flesh of the peach fruit, it is extremely susceptible to mechanical damage during
postharvest handling, storage and processing, resulting in enzymatic browning [2]. Also, as
peach is a climacteric fruit, low-temperature (2–8 ◦C) storage of peach fruit for long periods
of time leads to severe internal browning due to cell membrane damage under chilling
conditions [3].

Undesired enzymatic browning is a great concern in the food industry due to its
negative effects on food quality, resulting in large amounts of food waste. It has been
reported that more than 50% losses in the fruits and vegetables are directly or indirectly
caused by enzymatic browning [4]. This browning is initiated by polyphenol oxidase (PPO,
EC 1.14.18.1)-catalyzed oxidations of phenolic compounds under aerobic conditions. PPO is
a common copper-containing enzyme and the copper atom in its active center plays a crucial
role in catalyzing its activity [5]. PPO commonly exists in plant chloroplast thylakoids in
two forms: a soluble form (sPPO) remaining in the thylakoid lumen and a membrane-bound
form (mPPO) bound to the thylakoid membrane [5]. Relevant studies have shown that
sPPO may be the result of the spontaneous release of mPPO through a series of biochemical
reactions during the growth and development of fruits from ripening to senescence [6]. The
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proportional relationship between sPPO and mPPO is highly influenced by plant species,
growth and storage conditions, and processing methods [7–9]. Studies on PPO mainly
focus on the extraction, isolation, and purification of total PPO and their basic enzymatic
properties in various fruit and vegetables, such as loquat [10], jackfruit [11], purple sweet
potato [12] and water yam [13]. Although mPPO in some fruits and vegetables (e.g., Fuji
apple, snake fruit, “Xushu 22” sweet potato skin) has become a research interest in recent
years [14–16], different forms of PPO (i.e., sPPO, mPPO) in peach fruit are rarely studied.

There remains considerable interest in developing effective methods to control brown-
ing in foods. Chemical methods for browning inhibition are often widely studied because
they can effectively control browning and are easy to use in foods. Chemical inhibitors
that have been studied include carboxylic acids, ascorbic acid and its derivatives, sulfur-
containing compounds, phenolic acids and cyclodextrins [17–20].

Among these, cinnamic acid, β-cyclodextrin (βCyD), L-cysteine (L-Cys), and ascorbic
acid (AA) are often used as representative anti-browning agents and have been shown to
effectively inhibit the PPO activity and browning in various fruit and vegetables (e.g., pear,
African bush mango fruit peel, mung bean sprout, fresh-cut potatoes) [21–25]. Although
there are many studies focusing on the inhibitory effect of different chemical inhibitors
on PPO, such an effect is mainly investigated on total PPO. However, the effect of these
common food-grade anti-browning agents on different forms of PPO is unclear and studies
on inhibition of various inhibitors on sPPO and mPPO are very limited. Most of the
studies only focus on screening sPPO or mPPO inhibitors for the purpose of determining
the better inhibitors, but the specific inhibition mechanisms on sPPO or mPPO were not
comprehensively studied [7]. As sPPO and mPPO may behave differently in the presence
of different inhibitors, the effects of inhibitors on the two different enzyme forms need to
be determined for better understanding of browning inhibition in foods.

The aim of the present study was to determine the effects of different inhibitors on
sPPO and mPPO in peach fruit. Four common and relatively safe chemical anti-browning
agents, including cinnamic acid, βCyD, L-Cys, and AA, were selected as representative in-
hibitors, with the endogenous substrate, chlorogenic acid (CA), being used as the study PPO
substrate. This contributes to a further understanding of PPO inhibition with respect to two
different PPO forms; such a study can provide a theoretical basis for preventing enzymatic
browning in peach fruit and further prolonging the shelf life of its related products.

2. Materials and Methods
2.1. Materials

Phenylmethylsulfonyl fluoride (PMSF), chlorogenic acid (CA), bovine serum albu-
min, β-cyclodextrin (βCyD), and ascorbic acid (AA) were obtained from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). Benzamidine hydrochloride, L-cysteine
(L-Cys), and cinnamic acid were purchased from Shanghai Macklin Biochemical Tech-
nology Co., Ltd. (Shanghai, China). Triton X-114 and Comas Bright Blue G-250 were
purchased from Solarbio (Beijing, China). Ammonium sulfate, sodium dihydrophosphate,
sodium hydroxide, phosphoric acid, catechol, and caffeic acid were purchased from China
Pharmaceutical Group Chemical Reagents Co., Ltd. (Shanghai, China).

Peaches (Prunus persica L. cv. HuJingMiLu) were harvested from the Peach Research
Institute in Fenghua, Zhejiang Province, China. All peaches were at the same commercial
maturity and from the same orchard. Peach fruit with uniform size and without obvious
damages, diseases, or other defects were selected for experiments. On the harvest day, fresh
peach fruit was peeled, cut into small pieces, and immediately frozen in liquid nitrogen.
Frozen samples were then ground and stored at −80 ◦C until use.

2.2. Extraction of sPPO and mPPO

sPPO and mPPO were extracted according to the method proposed by Cabanes et al. [26],
with slight modifications. Frozen peach fruit powder (100 g) was homogenized in 200 mL of
cold 100 mM sodium phosphate buffer (pH 7.3) containing 1 mM benzamidine hydrochlo-
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ride, 1 mM PMSF, and 10 mM AA for 60 s. PMSF was added immediately before use. The
obtained homogenate was then centrifuged at 4000 g at 4 ◦C for 10 min; the supernatant was
collected, and the precipitate containing mPPO was retained for the subsequent extraction
of mPPO. The supernatant was centrifuged at 14,000 g for 30 min at 4 ◦C; the resulting
supernatant contained the crude sPPO, and was kept at 4 ◦C for further purification.

To further extract mPPO, an aliquot of 40 mL of 10 mM phosphate buffer (pH 7.3)
containing 6% (w/v) TritonX-114 was slowly added to dissolve the precipitate that contained
mPPO; the suspension was continuously stirred for 5 min and incubated at 4 ◦C for 1 h. This
suspension was then kept at 37 ◦C for 15 min and the temperature-induced phases occurred;
this was further centrifuged at 10,000 g at 25 ◦C for 15 min to reach better separation of
the different phases. The upper aqueous phase was taken as the crude mPPO and this was
stored at 4 ◦C for further purification.

2.3. Partial Purification of sPPO and mPPO

The crude extracts of sPPO and mPPO were precipitated by 25–80% (w/v) ammonium
sulfate and the mixtures were centrifuged at 14,000 g for 30 min at 4 ◦C. After centrifugation,
the collected precipitate was resuspended in 10 mM sodium phosphate buffer (pH 7.3),
mixed well, and centrifuged at 4 ◦C at 14,000 g for 10 min to obtain the supernatant. The
resulting supernatant was then dialyzed in 10 mM sodium phosphate buffer (pH 7.3) using
a dialysis bag (8–14 kDa) with 3 changes of buffer within 24 h at 4 ◦C. The dialyzed solution
is referred to as the partially purified sPPO and mPPO, respectively; these were stored at
−40 ◦C for subsequent experiments.

2.4. Quantification of PPO Activity

The determination of PPO activity was slightly modified according to the method of
Guo et al. [27]. A typical assay system contained 3 mM CA in 50 mM sodium phosphate
buffer (pH 7.0) and prepared PPO. Reactions were initiated by adding 0.2 mL of mPPO or
sPPO to 2 mL of CA solution at ambient temperature (~25 ◦C). The increase in absorbance
due to product accumulation was measured at 420 nm spectrophotometrically, and the
initial velocities were calculated based on the initial linear part of the reaction curves.
One unit (U) of PPO activity was defined as a change in absorbance of 0.01 per minute.

2.5. Determination of Protein Content

Protein content of sPPO and mPPO was estimated using the Bradford method [28],
with bovine serum albumin as the reference standard.

2.6. Effects of Inhibitors on sPPO and mPPO Activities

The four inhibitors evaluated in the present study were cinnamic acid, βCyD, L-Cys,
and AA; final concentrations of each inhibitor were 1, 3, and 5 mM. For inhibition studies,
1 mL of CA substrate solution (final concentration of 3 mM) was mixed with 1 mL of
the inhibitor solution. The PPO reactions were initiated immediately by the addition
of 0.2 mL of sPPO or mPPO solution to 2 mL CA and inhibitor mixture, at ambient
temperature (~25 ◦C). PPO activities were determined according to the method described
in the Section 2.4. The percentage of PPO inhibition was calculated using the following
equation [29]:

PPO Inhibition (%) = [(Ao − Ai)/Ao] × 100%, (1)

where Ao represents the enzyme activity without inhibitors, and Ai represents the enzyme
activity with inhibitors.

2.7. Effects of Inhibitors on sPPO- and mPPO-Catalyzed Reactions with Different Substrates

The different substrates used in this experiment included CA, caffeic acid, and cate-
chol, with final concentrations of 3, 10, and 10 mM in PPO reaction systems, respectively.
Inhibitors used were as described above in Section 2.6, with a final concentration of 3 mM
for each inhibitor. All substrates and inhibitors solutions were prepared using 50 mM
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sodium phosphate buffer solution (pH 7). As described above, 1 mL of substrate solution
was mixed with 1 mL of the inhibitor solution, and 0.2 mL of sPPO or mPPO solution
was then added to 2 mL of the mixture containing substrate and inhibitor to initiate the
PPO reaction (~25 ◦C). PPO activity and percentage of inhibition were determined as
described above.

2.8. Direct Effects of Inhibitors on sPPO and mPPO Activities

Determination of the inhibitors’ direct effects on PPO activity was based on preincuba-
tion of inhibitors with PPO for different periods of time prior to measure enzyme activity
using CA as substrate. The inhibitor (i.e., cinnamic acid, βCyD, L-Cys, AA) solution (final
mixture concentration of 3 mM) was mixed with sPPO or mPPO solution. The mixtures
were then incubated for different periods of time (30, 60, 90, 120, and 150 min) at 4 ◦C
before being tested for PPO activity. PPO reactions were then initiated by adding 0.2 mL
of the incubation mixture to 2 mL of CA solution (final concentration of 3 mM CA). Ini-
tial velocities were measured as specified previously. Control experiments were treated
identically but without inhibitors.

2.9. Comparison of Inhibition Types of sPPO and mPPO

Inhibitors used were as described above in the Section 2.7. In fixed-inhibitor assays,
reactions were initiated by adding 0.2 mL of sPPO or mPPO solution to 2 mL CA solutions
(ranging from 0.5–10 mM CA in 50 mM sodium phosphate buffer, pH 7) with or without
inhibitors. Enzyme activities were determined as described above. Kinetic parameters
(Km, Vmax) were estimated based on the Michaelis equation by non-linear least square
fitting [20].

2.10. Statistical Analysis

All experimental data were reported as means ± standard deviation (SD) of triplicate
experiments. Statistical differences between different groups were determined by analysis
of variance (ANOVA) and paired samples t-test using the software SPSS 25.0, and means
were compared using Duncan’s multiple range test (p < 0.05).

3. Results and Discussion
3.1. Comparison of sPPO and mPPO Activities

Initial experiments focused on comparing the activities of two different forms of sPPO
and mPPO, including the activities of crude PPO extract and partially purified PPO. CA
was used as the main PPO substrate in the present study, as CA is the predominant phenolic
substrate that is endogenous to peach fruit [1]. As shown in Table 1, the specific activities
of sPPO and mPPO after partial purification were 95 U/mg and 30 U/mg, respectively.
Compared with the crude extract, the specific activities of sPPO and mPPO after partial
purification were increased by 1.3 and 1.2 times; sPPO activity was 3.17-fold higher than
that of mPPO, and the result was significant, according to the t-test (p < 0.05). This indicates
that sPPO is highly likely to be the dominant enzyme form that participates in enzymatic
browning reactions in ‘HuJingMiLu’ peach fruit. Compared with sPPO, mPPO may not
be the main concern to control the browning of ‘HuJingMiLu’ peach fruit. However, this
finding is inconsistent with previous studies on peach PPO. In ‘Lijiang’ snow peach, the
specific activity of mPPO was 6.4-fold higher than that of sPPO, so mPPO was concluded to
be the main form of PPO enzymes and the main factor that causes the browning [30]. The
activity of mPPO in snake fruit was also higher than that of sPPO. This is probably because
mPPO in snake fruit can be more easily activated, resulting in enzymatic browning [14].
The differences show that the dominant enzyme form for PPO that plays a major role in
enzymatic browning can probably be dependent on fruit varieties and species.
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Table 1. Partial purification of sPPO and mPPO from ‘HuJingMiLu’ peach fruit.

Purification Stages Volume
(mL)

Total Activity
(U)

Protein Content
(mg)

Specific Activity
(U/mg)

Yield
(%)

Purification
Fold

sPPO
Crude extract 264 2640 36 74 100 1

(NH4)2SO4 precipitation 28 912 10 95 35 1.3
mPPO

Crude extract 20 179 7 24 100 1
(NH4)2SO4 precipitation 15 139 5 30 78 1.2

Note: One unit (U) of PPO activity was defined as the change in absorbance of 0.01 per minute. Protein content
was estimated using the Bradford method.

3.2. Effects of Inhibitors on sPPO and mPPO Activities

The effects of four different types of inhibitors on the activities of sPPO and mPPO were
compared (Figure 1). As the concentration of these four inhibitors increased, the percent
inhibition of cinnamic acid, βCyD, and AA on sPPO and mPPO activities significantly
increased. AA shows the highest inhibition on both sPPO and mPPO activities, followed by
cinnamic acid at all studied concentrations. At the lowest concentration (1 mM), the percent
inhibition of AA on sPPO and mPPO reached more than 95.42 ± 0.07% and 65.60 ± 1.16%,
respectively. This indicates sPPO was more susceptible to AA compared with mPPO. The
inhibitory effects of cinnamic acid followed the same trend of mPPO being relatively more
stable than sPPO in the presence of cinnamic acid at these three concentrations. The effects
of βCyD on inhibiting sPPO and mPPO were relatively weak even though its effects were
increasing as the concentration was increased. Such a positive correlation between βCyD
concentration and its inhibitory effect has also been found in potato PPO [20]. Cinnamic
acid treatment can reduce the PPO activity in taro, and the inhibitory effect on taro PPO is
also positively correlated with its concentration, which is consistent with the results of this
experiment [31].

Figure 1. Effects of different inhibitors on the activities of sPPO (A) and mPPO (B) in ‘HuJingMiLu’
peach fruit. Inhibitor concentrations studied in this experiment included 1, 3, and 5 mM. Enzyme
activities were determined using CA as the substrate. Different lowercase letters indicate that the
inhibitory effects of different inhibitors at the same concentration are significantly different; different
capital letters indicate that the inhibitory effects of the same inhibitor at different concentrations have
significant differences (p < 0.05).

However, instead of a positive correlation between the inhibitor concentration and the
inhibitory effect that was observed in the case of cinnamic acid, βCyD, and AA studies,
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the inhibitory effect of L-Cys on sPPO and mPPO activities apparently decreased as the
concentration increased; at the same concentration, L-Cys showed a higher inhibitory effect
on sPPO when compared with mPPO. It has been found that 0.83 mM L-Cys can effectively
inhibit PPO-initiated browning in yam, resulting from L-Cys, as a thiol compound, reacting
with quinones to form a stable colorless product; higher concentration of L-Cys (9.9 mM)
almost reached 100% inhibition [13]. In this study, the highest inhibition on both forms of
PPO by L-Cys was less than 35%. This shows that the same inhibitor can show different
inhibitory effects on PPO from different sources; interestingly, differing from the inhibitory
effect of L-Cys on sPPO, mPPO was even found to be significantly activated at the highest
concentration (5 mM) of L-Cys. This was probably due to a conformational change of
mPPO with higher concentrations of L-Cys. A similar activation phenomenon was found
in the case of another sulfur-containing compound, sodium metabisulfite; mPPO activity in
‘Lijiang’ snow peach was significantly activated by 10 mM sodium metabisulfite, but with
sPPO completely inhibited [30]. This indicates mPPO and sPPO may behave differently in
the presence of sulfur-containing compounds.

Generally, from the data of Figure 1, AA exhibited the highest inhibitory effect on
both sPPO and mPPO in peach fruits under current experimental conditions, indicating
AA is still a desirable anti-browning agent for different forms of PPO. Compared with
sPPO in peach fruit, mPPO was found to be more resistant to all inhibitors at all studied
concentrations. Regarding the inhibition of different forms of PPO, the inhibition of several
inhibitors on sPPO and mPPO activities of ‘Lijiang’ snow peach with catechol as substrate
was reported by [30]. Their results showed that all inhibitors have a stronger inhibitory
effect on sPPO than mPPO. This is comparable with the present data obtained in this study.

3.3. Effects of Inhibitors on sPPO and mPPO-Catalyzed Reactions with Different Substrates

Peach fruit is rich in CA, caffeic acid, catechin, rutin, and other phenolic compounds
that can be oxidized by PPO, and CA had been found to be one of the most important
endogenous substrates for PPO in peaches [32,33]. Meanwhile, catechol is considered the
standard substrate that has been widely used in most PPO studies [14,27]. Thus, three
substrates (i.e., CA, caffeic acid, and catechol) were chosen to be studied in the present
inhibition studies. Figure 2 compares the inhibitory effects of four different types of
inhibitors on sPPO and mPPO activity when different substrates (i.e., CA, caffeic acid,
and catechol) were used. The results show that with different substrates participating in
PPO reactions, different inhibitors have different effects on sPPO and mPPO activities.
When CA was used as the substrate, AA inhibited both sPPO and mPPO activities the
most, and the inhibitory effect of cinnamic acid was significantly weaker, while L-Cys
showed a much lower inhibitory effect, with βCyD exhibiting the lowest effect. When
caffeic acid and catechol were used as substrates, both sPPO and mPPO activity were
shown to be completely inhibited by AA and L-Cys. Their inhibitory effects were much
higher compared with those obtained when CA was used as the substrate. It has been
reported that 5 mM AA and 50 mM L-Cys can completely inhibit the activity of plum PPO
on catechol [34].

When comparing inhibition of PPO reactions by a certain inhibitor with these three
different substrates, cinnamic acid and βCyD were found not to inhibit the activities of
sPPO and mPPO effectively. Cinnamic acid showed the highest inhibition percentage of
both sPPO and mPPO activities on CA, but the percent inhibition was only approximately
40%. The effect of βCyD on mPPO inhibition was higher than that on sPPO with caffeic
acid as the substrate, but sPPO was more inhibited during PPO-catalyzed CA or catechol
oxidations. This indicates that sPPO and mPPO show different stabilities to βCyD in the
presence of different substrates.

PPO inhibitions with different substrates have also been investigated in other studies.
It has been reported that the highest inhibition of PPO in gooseberry fruit was found
when AA and quercetin were used as inhibitors, with 4-methylcatechol being the enzyme
substrate; however, when using CA as the substrate, quercetin, L-Cys, and sodium sulfite
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showed stronger inhibitory effects on PPO [35]. This indicates that the different inhibitory
effects of inhibitors were dependent on the studied substrates in PPO reactions.

Figure 2. The effect of inhibitors on sPPO- (A) and mPPO- (B) catalyzed reactions with different
substrates, including CA (final concentration of 3 mM), caffeic acid, and catechol (final concentration
of 10 mM). The concentration of inhibitors studied in this experiment was 3 mM. Different letters
indicate significantly different inhibitory effects when using different substrates (p < 0.05).

3.4. Direct Effects of Inhibitors on sPPO and mPPO Activities

Experiments discussed above mainly focused on investigating the PPO inhibition un-
der different working conditions (i.e., inhibition with different concentrations of inhibitors,
inhibition with different PPO substrates). To further determine the interactions between
PPO and different inhibitors, direct effects of inhibitors on PPO activities (i.e., the influence
of inhibitors on PPO in the absence of phenolic substrates) was investigated; specifically,
PPO was incubated with inhibitors at 4 ◦C for 30–150 min prior to the determination of
PPO activities. As shown in Figure 3, cinnamic acid, βCyD, L-Cys, and AA all had direct
inhibitory effects on sPPO. When preincubating cinnamic acid and AA with sPPO, the
subsequent sPPO activity decreased with the increase in incubation time. This indicates that
the direct inhibitory effects of cinnamic acid, βCyD, and AA on inhibiting sPPO gradually
increased as the incubation time increased. Compared with the inhibition of βCyD on
sPPO, βCyD has no direct inhibitory effect on mPPO, while the other three inhibitors were
found to directly inhibit mPPO; but when the incubation time was 150 min, the inhibitory
effects of the four inhibitors on mPPO were not significant.

Among the four inhibitors, the effect of AA on PPO is the most widely studied [36,37].
With respect to its direct effect on PPO, it has been reported that AA can directly inhibit
the activity of PPO from mushroom, causing an irreversible inactivation of PPO [38]. This
is comparable with the results obtained in the present study, resulting from AA directly
interacting with the active site of PPO. Additionally, for longer AA incubation with mPPO,
AA can probably be gradually degraded due to its enzymatic or non-enzymatic oxidations
to dehydroascorbic acid (DHA), resulting in no significant activity change when compared
with that in the incubation mixture containing no AA [39]. For the direct inhibition of
cinnamic acid on PPO, cinnamic acid contributes to a higher percent of direct inhibition on
sPPO. This probably results from cinnamic acid more easily binding to the active site of
sPPO compared with mPPO. A similar finding has been reported in taro PPO; at the protein
level, cinnamic acid can also directly inhibit taro PPO activity by complexing copper at the
active site of the enzyme [31].

Concerning the direct effect of βCyD on sPPO, it may be due to βCyD directly interact-
ing with the functional groups in the active center of sPPO, leading to an irreversible direct
inhibition. Contrary to the finding from Jiang et al., βCyD does not directly inactivate
potato PPO [20]. This indicates that the direct effect on PPO shown by βCyD can be differ-



Foods 2023, 12, 167 8 of 12

ent because of the enzyme source. This experiment also showed a direct inhibitory effect of
L-Cys on PPO, probably resulting from the SH groups in L-Cys binding to copper ions in
the active center of PPO by replacing the histidine residue. Such a direct effect of L-Cys has
also been found on PPO in fresh wet noodles [40]. But there are studies also showing that
L-Cys reacts with bisphenol intermediates to form colorless compounds rather than directly
inhibiting PPO in loquat [41]. In summary, the inhibitory effects on PPO from different
sources are different and the two forms of PPO show different degrees of sensitivities to
different inhibitors.

Figure 3. Effects of pre-incubation of sPPO and mPPO with inhibitors on subsequent PPO activity.
Cinnamic acid with sPPO (A) and mPPO (B); βCyD with sPPO (C) and mPPO (D); L-Cys with
sPPO (E) and mPPO (F); AA with sPPO (G) and mPPO (H). Final concentration of the four inhibitors
was 3 mM. * indicates a significant difference between the groups with and without inhibitors at the
same incubation time (p < 0.05); ** indicates a highly significant difference (p < 0.01).
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3.5. Comparison of Inhibition Types of sPPO and mPPO

Different concentrations of CA were used to obtain the kinetic parameters for PPO
reactions with and without the four different inhibitors, as shown in Figure 4. According to
the Michaelis– Menten equation, the Michaelis constant (Km) and the maximum velocity
(Vmax) were estimated and compared. It can be seen from Table 2 that, in the absence
of inhibitors, the Km values of sPPO and mPPO were basically the same, but the Vmax
of sPPO was much larger than that of mPPO. This indicates that both sPPO and mPPO
show a similar affinity for the substrate CA. Based on the unchanged Km and decreased
Vmax, cinnamic acid exhibited a non-competitive inhibitory effect on both sPPO and
mPPO. This indicates that cinnamic acid may bind to the enzyme or the enzyme-substrate
complex to finally form a complex of enzyme–substrate–inhibitor, which is catalytically
inactive. Differently, cinnamic acid has showed a reversible mixed-type inhibitory effect on
mushroom PPO [42]. L-Cys, like cinnamic acid, also shows a non-competitive inhibitory
effect on sPPO. Such an effect of L-Cys on PPO has also been found in Whangkeumbae
pear [43]. However, differing from the L-Cys effect on sPPO, the percent inhibition on
mPPO was weakened and the activation effect was enhanced with the increase in CA
concentration. Such an activation effect of mPPO by L-Cys is unclear and needs to be
further investigated.

Figure 4. Substrates versus velocity plots based on peach (A) sPPO- and (B) mPPO-catalyzed CA
oxidations in the presence and absence of different inhibitors.

Table 2. Comparison of kinetic parameters obtained from sPPO- and mPPO-catalyzed reactions.

Form Inhibitors Km (mM) Vmax (∆abs/min)

sPPO None 2.04 ± 0.23 c 0.29 ± 0.01 b

Cinnamic acid 1.90 ± 0.10 c 0.18 ± 0.00 d

β-Cyclodextrin 5.40 ± 0.31 b 0.35 ± 0.00 a

L-Cysteine 2.12 ± 0.13 c 0.25 ± 0.01 c

Ascorbic acid 11.18 ± 1.84 a 0.05 ± 0.01 e

mPPO None 2.14 ± 0.30 b 0.05 ± 0.00 a

Cinnamic acid 1.72 ± 0.76 b 0.03 ± 0.01 b

β-Cyclodextrin 2.88 ± 0.07 b 0.05 ± 0.00 a

L-Cysteine ** **
Ascorbic acid 5.99 ± 1.81 a 0.02 ± 0.00 c

Note: ** indicates that the kinetic parameters were not estimated as an activation of PPO was found in the presence
of L-cysteine. Different lowercase letters represent significant differences in Km or Vmax between sPPO or mPPO
groups with or without inhibitors (p < 0.05).

Kinetic parameters of PPO reactions in the presence of βCyD show that βCyD inhibi-
tion does not belong to the typical reversible inhibition types. βCyD has commonly been
reported to be a cyclic compound with a relatively hydrophobic cavity and a hydrophilic



Foods 2023, 12, 167 10 of 12

periphery [20]. This property allows βCyD to accommodate the PPO substrate CA to form
a βCyD-CA inclusion complex, resulting in a depletion of the substrate and decreased rate
of PPO reaction. The substrate depletion is actually a special type of inhibition, and the
enzyme kinetics shown based on such inhibition is very comparable with that shown in
competitive inhibition. Thus, even though the kinetic parameters obtained did not show a
substrate depletion exactly, the kinetic curve of the PPO reaction with βCyD herein showed
a property comparable with that in a competitive inhibition, indicating βCyD inhibition of
PPO is primarily due to the substrate depletion. Similar to βCyD, the kinetic parameters
from the PPO reaction with AA did not show the characteristics of common reversible
inhibitions. However, AA has been reported as a competitive inhibitor of lotus rhizome
PPO that can compete with the substrate for binding to the active center of PPO [44]. Based
on the present study, AA was found to directly inhibit both sPPO and mPPO (shown above).
Also, with respect to the browning inhibition, it can reduce the quinone products gener-
ated from the PPO reactions back to their corresponding phenolic compounds, thereby
preventing browning formation [43].

4. Conclusions

The present study mainly focused on determining the effects of four inhibitors on
sPPO and mPPO in peach fruit. The results of this study showed that the specific activity
of sPPO was higher than that of mPPO; this indicates sPPO was the main enzyme form
that caused browning. Compared with mPPO, the four inhibitors all had more significant
inhibitory effects on sPPO; while mPPO had higher resistance to the four inhibitors. Among
several substrates studied, AA showed the highest inhibitory effect on both sPPO and
mPPO compared with the other three inhibitors. L-Cys was found to activate mPPO at
higher concentration when CA was used as the substrate; such an effect was not shown
in the presence of the other two substrates since the activities of sPPO and mPPO with
caffeic acid and catechol were completely inhibited by L-Cys. Also, with the exception
of βCyD inhibition of mPPO, both sPPO and mPPO could be directly inhibited by the
studied inhibitors. Cinnamic acid exhibited non-competitive inhibition on PPO under
the conditions of PPO-catalyzed CA reaction, and L-Cys also showed the same inhibition
on sPPO, while βCyD and AA inhibition of PPO did not belong to the typical reversible
inhibition types. Further experiments related to the conformational change of PPO affected
by different inhibitors need to be conducted. Overall, sPPO and mPPO behaved differently
in the presence of different inhibitors and the inhibitory effect was highly associated with
the source of PPO, the substrate environment, and the types and concentrations of inhibitors.
This study provides a scientific basis for better prevention and control of peach browning
during production, storage, and processing.

Author Contributions: Conceptualization, material preparation, and methodology, S.J. (Shuang Jia)
and S.J. (Shu Jiang); investigation and data curation, S.J. (Shuang Jia), S.J. (Shu Jiang), Y.W., Y.C. and
X.S.; software, S.J. (Shuang Jia) and Y.C.; formal analysis and writing—original draft preparation,
S.J. (Shuang Jia); supervision and writing—review and editing, S.J. (Shu Jiang), S.J. (Shuang Jia)
and X.S; funding acquisition, S.J. (Shu Jiang). All authors commented on previous versions of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The present work was supported by grants from the National Natural Science Foundation
of China (32102023) and the Natural Science Foundation of Zhejiang, China (LQ22C200001).

Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank the College of Food and Pharmaceutical Sciences, Zhejiang–Malaysia
Joint Research Laboratory for Agricultural Product Processing and Nutrition, Ningbo University, for
their kind support during this project.

Conflicts of Interest: The authors declare no conflict of interest.



Foods 2023, 12, 167 11 of 12

References
1. Budak, N.H.; Ozdemir, N.; Gokirmakli, C. The changes of physicochemical properties, antioxidants, organic, and key volatile

compounds associated with the flavor of peach (Prunus cerasus L. Batsch) vinegar during the fermentation process. J. Food Biochem.
2021, 46, 1–13. [CrossRef] [PubMed]

2. Bleoanca, I.; Neagu, C.; Turtoi, M.; Borda, D. Mild-thermal and high pressure processing inactivation kinetics of polyphenol
oxidase from peach puree. J. Food Process Eng. 2018, 41, e12871. [CrossRef]

3. Meng, X.H.; Han, J.; Wang, Q.; Tian, S.P. Changes in physiology and quality of peach fruits treated by methyl jasmonate under
low temperature stress. Food Chem. 2009, 114, 1028–1035. [CrossRef]

4. Queiroz, C.; Lopes, M.L.M.; Fialho, E.; Valente-Mesquita, V.L. Polyphenol oxidase: Characteristics and mechanisms of browning
control. Food Rev. Int. 2008, 24, 361–375. [CrossRef]

5. Han, Q.Y.; Liu, F.; Li, M.; Wang, K.L.; Ni, Y.Y. Comparison of biochemical properties of membrane-bound and soluble polyphenol
oxidase from Granny Smith apple (Malus x domestica Borkh.). Food Chem. 2019, 289, 657–663. [CrossRef]

6. Zhou, L.; Liu, W.; Terefe, N.S. The inactivation kinetics of soluble and membrane-bound polyphenol oxidase in pear during
thermal and high-pressure processing. Food Bioprocess Technol. 2018, 11, 1039–1049. [CrossRef]

7. Liu, F.; Zhao, J.H.; Gan, Z.L.; Ni, Y.Y. Comparison of membrane-bound and soluble polyphenol oxidase in Fuji apple (Malus
domestica Borkh. cv. Red Fuji). Food Chem. 2015, 173, 86–91. [CrossRef]

8. Tian, Y.X.; Yan, W.X.; Tang, Y.L.; Yang, R.J.; Zhao, W. Inactivation of membrane-bound and soluble polyphenol oxidases in apple
(Malus domestica Borkh) by radio frequency processing for improved juice quality. J. Food Process Eng. 2018, 41, e12923. [CrossRef]

9. Ma, Y.; Chen, Y.-Y.; Liu, P.; Meng, A.; Deng, L.; Xue, W.; Chen, F.; Che, Z. Comparative study of the biochemical properties of
membrane-bound and soluble polyphenol oxidase from Prunus mume. LWT 2022, 171, 114156. [CrossRef]

10. Sener, A.; Unal, M.U. Purification and characterization of polyphenol oxidase from Akko XIII Loquat (Eriobotrya japonica cv Akko
XIII). Food Biotechnol. 2011, 25, 30–42. [CrossRef]

11. Tao, Y.M.; Yao, L.Y.; Qin, Q.Y.; Shen, W. Purification and characterization of polyphenol oxidase from jackfruit (Artocarpus
heterophyllus) bulbs. J. Agric. Food Chem. 2013, 61, 12662–12669. [CrossRef] [PubMed]

12. Torres, A.; Aguilar-Osorio, G.; Camacho, M.; Basurto, F.; Navarro-Ocana, A. Characterization of polyphenol oxidase from purple
sweet potato (Ipomoea batatas L. Lam) and its affinity towards acylated anthocyanins and caffeoylquinic acid derivatives. Food
Chem. 2021, 356, 129709. [CrossRef] [PubMed]

13. Peng, X.Y.; Du, C.; Yu, H.Y.; Zhao, X.Y.; Zhang, X.Y.; Wang, X.Y. Purification and characterization of polyphenol oxidase (PPO)
from water yam (Dioscorea alata). CyTA J. Food 2019, 17, 676–684. [CrossRef]

14. Zaini, N.A.M.; Osman, A.; Hamid, A.A.; Ebrahimpour, A.; Saari, N. Purification and characterization of membrane-bound
polyphenoloxidase (mPPO) from Snake fruit [Salacca zalacca (Gaertn.) Voss]. Food Chem. 2013, 136, 407–414. [CrossRef] [PubMed]

15. Li, F.M. Purification, kinetic parameters, and isoforms of polyphenol oxidase from "Xushu 22" sweet potato skin. J. Food Biochem.
2020, 44, e13452. [CrossRef]

16. Liu, F.; Zhao, J.H.; Wen, X.; Ni, Y.Y. Purification and structural analysis of membrane-bound polyphenol oxidase from Fuji apple.
Food Chem. 2015, 183, 72–77. [CrossRef] [PubMed]

17. Alvarez-Parrilla, E.; de la Rosa, L.A.; Rodrigo-García, J.; Escobedo-González, R.; Mercado-Mercado, G.; Moyers-Montoya, E.;
Vázquez-Flores, A.; González-Aguilar, G.A. Dual effect of β-cyclodextrin (β-CD) on the inhibition of apple polyphenol oxidase
by 4-hexylresorcinol (HR) and methyl jasmonate (MJ). Food Chem. 2007, 101, 1346–1356. [CrossRef]

18. Farouk, B.; Aref, N.; Rachid, C.; Mourad, L.; Emna, K.; Fethi, B.; Rania, B.; Wafa, N.; Kenza, B.; Boumediene, M.; et al.
Characterization of three polyphenol oxidase isoforms in royal dates and inhibition of its enzymatic browning reaction by
indole-3-acetic acid. Int. J. Biol. Macromol. 2020, 145, 894–903. [CrossRef]

19. Gacche, R.N.; Shete, A.M.; Dhole, N.A.; Ghole, V.S. Reversible inhibition of polyphenol oxidase from apple using L-cysteine.
Indian J. Chem. Technol. 2006, 13, 459–463.

20. Jiang, S.; Penner, M.H. The nature of β-cyclodextrin inhibition of potato polyphenol oxidase-catalyzed reactions. Food Chem. 2019,
298, 125004. [CrossRef]

21. Cerit, I.; Pfaff, A.; Ercal, N.; Demirkol, O. Postharvest application of thiol compounds affects surface browning and antioxidant
activity of fresh-cut potatoes. J. Food Biochem. 2020, 44, e13378. [CrossRef] [PubMed]

22. Sikora, M.; Swieca, M. Effect of ascorbic acid postharvest treatment on enzymatic browning, phenolics and antioxidant capacity
of stored mung bean sprouts. Food Chem. 2018, 239, 1160–1166. [CrossRef] [PubMed]

23. Adeseko, C.J.; Sanni, D.M.; Salawu, S.O.; Kade, I.J.; Bamidele, S.O.; Lawal, O.T. Purification and biochemical characterization of
polyphenol oxidase of African bush mango (Irvingia gabonensis) fruit peel. Biocatal. Agric. Biotechnol. 2021, 36, 102119. [CrossRef]

24. Sharma, S.; Rao, T.V.R. Xanthan gum based edible coating enriched with cinnamic acid prevents browning and extends the
shelf-life of fresh-cut pears. LWT Food Sci. Technol. 2015, 62, 791–800. [CrossRef]

25. Campo, A.F.; Sancho, M.I.; Melo, G.; Davila, Y.A.; Gasull, E. In vitro and in vivo inhibition of Hass avocado polyphenol oxidase
enzymatic browning by paeonol, β-cyclodextrin, and paeonol:beta-cyclodextrin inclusion complex. J. Biosci. Bioeng. 2019,
127, 703–709. [CrossRef]

26. Cabanes, J.; Escribano, J.; Gandia-Herrero, F.; Garcia-Carmona, F.; Jimenez-Atienzar, M. Partial purification of latent polyphenol
oxidase from peach (Prunus persica L. Cv. Catherina). Molecular properties and kinetic characterization of soluble and membrane-
bound forms. J. Agric. Food Chem. 2007, 55, 10446–10451. [CrossRef]

http://doi.org/10.1111/jfbc.13978
http://www.ncbi.nlm.nih.gov/pubmed/34694011
http://doi.org/10.1111/jfpe.12871
http://doi.org/10.1016/j.foodchem.2008.09.109
http://doi.org/10.1080/87559120802089332
http://doi.org/10.1016/j.foodchem.2019.02.064
http://doi.org/10.1007/s11947-018-2070-0
http://doi.org/10.1016/j.foodchem.2014.09.169
http://doi.org/10.1111/jfpe.12923
http://doi.org/10.1016/j.lwt.2022.114156
http://doi.org/10.1080/08905436.2011.547115
http://doi.org/10.1021/jf403828e
http://www.ncbi.nlm.nih.gov/pubmed/24325285
http://doi.org/10.1016/j.foodchem.2021.129709
http://www.ncbi.nlm.nih.gov/pubmed/33823400
http://doi.org/10.1080/19476337.2019.1634645
http://doi.org/10.1016/j.foodchem.2012.08.034
http://www.ncbi.nlm.nih.gov/pubmed/23122078
http://doi.org/10.1111/jfbc.13452
http://doi.org/10.1016/j.foodchem.2015.03.027
http://www.ncbi.nlm.nih.gov/pubmed/25863612
http://doi.org/10.1016/j.foodchem.2006.03.040
http://doi.org/10.1016/j.ijbiomac.2019.09.140
http://doi.org/10.1016/j.foodchem.2019.125004
http://doi.org/10.1111/jfbc.13378
http://www.ncbi.nlm.nih.gov/pubmed/32729123
http://doi.org/10.1016/j.foodchem.2017.07.067
http://www.ncbi.nlm.nih.gov/pubmed/28873535
http://doi.org/10.1016/j.bcab.2021.102119
http://doi.org/10.1016/j.lwt.2014.11.050
http://doi.org/10.1016/j.jbiosc.2018.11.009
http://doi.org/10.1021/jf072165y


Foods 2023, 12, 167 12 of 12

27. Guo, S.W.; Zhang, L.; Zhang, L.; Zhao, M.N.; Meng, X.H. Inhibition kinetics of oligochitosan as an uncompetitive inhibitor on fuji
apple polyphenol oxidase. J. Food Biochem. 2018, 42, e12585. [CrossRef]

28. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

29. Khettal, B.; Kadri, N.; Tighilet, K.; Adjebli, A.; Dahmoune, F.; Maiza-Benabdeslam, F. Phenolic compounds from Citrus leaves:
Antioxidant activity and enzymatic browning inhibition. J. Complement. Integr. Med. 2017, 14, 20160030. [CrossRef]

30. Wang, F.; Zhou, H.; Cheng, F.; Niu, H.; Yuan, L.; Yi, J.; Zhou, L. Comparison of the characterization and the temperature/pressure
stability of soluble and membrane-bound polyphenol oxidase from ’Lijiang’ snow peach. LWT Food Sci. Technol. 2021, 146, 111401.
[CrossRef]

31. Xiao, Y.H.; Zhang, J.L.; Jiang, Y.Y.; Yuan, Y.; Xie, J.; He, J.M.; Wang, B. Cinnamic acid treatment reduces the surface browning of
fresh-cut taro. Sci. Hortic. 2022, 291, 110613. [CrossRef]

32. GeÇEr, M.K. Biochemical content in fruits of peach and nectarine cultivars. Turk. J. Agric. For. 2020, 44, 500–505. [CrossRef]
33. Bento, C.; Gonçalves, A.C.; Silva, B.; Silva, L.R. Peach (Prunus Persica): Phytochemicals and health benefits. Food Rev. Int. 2020,

38, 1703–1734. [CrossRef]
34. Ionita, E.; Gurgu, L.; Aprodu, I.; Stanciuc, N.; Dalmadi, I.; Bahrim, G.; Rapeanu, G. Characterization, purification, and tem-

perature/pressure stability of polyphenol oxidase extracted from plums (Prunus domestica). Process Biochem. 2017, 56, 177–185.
[CrossRef]

35. Bravo, K.; Osorio, E. Characterization of polyphenol oxidase from Cape gooseberry (Physalis peruviana L.) fruit. Food Chem. 2016,
197, 185–190. [CrossRef]

36. Jang, J.-H.; Moon, K.-D. Inhibition of polyphenol oxidase and peroxidase activities on fresh-cut apple by simultaneous treatment
of ultrasound and ascorbic acid. Food Chem. 2011, 124, 444–449. [CrossRef]

37. Derardja, A.E.; Pretzler, M.; Kampatsikas, I.; Barkat, M.; Rompel, A. Inhibition of apricot polyphenol oxidase by combinations of
plant proteases and ascorbic acid. Food Chem. X 2019, 4, 100053. [CrossRef]

38. Arias, E.; Gonzalez, J.; Peiro, J.M.; Oria, R.; Lopez-Buesa, P. Browning prevention by ascorbic acid and 4-hexylresorcinol: Different
mechanisms of action on polyphenol oxidase in the presence and in the absence of substrates. J. Food Sci. 2007, 72, C464–C470.
[CrossRef]

39. Van Bree, I.; Baetens, J.M.; Samapundo, S.; Devlieghere, F.; Laleman, R.; Vandekinderen, I.; Noseda, B.; Xhaferi, R.; De Baets, B.;
De Meulenaer, B. Modelling the degradation kinetics of vitamin C in fruit juice in relation to the initial headspace oxygen
concentration. Food Chem. 2012, 134, 207–214. [CrossRef]

40. Wu, X.T.; Guo, X.N.; Zhu, K.X. Inhibition of L-cysteine on the browning of fresh wet noodles. Foods 2021, 10, 1156. [CrossRef]
41. Ding, C.K.; Chachin, K.; Ueda, Y.; Wang, C.Y. Inhibition of loquat enzymatic browning by sulfhydryl compounds. Food Chem.

2002, 76, 213–218. [CrossRef]
42. Zhou, L.; Liu, W.; Xiong, Z.Q.; Zou, L.Q.; Chen, J.; Liu, J.P.; Zhong, J.Z. Different modes of inhibition for organic acids on

polyphenoloxidase. Food Chem. 2016, 199, 439–446. [CrossRef] [PubMed]
43. Zhou, X.R.; Xiao, Y.J.; Meng, X.H.; Liu, B.J. Full inhibition of Whangkeumbae pear polyphenol oxidase enzymatic browning

reaction by L-cysteine. Food Chem. 2018, 266, 1–8. [CrossRef] [PubMed]
44. Wang, H.; Yan, S.; Wang, Q.; Hussain, S.; Li, J. Inhibition of ascorbic acid on Lotus Rhizome polyphenol oxidase: Inhibition

kinetics and computational simulation. Food Sci. Qual. Manag. 2014, 34, 103–112. Available online: https://www.researchgate.
net/publication/270274443 (accessed on 6 May 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/jfbc.12585
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1515/jcim-2016-0030
http://doi.org/10.1016/j.lwt.2021.111401
http://doi.org/10.1016/j.scienta.2021.110613
http://doi.org/10.3906/tar-1911-8
http://doi.org/10.1080/87559129.2020.1837861
http://doi.org/10.1016/j.procbio.2017.02.014
http://doi.org/10.1016/j.foodchem.2015.10.126
http://doi.org/10.1016/j.foodchem.2010.06.052
http://doi.org/10.1016/j.fochx.2019.100053
http://doi.org/10.1111/j.1750-3841.2007.00514.x
http://doi.org/10.1016/j.foodchem.2012.02.096
http://doi.org/10.3390/foods10061156
http://doi.org/10.1016/S0308-8146(01)00270-9
http://doi.org/10.1016/j.foodchem.2015.12.034
http://www.ncbi.nlm.nih.gov/pubmed/26775993
http://doi.org/10.1016/j.foodchem.2018.05.086
http://www.ncbi.nlm.nih.gov/pubmed/30381163
https://www.researchgate.net/publication/270274443
https://www.researchgate.net/publication/270274443

	Introduction 
	Materials and Methods 
	Materials 
	Extraction of sPPO and mPPO 
	Partial Purification of sPPO and mPPO 
	Quantification of PPO Activity 
	Determination of Protein Content 
	Effects of Inhibitors on sPPO and mPPO Activities 
	Effects of Inhibitors on sPPO- and mPPO-Catalyzed Reactions with Different Substrates 
	Direct Effects of Inhibitors on sPPO and mPPO Activities 
	Comparison of Inhibition Types of sPPO and mPPO 
	Statistical Analysis 

	Results and Discussion 
	Comparison of sPPO and mPPO Activities 
	Effects of Inhibitors on sPPO and mPPO Activities 
	Effects of Inhibitors on sPPO and mPPO-Catalyzed Reactions with Different Substrates 
	Direct Effects of Inhibitors on sPPO and mPPO Activities 
	Comparison of Inhibition Types of sPPO and mPPO 

	Conclusions 
	References

