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1 Introduction
Polyphenol oxidase (PPO), a kind of multiple functional 

oxidases, which was usually founded in many organisms including 
animals, insects, plants and microorganisms (Li  et  al.,  2009; 
Seo et al., 2003; Yin et al., 2011a). PPO is the key enzyme involved 
in melanin synthesis, thus determined the color of mammalian 
skin, hair and fruit-vegetable browning (Ciou  et  al.,  2011; 
Li et al., 2010; Lee et al., 2015). Browning occurred easily in 
fresh-cut or minimally processed fruits and vegetables, which 
were due to the presence of PPO in fruits and vegetables. 
When  fruits and vegetables were damaged, the regional and 
localized distribution of the cells was destroyed, let the phenolic 
substances contact with polyphenol oxidase, then they ware 
polymerized to brown pigments and accelerated the browning 
of fruits and vegetables (Ciou  et  al.,  2011; Pan  et  al.,  2011). 
After the treatment of fruits and vegetables, the monophenol 
was produced to melanin through non-enzymatic reaction 
in the catalysis of PPO (Ismaya et al., 2011), polymerized to 
brown pigments, thus accelerated the browning of fruits and 
vegetables. Besides enzymatic browning, PPO was responsible 
for the reduction of the nutritional quality and market value of 
fruits and vegetables (Zhou et al., 2016).

In recent years, many methods such as high hydrostatic 
pressure heating (Yi et al., 2012), heating (Gouzi et al., 2012) 
and organic acids have been applied to inhibit the PPO activity. 
Various organic acids, for example, citric acid (Liu et al., 2013), 

ascorbic acid (Landi et al., 2013), oxalic acid (Yoruk & Marshall, 2010), 
cinnamic acid (Shi et al., 2005) and derivatives (Cui et al., 2015) 
have been applied in food preservation, and their inhibitory 
effects of the activity of PPO have been studied. It is worth 
noting that recent studies have found that alkyl acid substituents 
of benzene also have a strong inhibitory effect on PPO activity 
(Liu et al., 2015, 2003; Zheng et al., 2012). Benzoic acid and 
benzenepropanoc acid were demonstrated that they have 
inhibitory effects of tyrosinase monophenase and diphenolase 
(Liu  et  al.,  2003; Zheng  et  al.,  2012). L-3-phenyllactic acid 
(PLA), benzoic acid and benzenepropanoc acid belong to the 
same family of acids. In the previous studies, PLA was showed 
that it has strong antimicrobial activities including bacteria and 
fungi (Magnusson et al., 2002; Wang et al., 2009; Mu et al., 2012), 
and the use of PLA could keep the quality of food products. 
The advantages of PLA including broad antibacterial spectrum, 
high stability, better solubility and easy to spread in the food 
system began to attract people’s attention, but no literature has 
been reported on the inhibitory effects and mechanism of PLA 
on the activity of mushroom polyphenol oxidase. In this paper, 
PLA’ inhibitory effects, mechanism and type were determined. 
All the results laid a theoretical foundation for the further study 
of the interaction between PLA and PPO, and the study could 
supply the basis for development of original PPO inhibitors on 
the browning of fresh-cut fruits and vegetables.
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Abstract
Polyphenol oxidase is the popular enzyme involved in fruit-vegetable browning and melanin synthesis. In the present paper, 
L-3-phenyllactic acid, a natural bacteriostatic substance, was investigated as an inhibitor of polyphenol oxidase. The results were 
demonstrated that the residual enzyme activity of polyphenol oxidase decreased gradually with the increase of the concentration 
of L-3-phenyllactic acid. The L and ΔE values of the reaction system increased gradually. The reversible mixed-type inhibition 
mode of L-3-phenyllactic acid was determined by Lineweaver Burk plot. At the same time, the results of fluorescence quenching 
demonstrated that L-3-phenyllactic acid was a quencher of polyphenol oxidase, and the molecular docking study provided 
the binding mode of L-3-phenyllactic acid and polyphenol oxidase at the molecular level. L-3-phenyllactic acid decreased the 
activity of polyphenol oxidase and browning of fresh-cut Agaricus Bosporus. This research first studied the inhibitory effect 
of L-3-phenyllactic acid on the activity of polyphenol oxidase, and would provide a theoretical foundation for the use of L-3-
phenyllactic acid as anti-polyphenol oxidase agents.
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2 Materials and methods
Mushroom polyphenol oxidase (1000 U/mg) was produced 

in Sigma Chemical Co (St. Louis, MO, USA). PLA was purchased 
from Aladdin Chemicals Co (Shanghai, China). All other reagents 
were local and of analytical grade, solutions were prepared in 
double-distilled water.

2.1 Treatment of polyphenol oxidase by PLA

Firstly, PPO (9  mg) was dissolved in 72  mL phosphate 
buffer (50 mmol/L, pH 6.8) to a concentration of 0.125 mg/mL. 
Secondly, PLA (0.83  g) was dissolved in phosphate buffer 
(50 mmol/L, pH 6.8) to a concentration of 50 mmol/L. Last, 
the above PLA and PPO were mixed with phosphate buffer 
(50 mmol/L, pH 6.8). The final concentration of L-3-phenyllactic 
acid was 0,0.5,1.0,1.5,2.0,2.5,3.0 mmol/L, respectively, and the 
final concentration of PPO was 0.1 mg/mL. The solution was 
stayed at 37 °C for 15 min, then take out for later use.

2.2 Determination of the maximum absorption wavelength

The maximum absorption wavelength of the product was 
determined by spectrophotometry with the published reference 
(Buckow  et  al.,  2009). 10  mmol/L catechol was prepared as 
a substrate; the buffer solution of the reaction system was 
0.05 mol/L phosphate buffer (pH 6.8). The enzyme solution of 
0.2 mL (0.1 mg/mL) was added to the reaction system. The final 
concentration of the substrate was 2, 4, 6 mmol/L, and the total 
volume of each reaction system was 5 mL. Take out the reaction 
solution in 37 °C water bath pot for 5 min, and put it into ice 
immediately, stop the reaction. The maximum absorption 
wavelength (λmax)of the product was determined by scanning 
every 2 nm in the wavelength range of 300 ~ 700 nm. In the 
control group, 0.2  mL deionized water was used instead of 
PPO enzyme solution. Then, the final concentration of enzyme 
solution was changed to 1.5 mmol/L, and the absorption peak 
of the product was detected. Two groups of experiments were 
used to determine the maximum absorption wavelength of the 
product formed by catechol under the catalysis of PPO. At the 
same time, it was determined whether the absorption peak of 
PPO was affected by L-3-phenyllactic acid treatment.

2.3 PPO activity assay

PPO activity was measured according to the published 
literature (Wei et al., 2009). PPO activity was determined by 
mixing 4.4  mL phosphate buffer (50  mmol/L, pH 6.8) with 
0.4 mL catechol (10 mmol/L) in 37 °C water bath for 3 min. 
Then 0.2 mL enzyme solution (0.1 mg/mL), which was preheated 
at 37  °C with different concentrations of L-3-phenyllactic 
acid, was quickly mixed, and the UV-Vis spectrophotometer 
kinetic module was selected. The absorbance of the reaction 
solution was measured atλmax. The absorptivity was recorded 
once every 10 s and the absorbency were measured for 180 s. 
The enzyme activity was calculated by the linear rising interval 
data of absorbance, which belonged to the initial velocity stage 
of enzymatic reaction. The enzyme activity of each sample was 
determined three times in parallel.

The enzymatic activity was expressed as the rate of enzymatic 
reaction, and the rate of enzymatic reaction was expressed by 
the increase of absorptive (A) in the unit time of (min).

	 (1)

The change of enzyme activity before and after treatment 
with inhibitor was expressed as relative activity.

	 (2)

2.4 Color changes in the PPO reaction system treated with PLA

The colorimeter was used to determine the optical difference 
of the reaction system in which PPO was treated with different 
concentrations of L-3-phenyllactic acid (0, 0.5, 1.0, 1.5, 2.0, 2.5, 
3.0 mmol/L). 4.4 mL phosphate buffer (50 mmol/L, pH 6.8) 
was mixed with 0.4 mL catechol (10 mmol/L) and placed in a 
constant temperature water bath of 37 °C for 3 min. Then it was 
quickly mixed with 0.2 mL enzyme solution (0.1 mg/mL) which 
was treated with different concentrations of L-3- phenyllactic 
acid (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mmol/L). The reaction was 
kept at 37  °C for 5min. L, a and b values were measured 
by colorimeter, the average value was taken and repeated 3 
times. The value of ΔE was calculated according to formula 
(Yang et al., 2014):

.

2.5 Kinetic analysis for the mixed-type inhibition

The final concentration of catechol of the reaction system was 
1, 2, 3, 4, 5 and 6 mmol/L, respectively. The enzymatic reaction rate 
of PPO enzyme treated with different concentrations of PLA was 
studied under different substrate concentrations. The operation 
steps refer to the above section (PPO activity assay).

At the same time, the kinetics parameters Km and Vmax of 
the reaction system were calculated by using Lineweaver-Burk 
double reciprocal graph. According to the change of Km and 
Vmax, the inhibition type of PLA on polyphenol oxidase was 
determined. The slope and intercept were used to plot the 
concentration of effector (C1), and the inhibition constant (KI 
and KIS) was obtained.

2.6 Fluorescence emission spectra analysis

Fluorescence emission spectra measurement was operated 
according to the previous study (Zhou et al., 2016) with a small 
modification. Samples were scanned at 25, 31 and 37 °C using 
a Spectrophotometer (FSF-4500), excitation and emission slits 
were 5 nm. The excitation wavelength was set at 280 nm, and the 
fluorescence emission spectra were scanned from 290 to 450 nm. 
Assays of 2.0-mL final volume contained PPO (0.1  mg/mL) 
and PLA of different concentrations (4.5, 4.8, 5.1, 5.4 and 
5.7 mmol/L). Each measurement result was recorded in 3 times. 
The data of fluorescence quenching were used to analyze to the 
equilibrium between bound and free molecules.
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2.7 Molecular docking

Molecular docking study was applied to investigate the 
binding mode between the compound and PPO activity of 
agaricus bisporus using Autodock vina 1.1.2 (Trott & Olson, 2010). 
The three-dimensional (3D) coordinate of the PPO (PDB 
ID: 2Y9X) was downloaded from RCSB Protein Data Bank 
(Walter et al., 2003). The 2D structure of the compound was 
drawn by ChemBioDraw Ultra 14.0 and converted to 3D structure 
by ChemBio3D Ultra 14.0 software. The Auto DockTools 1.5.6 
package (Morris et al., 2009; Sanner, 1999) was employed to 
generate the docking input files. The ligand was prepared for 
docking by merging non-polar hydrogen atoms and defining 
rotatable bonds. According to the location of the co-crystallized 
ligand tropolone, the search grid of the tyrosinase binding 
site was identified as center_x: -10.044, center_y: -28.706, and 
center_z: -43.443 with dimensions size_x: 15, size_y: 15, and 
size_z: 15. In order to increase the docking accuracy, the value 
of exhaustiveness was set to 20. For Vina docking, the default 
parameters were used if it was not mentioned. The best-scoring 
pose as judged by the Vina docking score was chosen and 
visually analyzed using PyMoL 1.7.6 software. By re-docking 
tropolone with these settings, its co-crystallized conformation 
was reproduced approximately (RMSD: 0.98 Å).

2.8 Change of polyphenol oxidase activity and browning of 
fresh-cut Agaricus Bosporus

Agaricus Bosporus was peeled cut into even pieces of 5 mm 
each and treated with two concentrations of PLA (0.03 and 
0.05  mol/L) solution for five minutes; control samples were 
treated in distilled water. After drying naturally for 20 min at 
room temperature, 40 pieces were randomly packed into food 
polypropylene square boxes (15 cm×10 cm×8 cm) with 6 round 
holes (diameter = 5 mm). The pieces were stored at 4 °C and 
analyzed periodically for 12 days of storage.

1g of Agaricus Bosporus were homogenized in 2 mL phosphate 
buffer containing PVPP (4%), PEG (1 mol/L) and Triton X-100 
(1%), the filtrate was centrifuged at 10,000 g for 10 min at 4 °C. 
The supernatant was used for the enzyme analysis. The PPO 
activity was measured by the increase in absorbance at 420 nm. 
One unit of enzyme activity was confirmed as the increase in 
absorbance of 0.01 per min under the conditions of the assay.

The surface color change of slices was assessed using a 
colorimeter (Model CR-300, Minolta, Tokyo, Japan), which showed 
the L, a and b values by the CIE color. The measured position 
should not be a fruit-stalk of Agaricus Bosporus. L values were 
used as the evaluation index of the surface color of browning.

2.9 Statistical analysis

The programs were drawn by prism 6. The data were statistically 
analyzed by analysis of variance in the SPSS 20. All experiments 
were operated in three times. Data were listed as means ±SD. 
The mean separations were analyzed using Duncan’s multiple 
range test and differences were considered to be statistically 
significant at P < 0.05.

3 Results and discussion
The spectral scanning diagram of PPO without and with 

PLA participated in the reaction system was shown (Figure 1 
and B). From Figure 1A and B, we found the products have the 
maximum absorption peak at the wavelength of 403-410 nm, 
and the addition of PLA did not affect the absorption peak of 
the products (Figure 1A and B). With the increased of substrate 
concentration, the absorption value of the product increased. 
The amount of products in the reaction system with PLA 
(Figure 1B) was lower than that in the reaction system without 
PLA (Figure 1A), which indicated that the reaction rate was also 
lower than that of the control group. It could be concluded that 
the amount of products in the reaction system in the certain 
reaction time were stable, and the addition of PLA reduced the 
amount of the products, and had no effect on the maximum 
absorption peak of the products.

The inhibitory effects of PLA on PPO activity were researched. 
As shown in Figure 1C, the relative activity of PPO decreased with 
increasing concentrations of PLA. The IC50 for inhibition of PPO 
activity by PLA was determined to be 1.25 mmol/L. When the 
final concentration of PLA was 0~1.5  mmol/L, the residual 
activity of PPO decreased rapidly. When the concentration of 
PLA was 1.5 mmol/L, the relative activity of PPO was 42.59%. 
When the concentration of PLA was 3.0 mmol/L, the relative 
activity of PPO was 27.62%, and the activity of PPO was very low.

When the concentration, reaction time and amount of 
added enzyme in the reaction system were fixed, the change 
of L values could determine the inhibitory effect of different 
concentrations of PLA on PPO activity. As shown in Figure 1D, 
with the increase of the concentration of PLA, the L values of 
the reaction system increased obviously, it indicated that the 
browning degree of the reaction system decreased gradually. 
When the concentration of PLA was 3.0 mmol/L, the L value 
of the reaction system was 25.76, which indicated PPO activity 
in the reaction was low.

Δ E values could show the color difference of reaction 
system integrated optical value. When Δ E value > 3, the color 
difference was very significant. From Figure 1E, with the increase 
of the concentration of PLA, the Δ E values of the reaction 
system increased, indicating that the color difference between 
the experimental group (with PLA treatment of enzyme in the 
reaction system) and the control group (without PLA treatment 
of enzyme in the reaction system) increased gradually. When the 
concentration of PLA was 0.5 mmol/L, the Δ E value of the 
reaction system was 0.89, and when the concentration of PLA 
was 1.5 mmol/L, the Δ E value of the reaction system was 3.50, 
which showed the color difference between the experimental group 
and the control group was very high. When the concentration of 
PLA was 3.0 mmol/L, the Δ E value of the reaction system was 
5.91, indicating the effect of Inhibiting browning was obvious. 
In sum, with the increase of the concentration of PLA, the L 
and Δ E values of the reaction system increased gradually. It was 
illustrated that the activity of PPO was inhibited by PLA, and 
the degree of browning of reaction system was reduced.

The kinetic expression of PLA on PPO activity was studied, 
and the results of inhibition kinetics were showed in Figure 2 
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Figure 1. Inhibitory effects of PLA on the activity of PPO. (A-B) The maximum absorption wavelength of the generated product from the 
reaction of PPO and catechol; (C) Effect of PLA on PPO activity; (D-E) The L and Δ E values of PPO enzymatic reaction system under different 
concentrations of PLA treatments.
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and Table 1. It showed that PLA was a reversible mixed-type 
inhibitor. The KI and KIS were 12.42 mmol/L and 17.45 mmol/L, 
respectively, manifesting that the inhibition intensity of PLA on 
enzyme-substrate complex was greater than that on free enzyme.

In this part, we chose fluorescence emission spectra 
measurement to further study the interaction between PPO 
and PLA. The fluorescence emission spectra of PPO before and 
after the addition of PLA at different concentrations were shown 
in Figure 3A-C (25, 31, 37 °C). PPO had strong fluorescence 
at peak wavelength 342 nm. The fluorescence intensity of PPO 
decreased with increase of PPO concentrations, and the shift of 
the maximum peak was not significant. These results showed 
that PLA might interact with PPO, covered some color base of 
PPO and then quenched the intrinsic fluorescence.

The PLA was docked into the binding site of PPO and the result 
was shown in Figure 4. The evaluated binding energy between 
PPO and PLA was -5.8 kcal/mol. The compound PLA adopted 
a compact conformation to bind in the site of PPO (Figure 4). 
The PLA was located at the hydrophobic site, surrounded by 
the residues Phe-264, Met-280, Val-283 and Ala-286, forming 
a stable hydrophobic binding. Detailed analysis showed that the 
phenyl group of the PLA formed CH-π interaction with the side 
chain of the residue Phe-264. Importantly, one key chelation 
was observed between the PLA and the Cu atom, with the bond 

length of 3.5 Å, which was the main interaction between PLA 
and PPO (Figure 4). All these interactions helped PLA to anchor 
in the binding site of PPO.

Besides the effect of PLA on commercial PPO, the effect 
of PLA on fresh-cut Agaricus Bosporus was assessed to analyze 
the PPO inhibitory effect. Figure 5 was showed the inhibitory 
effects of PLA on browning and PPO activity in fresh-cut 
Agaricus Bosporus. Figure 5A and B depicted the lighter degree 
of browning from PLA treated slices when compared to the 
distilled water-treated samples. The PPO activity of distilled 
water-treated Agaricus Bosporus slices remained higher than 
did the PLA treatment (Figure 5B and C). Statistical analysis 
revealed that 0.03 and 0.05 mol/L PLA -treated slices showed 
no significant difference. PPO activity was decreased and the 
anti-browning effect of PLA was showed. Fresh-cut operation 
could break cell regionalization, cause the reaction of PPO and 
substrate, and produce melanin. PLA inhibited polyphenol 
oxidase activity and browning degree, which could extend the 
shelf life of fresh-cut Agaricus Bosporus.

Polyphenol oxidase (PPO) is a type-3 copper-containing 
oxidase (Goldfeder  et  al.,  2013). Many methods have been 
chose to inhibit PPO activity, but some inhibitors may give 
rise to health problems (Nyawali et al., 2015). Thus, the safety 
of inhibitors gets more and more attention, developing new 

Figure 2. Determination of the inhibitory type and inhibition constants of PLA on the activity of PPO. (A) Lineweaver-Burk plots for inhibition 
of PLA on PPO. The concentrations of inhibitor for lines are 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mmol/L, respectively; (B) The plot of intercept versus 
the concentration of PLA determining the inhibition constants KIS; (C) The plot of slope versus the concentration of PLA for determining the 
inhibition constants K I.
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candidates is imperative. As the newest bacteriostatic agent, many 
studies have been shown that PLA has antimicrobial activities 
and the application value of kept the quality of food products 
(Magnusson et al., 2002; Wang et al., 2009; Mu et al., 2012). 
PLA is harmless to humans, animals and plants, so developing 

the new potential value of PLA are very important, which can 
improve the application value of PLA on actual production. 
Recent studies have found benzoic acid and benzenepropanoc 
acid have a strong inhibitory effect on PPO (Liu et al., 2003; 
Zheng et al., 2012), and PLA, benzoic acid and benzenepropanoc 
acid belong to alkyl acid substituents of benzene, here, we’re 
wondering whether PLA can inhibit PPO activity? Based on 
the above two points, this paper studied the inhibitory effects 
of PLA on PPO.

The results in this study showed that PLA could inhibit the 
activity of mushroom polyphenol oxidase. The IC50 for inhibition 
of PPO activity by PLA was 1.25 mmol/L. We concluded PLA 
was a reversible mixed-type inhibitor from inhibition kinetics 
analysis. PLA behaved in same manner as benzenepropanoc 
acid on PPO activity (Zheng et al., 2012). It was found that these 
alkyl acid substituents of benzene had inhibitory effect on PPO 
activity through literature review. Many studies reported that 
some inhibitors such as isophthalic acid (Si et al., 2011), tricin 
(Mu et al., 2013), morin (Wang et al., 2014), and cinnamic acid 
(Zhou et al., 2016) interacted with PPO with the quenching of 
fluorescence intensity, but the difference among the effect of them 
was obvious. From analysis the results of fluorescence quenching 
of PPO with PLA, we found PLA indeed interacted with PPO. 
Although PLA could induce the decrease of fluorescence intensity, 
whether they acted in a static manner or dynamic manner will 

Table 1. The kinetic parameters and regression equation of PLA inhibition on PPO.

PLA(mmol/L) PPO regression equation of PLA treatment Km (mmol/L) Vmax (A/min)

0.5 1/V=3.5799/[S]+0.9415 3.802 1.062

1.0 1/V=3.6399/[S]+0.9552 3.811 1.047

1.5 1/V=3.7189/[S]+0.972 3.826 1.029

2.0 1/V=3.8461/[S]+1.0041 3.830 0.996

2.5 1/V=4.0035/[S]+1.0231 3.913 0.977

3.0 1/V=4.2417/[S]+1.0808 3.925 0.925

Figure 3. Changes in intrinsic PPO fluorescence at different temperature of PLA ((A) 25 °C; (B) 31 °C; (C) 37 °C)).

Figure 4. L-3-phenyllactic acid was docked into the binding site of PPO.
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Yin et al., 2011b; Zhou et al., 2016). Besides the effect of PLA on 
commercial PPO, the effect of PLA on fresh-cut Agaricus Bosporus 
was also studied. Practically PLA inhibited the polyphenol oxidase 
activity of fresh-cut Agaricus Bosporus, and also delayed the 
browning of fresh-cut Agaricus Bosporus.

require further study. The molecular docking results listed the lowest 
binding energy between PLA and PPO was -5.8 kcal/mol, and PLA 
participated in PPO inhibition in a mixed manner rather than 
simple copper chelation. This result was consistent with previous 
studies of inhibitors docking with PPO (Wei-Jiang et al., 2012; 

Figure 5. (A) Effect of PLA on appearance of fresh-cut Agaricus Bosporus; (B) Effect of PLA on L values of the surface of fresh-cut Agaricus 
Bosporus, means in the same storage time with the same letter are not significantly (P < 0.05); (C) Effect of PLA on polyphenol oxidase activity 
in fresh-cut Agaricus Bosporus, means in the same storage time with the same letter are not significantly (P < 0.05).



Food Sci. Technol, Campinas, 41(Suppl. 1): 343-351, June 2021350   350/351

L-3-phenyllacitc acid inhibit pholyphenol oxidase

4 Conclusion
In this study, the inhibitory effects of PLA on the activity 

of mushroom polyphenol oxidase were investigated. PLA was 
a reversible mixed-type inhibitor on PPO activity. The K I 
and K IS were 12.42 mmol/L and 17.45 mmol/L respectively. 
PLA might interact with PPO and quench the fluorescence 
intensity. Docking results showed that PLA participated in 
PPO inhibition in a mixed manner rather than simple copper 
chelation. In practice, PLA reliably inhibited the activity 
of polyphenol oxidase and browning degree of fresh-cut 
Agaricus Bosporus. This research first studied the inhibitory 
effect of L-3-phenyllactic acid on the activity of polyphenol 
oxidase, and this study could provide a theoretical foundation 
for application of the alkyl acid substituents of benzene on 
PPO inhibition.
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