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Abstract: This paper reports the inhibition kinetics of mushroom (4garicus bisporus; J.E. Lange) polyphenol oxidase
(PPO) with benzoic acid, sodium azide and sodium fluoride as inhibitors, and pyrocatechol as substrate. Mushroom PPO

was significantly inhibited by all of the tested inhibitors.

Diphenolase activity of mushroom PPO exhibited the competitive-type inhibition with benzoic acid as an inhibitor; the
inhibition constant K| was found to be 0.046 mM. The inhibition by sodium azide was of the mixed-I type, with a Kj of 1.39
mM and Kjg of 3.12 mM. A partial mixed-type inhibition pattern was obtained with sodium fluoride, with a K of 148.97 mM
and a Kjg of 49.19 mM. The ICs, values were estimated to be 0.147, 3.20, and 123.94 mM for benzoic acid, sodium azide,
and sodium fluoride, respectively. Furthermore, benzoic acid was the most effective inhibitor because of its low K| value. The
results showed that the type of inhibition was dependent upon both the origin of the PPO and on the substrate.
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INTRODUCTION

Mushroom Agaricus bisporus (J.E. Lange) Imbach is the
most widely cultivated and consumed edible fungus world-
wide. Mushrooms have a short shelf life compared with most
fruits and vegetables. Intact mushrooms lose their commer-
cial value within a few days due to senescence, water loss,
microbial attack and browning [1].

Browning usually degrades the sensory properties of
products because of the associated changes in colour, flavour
and hardness. These changes shorten the products’ shelf
lives and decrease their nutritional and market values [2].
Enzymatic browning is caused mainly by the activity of
polyphenol oxidase (EC 1.14.18.1; PPO) in the presence of
oxygen [2]. Because of its involvement in this adverse
browning effect, PPO has received considerable attention
from researchers in the fields of plant physiology and food
science [3].

PPO is widely distributed in nature and has been detected
in most fruits and vegetables [4]. PPO is a copper-containing
enzyme that is responsible for melanization in animals and
browning in plants. The enzyme catalyzes two distinct reac-
tions: the o-hydroxylation of monophenols to o-diphenols
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(cresolase activity) (E.C 1.14.18.1) and the oxidation of o-
diphenols to o-quinones (catecholase activity) (EC 1.10.3.2),
which polymerize to form a brown, red or black pigment [5].

Mushroom PPO can also oxidize some triphenols when
used as a substrate [6]. For example, oxidation of pyrogallol
by PPO yields purpurogallin (o-hydroxyquinone) as well
as additional undefined dark product(s); there is also a
subsequent nonenzymatic conversion of purpurogallin to
pigmented dimers, tetramers or polymers [7].

The control of PPO activity is of importance in prevent-
ing the synthesis of melanin in the browning of mushrooms
and other vegetables and fruits [1-8]. In addition, PPO in-
hibitors have been used as depigmenting agents for the
treatment or prevention of pigmentation disorders. Hence,
PPO inhibitors are supposed to have broad applications in
the medical and cosmetic industries [9]. In the food industry,
PPO inhibitors could be used as preservatives for foods and
beverages of plant origin. Furthermore, PPO is one of the
most important key enzymes in the insect molting process,
and thus the discovery of inhibitors of this enzyme may be
important in the development of new alternatives for insect
control [10].

The inhibition of PPO and prevention of enzymatic
browning are often treated as one and the same subject.
However, browning may be prevented not only by inactivat-
ing the enzyme but also by eliminating one of the two re-
quired substrates (O, and the phenolic substrate), or by react-
ing with the enzymatic products to prevent formation of the
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colored compounds, which are produced in secondary, non-
enzymatic reaction steps [4].

PPO inhibitors fall into three groups: (i) small molecules
or ions that bind to the copper centre in the active site, (ii)
aromatic inhibitors that compete with phenolic substrates for
binding to the active site, and (iii) compounds that reduce or
oxidize copper ions [11].

PPO can be inhibited by chelating agents such as cya-
nide, carbon monoxide, sodium diethyl-dithiocarbamate
(DIECA), tropolone, L-mimosine, 2-mercaptothiobenzo-
thiazole, azide, potassium methyl xanthate, L-Ascorbic acid,
4-hex¥lresorcinol and EDTA [1, 4, 12]. Inorganic ions such
as Cu®’, Ca*", Zn*', Co*", Ni*', Mn**, Ba*", Mg2+, Hg2+ and
Sn*", including halides, are also known to inhibit PPOs from
many sources [13-15].

Potential PPO inhibitors from mushrooms, cherries,
apples, pears, apricots and potatoes are primarily found in
the form of aromatic acids, aromatic aldehydes, carboxylic
acids, phloridzin dihydrate and some substituted cinnamic
acids [8]. In addition, compounds that do not resemble
the substrate structure but are slowly oxidised, such as 4-
nitrocatechol, p-nitrophenol and 4-chlorophenol, have been
identified as competitive inhibitors of PPO [16]. Inhibition
of PPO is also caused by reducing agents, among which
sulphites, SO,, ascorbic acid, erythorbic acid and
thiol-containing compounds are the most frequently studied
[5]. Thiol compounds, including L-cysteine, glutathione,
dithiothreitol, mercaptoethanol and thiourea, are effective
inhibitors of many PPO systems including those found in
apple, pear, Jerusalem artichoke tubers, cherimoya, banana,
avocado and mushroom [11, 17, 18]. More recently,
other plants have been found as a potential source of PPO
inhibitors [19]. Among these isolated compounds, cuminal-
dehyde, oxyresveratrol, kaempferol, quercetin, morin,
luteolin, anisaldehyde, kurarinone and gallic acid derivatives
are the most potent PPO inhibitors [12]. Several published
reports have characterized and evaluated the control of
enzymatic browning in Agaricus bisporus. However, no
published studies have evaluated inhibition of the dipheno-
lase activity of mushroom PPO using pyrocatechol as a
substrate.

The present study aimed to carry out a kinetic study of
inhibition of the diphenolase activity of partially purified
Agaricus bisporus PPO by benzoic acid, sodium azide, and
sodium fluoride. The main goal of this work was to evaluate
the kinetic parameters and inhibition constants for these re-
actions in order to characterize the system and investigate the
mechanism of inhibition. The results of these studies are also
compared to data obtained from other sources.

Finally, in an attempt to control browning of the mush-
room, the inhibitory potency and ICs, values for various
inhibitors of PPO activity were determined.

MATERIALS AND METHODS
Materials

PPO enzyme was obtained from the common commer-
cially cultivated mushroom (Agaricus bisporus) bought fresh
on the free market. Mushrooms were chosen to be white,
fresh and as young as possible. The carpophores were
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cleaned and stored at 4°C until they were used as the source
for enzyme extraction.

Pyrocatechol was obtained from Fluka. All other chemi-
cals and reagents were of analytical grade.

Extraction and Purification of Mushroom PPO

The extraction and partial purification of Agaricus
bisporus (J.E. Lange) Imbach polyphenol oxidase have been
given in our previous study [6].

Measurement of PPO Activity

PPO activity was determined by measuring the initial rate
of quinone formation, as indicated by an increase in absor-
bance at 410 nm using pyrocatechol as substrate [20]. A
Jenway spectrophotometer was employed throughout the
investigation. Stock solution of pyrocatechol was prepared in
0.5 mM ortho-phosphoric acid [20]. One unit of enzyme was
defined as a change of one absorbance unit per min [20].
PPO activity was assayed in triplicate measurements and the
corresponding mean values were plotted.

The sample cuvette contained 1.99 mL of substrate solu-
tion in 0.1 M sodium phosphate buffer (pH 7.0) and 0.01 mL
of the enzyme solution. The blank sample contained only 2
mL of substrate solution.

The reaction was initiated by the addition of enzymatic
extract to the assay medium. The substrates, inhibitors and
enzyme fraction were mixed after a pre-incubation period of
5 min at 25 °C. The initial rate was calculated from the slope
of the absorbance-time curve [6]. Unless otherwise indicated,
PPO was the last component added to the reaction mixture.

Effects of Inhibitors

To determine the effect of inhibitors (benzoic acid, so-
dium azide and sodium fluoride), PPO activity was measured
in the standard reaction medium in the presence or absence
of the stated concentration of inhibitor at varying concentra-
tions of substrate ranging from 0.125-1 mM. PPO activities
were measured at two constant inhibitor concentrations. In-
hibition patterns were determined from double reciprocal
plots of velocity versus initial substrate concentration for
each inhibitor [5]. The inhibition constants were obtained
from the second plots of the kinetic parameters against the
inhibitor concentration, as previously described [21]. The
inhibition constant K7 is a quantitative measure of inhibitor
potency for reversible inhibitors. The effectiveness of inhibi-
tors in our study is therefore expressed by K, which is the
reciprocal of the enzyme-inhibitor affinity. To determine the
inhibitor concentration that reduced the enzyme activity by
50% (ICsp), regression analysis graphs were drawn by using
percent inhibition values by a statistical package programme
on a computer. ICsy values were determined from a plot of
residual activity against inhibitor concentration [22].

Data Analysis

Kinetic data analysis was carried out using linear regres-
sion fitting by application of the programs Table Curve 2D™
v2.03, Enzyme Kinetics Pro"™ Version 2.36 and SigmaPlot
2004 for Windows Version 9.01. A linear regression method
was used to determine whether the experimental data fit the
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inhibition equations. The linear regression coefficients are
given in Table 1. The regression coefficient values, which
were in the range 0.998-1.00, indicate that the experimental
data fit the related inhibition equations.

RESULTS AND DISCUSSION

In this study, inhibition of mushroom PPO by benzoic
acid, sodium azide, and sodium fluoride was investigated,
while pyrocatechol was used as substrate. The prevention of
enzymatic browning by a single inhibitor may involve a sin-
gle mechanism of action or it may result from the interplay
of two or more mechanisms of inhibitory action [5].

Competitive Inhibition of Mushroom PPO Diphenol
Oxidase Activity by Benzoic Acid

Under the conditions used in the present investigation,
oxidation of pyrocatechol by mushroom PPO followed
Michaelis-Menten kinetics. Kinetic studies of the enzyme in
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the presence of benzoic acid are presented by the
Lineweaver-Burk plot shown in Fig. (1). The inhibition be-
haviour of benzoic acid was shown to act competitively. The
inhibitory character of benzoic acid is due to the presence of
a benzene ring in its structure [23].

The plot of 1/v , versus 1/[S] consisted of a family of
straight lines with varying slopes that intersected one another
along the Y-axis. The values of V,,,, remained the same and
the values of K, increased with the concentration of the in-
hibitor, which indicates that benzoic acid acted as a competi-
tive inhibitor of the mushroom PPO. Competitive inhibitors
bind free enzyme and not the enzyme-substrate complex.
The equilibrium constant for inhibitor binding with free en-
zyme, Kj, was obtained from a plot of the apparent Micha-
elis-Menten constant (K,,) versus the concentration of the
inhibitor. As seen from Table 1, the inhibitor constants (Ki)
for benzoic acid using pyrocatechol as a substrate, was 0.046
mM. Our results agree with those reported previously by
Duckworth and Coleman [24]. Gouzi and Benmansour [6]

Table 1. Inhibition type, K;, K;s, and I1Cs, of Agaricus bisporus PPO with Pyrocatechol as Substrate
[ K, Kis Kn Vinax o 2
Inhibit Inhibition Type R ICsy (mM
fhibitor (mM) (mM) (mM) (mM) (EU/mL) toition Typ s» (mM)
0 0.44 +0.03 24.83 +0.80 0.999
Benzoic acid 0.05 0.046 +0.002 0.87 £0.06 23.46 +0.89 Competitive 1.000 0.147 £ 0.001
0.1 1.12+0.08 22.09+0.95 1.000
0 0.44 +0.03 24.83 +0.81 0.999
Sodium azide 1 1.39+0.23 3.12+0.36 0.58 £0.06 19.89 +1.08 Mixed type I 0.999 3.20+0.13
2.5 0.65+0.07 12.49+0.78 0.998
0 0.51+0.02 25.07 +£0.57 1.000
Sodium fluoride 40 148.97 £55.71 49.19 £1.21 0.34+0.02 14.17 £ 0.37 Mixed type II 0.999 123.94 £ 1.85
100 0.28 £0.01 7.79 £0.16 1.000
Each value represents the mean of three replicates £SD.
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Fig. (1). Lineweaver-Burk plots for inhibition of PPO-mediated oxidation of pyrocatechol by benzoic acid. The concentrations of benzoic
acid were 0 (m), 0.05 (A), and 0.1 mM (e). Each value is expressed as the mean+SE of three trials.
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observed a competitive-type inhibition by benzoic acid for
the triphenol oxidase activity of mushroom PPO using pyro-
gallol as substrate, with Kj value of 0.043 mM.

Mixed-Type I Inhibition of Mushroom PPO Diphenol
Oxidase Activity by Sodium Azide

Under the experimental conditions used in this study, the
oxidation of pyrocatechol by mushroom PPO followed
Michaelis-Menten kinetics. In the obtained Lineweaver-Burk
plot, the lines for the uninhibited enzyme and for the two
different concentrations of sodium azide intersected to the
left of the 1/v, axis and above the 1/[S] axis, with a decrease
in Vi and, conversely, an increase in K, indicating that
sodium azide exhibited mixed-type I inhibition for the oxida-
tion of pyrocatechol by mushroom PPO.

The inhibitory kinetics of mushroom PPO by sodium
azide are illustrated in Fig. (2). Mixed-type I inhibition im-
plies that sodium azide affected the affinity of the enzyme
for pyrocatechol but did not bind at the active site of the en-
zyme. As seen in Table 1, a Kg/K] ratio higher than 1 was
obtained for sodium azide, indicating that the affinity of the
inhibitor for free enzyme is stronger than that for the en-
zyme-substrate complex [25]. This behaviour suggests that
this compound can bind both to free enzyme and to the en-
zyme-substrate complex, and that the equilibrium constants
for these two interactions are different. In this case, mixed
inhibition signifies that the inhibitor affects the affinity of
the enzyme for its substrate, yet it does not bind at the active
site for that substrate [26].

Gouzi and Benmansour [6] observed a competitive-type
inhibition by sodium azide for triphenol oxidase activity of
mushroom PPO, using pyrogallol as a substrate, with K;
value of 3.2 mM. Dogan, Turan, Dogan, Alkan and Arslan
[27] observed non-competitive-type inhibition of Ocimum
basilicum L. PPO by sodium azide when using pyrocatechol
as a substrate.

Arslan and Dogan [5] found that sodium azide was a
non-competitive inhibitor of artichoke and Ocimum basili-
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cum L. PPO when using pyrocatechol as a substrate. Fur-
thermore, Aydemir, Kavrayan and Cinar [13] found that so-
dium azide acted as a competitive inhibitor of PPO extracted
from Jerusalem artichoke (Helianthus tuberosus) when using
pyrocatechol as substrate.

To date, azide has consistently been reported to act as an
inhibitor of PPO. This behavior of azide is related to its abil-
ity to form complexes with many copper enzymes. Sodium
azide’s toxicity towards metal-containing enzymes, espe-
cially copper enzymes, is mainly due to its propensity to
strongly coordinate the metal in the active site, which pro-
vokes changes in the coordination number and conformation
of the active site [28, 29]. The interaction between azide and
copper ions in the active site may result in loss of the copper
ions from the protein [15]. By preventing the ligation of the
precursor tyrosine to the copper, azide inhibits the activity of
the enzyme or competes for its active site with another reac-
tive molecule, especially molecular oxygen [28].

As described above, the type of inhibition and the K
value depend on the structures of both the substrate and the
inhibitor [4]. The type of inhibition also depends on the ori-
gin of the studied PPO [30]. Hence, no general rule can eas-
ily be established with regard to the type of observed inhibi-
tion. The K; and Kg values depicted in Table 1 suggest that
the most effective inhibitor of diphenol oxidase activity of
mushroom PPO was benzoic acid, due to its Kj value. The
fact that it is structurally analogous to substrates of PPO may
explain its high inhibitory potency.

Benzoic acid and sodium azide are currently used in food
technology, and may be useful in the prevention of enzy-
matic browning of mushroom products. In addition, the haz-
ardous nature of sodium azide was also reported. Conse-
quently, its use must be strictly controlled [31].

Mixed-Type II Inhibition of Mushroom PPO Diphenol
Oxidase Activity by Sodium Fluoride

The mechanism whereby sodium fluoride inhibits the diphe-
nol oxidase activity of mushroom PPO was investigated.
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Fig. (2). Lineweaver-Burk plots for inhibition of PPO-mediated oxidation of pyrocatechol by sodium azide. The concentrations of sodium
azide were 0 (m), 1 (A), and 2.5 mM (e). Each value is expressed as the mean+SE of three trials.



Inhibition Kinetics of Agaricus bisporus (J.E. Lange) Imbach Polyphenol

The equilibrium constants for the inhibitor binding to
free enzyme (E), K;, and to the enzyme-substrate (£S) com-
plex, Kis, are obtained from the second plots of the apparent
K/ Vinax and 1/Vi.x, respectively, versus concentration of (/).
The inhibitory kinetics of mushroom PPO by sodium fluo-
ride are illustrated in Fig. (3). Under the experimental condi-
tions employed in this study, the oxidation reaction of pyro-
catechol by mushroom PPO followed Michaelis-Menten
kinetics.

Double-reciprocal plots yielded a family of straight lines
intersecting in the 31 quadrant. Both K, and V};.x decreased
with increasing sodium fluoride concentration, which indi-
cates that the inhibition was of the mixed-II type. The non-
competitive effect was stronger than the competitive effect,
indicating that sodium fluoride inhibits the free enzyme more
weakly than it inhibits the enzyme-substrate complex.

The K; and Kjg inhibitory constants of sodium fluoride
were 148.97 and 49.19 mM, respectively. These results are
summarized in Table 1. The value of K| was greater than that
of Kjs, indicating that the affinity of the inhibitor for the en-
zyme-substrate complex was stronger than that for the free
enzyme [9]. In terms of the inhibitory mechanism, the data
suggest that sodium fluoride possibly binds not only to the
free enzyme but also to the enzyme- substrate complex [32].

From these results, it can be hypothesized that the
substrate binding site of the enzyme may be occupied by
either the substrate or the inhibitor; however, we cannot
exclude the possibility that there is a specific inhibitor
binding site on PPO [33].

Gouzi and Benmansour [6] observed mixed-type I inhibi-
tion of mushroom PPO by sodium fluoride when using pyro-
gallol as a substrate.

Effect of Benzoic Acid, Sodium Azide and Sodium
Fluoride on Mushroom PPO Diphenolase Activity

The effect of different concentrations of benzoic acid,
sodium azide, and sodium fluoride on the oxidation of pyro-
catechol by mushroom PPO was studied. Each of these in-
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hibitors showed a concentration-dependent inhibitory effect
on PPO enzymatic activity.

Figs. (4-6) shows the percent inhibition of PPO by ben-
zoic acid, sodium azide, and sodium fluoride, using pyro-
catechol as a substrate. The enzymatic activity markedly
decreased as the concentration of inhibitor increased.

In order to compare the inhibitory potencies of these
various inhibitors, their ICsy values (defined as the concen-
tration leading to 50% loss of activity) were determined un-
der similar conditions. The obtained ICs, values are summa-
rized in Table 1 for the purpose of comparison.

Of the three inhibitors tested, benzoic acid was the most
potent with an ICsy of 0.147 mM. The second was sodium
azide with an ICso of 3.20 mM, and sodium fluoride was the
weakest with an I1Csq of 123.94 mM.

CONCLUSION

Inhibition of the diphenolase activity of Agaricus bis-
porus (J.E.Lange) PPO by various inhibitors is reported here
for the first time. The results presented in this study indicate
that the partially purified PPO obtained from Agaricus bis-
porus was effectively inhibited by various classical PPO
inhibitors using pyrocatechol as substrate. The type of inhi-
bition achieved by each inhibitor was dependent upon both
the origin of the PPO and on the substrate.

Based on our results, the most potent inhibitor of mush-
room PPO was benzoic acid, followed by sodium azide and
then sodium fluoride. Benzoic acid was shown to compete
with the substrate for binding to the active site of the en-
zyme. The Kig/K| ratio obtained in this study was greater
than that for sodium fluoride, indicating that the affinity of
the inhibitor for the free enzyme was stronger than that for
the enzyme-substrate complex.

Use of benzoic acid and sodium azide may effectively
prevent the enzymatic browning of Agaricus bisporus during
storage, since both compounds inhibit mushroom PPO
activity at very low concentrations.
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Fig. (3). Lineweaver-Burk plots for the inhibition of PPO-mediated oxidation of pyrocatechol by sodium fluoride. The concentrations of
sodium fluoride were O (m), 40 (A ), and 100 mM (e). Each value is expressed as the mean+SE of three trials.
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Fig. (4). Benzoic acid-mediated inhibition of mushroom PPO diphenolase activity as reflected by the oxidation of pyrocatechol at 25°C. As-
say conditions: 2.0 ml reactions systems contained 0.1 M K,HPO4-KH,PO, buffer (pH 7.0), 0.4 mM pyrocatechol, and 10 pl of mushroom

PPO. Each value is expressed as the mean+SE of three trials.
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Fig. (5). Sodium azide-mediated inhibition of mushroom PPO diphenolase activity as reflected by the oxidation of pyrocatechol at 25°C.
Assay conditions: 2.0 ml reactions systems contained 0.1 M K,HPO4-KH,PO, buffer (pH 7.0), 0.4 mM pyrocatechol, and 10 pl of mushroom

PPO. Each value is expressed as the mean+SE of three trials.
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Fig. (6). Sodium fluoride-mediated inhibition of mushroom PPO diphenolase activity as reflected by the oxidation of pyrocatechol at 25°C.
Assay conditions: 2.0 ml reactions systems contained 0.1 M K,HPO4-KH,PO, buffer (pH 7.0), 0.4 mM pyrocatechol, and 10 pl of mushroom

PPO. Each value is expressed as the mean+SE of three trials.
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