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Abstract

The inhibitory effect of benzenethiol on the cresolase and catecholase activities of mushroom tyrosinase (MT) have been
investigated at two temperatures of 20 and 30°C in 10 mM phosphate buffer solution, pHs 5.3 and 6.8. The results show that
benzenethiol can inhibit both activities of mushroom tyrosinase competitively. The inhibitory effect of benzenethiol on the
cresolase activity is more than the catecholase activity of MT. The inhibition constant (K;) value at pH 5.3 is smaller than that
at pH 6.8 for both enzyme activities. However, the K; value increases in cresolase activity and decreases in catecholase activity
due to the increase of temperature from 20 to 30°C at both pHs. Moreover, the effect of temperature on K; value is more at pH
6.8 for both cresolase and catecholase activities. The type of binding process is different in the two types of MT activities. The
binding process for catecholase inhibition is only entropy driven, which means that the predominant interaction in the active
site of the enzyme is hydrophobic, meanwhile the electrostatic interaction can be important for cresolase inhibition due to the
enthalpy driven binding process. Fluorescence and circular studies also show a minor change in the tertiary structure, without
any change in the secondary structure, of the enzyme due to the electrostatic interaction in cresolase inhibition by benzenethiol
at acidic pH.
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biologically essential functions, such as pigmentation,
sclerotization, primary immune response and host
defense [9-10]. In edible mushroom (Agaricus
bisporus), as well as in fruits and vegetables, the enzyme
is responsible for browning, a commercially undesir-
able phenomenon [8,11-12]. Mushroom tyrosinase
(MT) with amolecular mass of 120 kD, is composed of

Introduction

Tyrosinase (Monophenol mono-oxygenase; poly-
phenol oxidase; catechol oxidase; and oxygen oxido-
reductase; EC. 1.14.18.1) is a copper-containing
enzyme, responsible for the formation of the pigments
of skin, hair, and eye [1-6]. In the presence of

molecular oxygen it catalyses the o-hydroxylation
of monophenols to the corresponding catechols
(monophenolase or cresolase activity), and successive
oxidation of the catechols to the corresponding
o-quinones (diphenolase or catecholase activity)
[3-6]. 0-Quinones are highly reactive substances,
which polymerize spontaneously to macromolecules
like melanin [7].

Tyrosinases are widely distributed among animals,
plants and fungi [2,8]. They are responsible for many

two H subunits (43 kD) and two L subunits (13 kD)
and contains two active site [13—14]. Its active site has a
di-copper center, resembling that of the hemocyanins
[10,15], but not identical [16]. Each copper ion in the
active site is coordinated by three nitrogen atoms
coming from three adjacent histidine residues and the
enzyme can experience three forms of met, oxy and
deoxy [17-18].

Tyrosinase may play a role in neuromelanin
formation in the human brain and central to
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dopamine neurotoxicity as well as contribute to the
neurodegeneration associated with Parkinson’s dis-
ease [19]. Therefore many tyrosinase inhibitors that
suppress melanogenesis have been actively studied
with the aim of developing preparations for the
treatment of hyper pigmentation [20—28]. Tyrosinase
inhibitors have attracted attention recently due to
undesired browning in vegetables and fruits in post-
harvest handling [29]. Besides, tyrosinase inhibitors
may be clinically used for treatment of some skin
disorders associated with melanin hyper-pigmentation
and are also important in cosmetics for skin whitening
effects [30—-32]. Hence, the interest in tyrosinase
inhibitors should have broad applications [33—34]
and its inhibition is one of the major strategies in
developing new whitening agents [35]. Although a
large number of natural and synthetic inhibitors
against catecholase, cresolase or both reactions of
tyrosinase have been described in the literature, the
search for new natural products and synthetic
compounds with such activity still continues [36].
Synthetic tyrosinase inhibitors may be used as drugs
and chemicals. In the case of clinical drugs, captopril,
an antihypertensive drug, and methimazole act as
tyrosinase inhibitors [37—-38]. Polyphenols, aldehydes
and their derivatives are the most important inhibitors
from plant natural sources [39—43]. Thiol compounds
such as cysteine, glutathione, methimazole, diethyl-
dithiocarbamate, 2-mercaptobenzothiazole have been
also used as inhibitors of tyrosinase from different
sources [44—48].

We have attempted to obtain additional information
about the structure, function and relationship of MT
[49-53] to understand the mechanism of enzyme
action and inhibition. Two new bi-pyridine synthetic
compounds were recently introduced as potent
uncompetitive MT inhibitors [54]. Also, the inhibi-
tory effects of three synthetic n-alkyl dithiocarba-
mates, with different tails, were described [55]. Since,
there is not any report on the inhibition of MT by
benzenethiol (thiophenol), the aim of the present
investigation is to carry out a kinetic study on the
enzyme in the presence of this compound in two
different pHs at two temperatures. Moreover, the
structural change in the enzyme due to the binding
with benzenethiol was followed by fluorescence and
circular dichroism spectroscopic techniques.

Materials and methods
Materials

Mushroom tyrosinase (MT; EC 1.14.18.1), specific
activity 3400 units/mg, was purchased from Sigma.
Caffeic acid was an authentic samples. Analytical grade
of benzenethiol was prepared from Sigma. Phosphate
buffer (10 mM, pH 6.8 and 5.3) was used throughout
this research and the corresponding salts were obtained

from Merck. All experiments were carried out at two
temperatures, 20 and 30°C.

Methods

Kinetic measurements. Kinetic assay of catecholase and
cresolase activities were carried out through depletion
of caffeic acid and coumaric acid, respectively, for 2 and
15 min, with an enzyme concentration of 12.51 pg/ml
and 78.24 pg/ml, at 311 nm and 288 nm wavelengths
using a Cary spectrophotometer, 100 Bio-model, with
jacketed cell holders. Freshly prepared enzyme and the
substrate, benzenethiol were used in this work. All the
enzymatic reactions were run in phosphate buffer
(10mM) at pH 6.8 and 5.3 in a conventional quartz
cell thermostated to maintain the temperature at
20 * 0.1°C and 30 = 0.1°C. Catecholase activity was
carried out using seven different fixed concentrations
of substrate (33.3, 50.0, 66.6, 100.0, 116.6, 133.3 and
166.6 M) in different fixed concentrations of the
inhibitor (0, 13.3, 20.0, 33.3 and 46.7 puM). Cresolase
reactions were followed wusing five different
concentrations of substrate (3.3, 6.6, 13.0, 20.0, and
26.0 pM at 20°C and 20, 26, 33, 40, 46 pm at 30°C) in
different concentrations of the inhibitor (0, 0.099,
0.132, 0.162 and 0.400 pM at pH 5.3 and 0, 0.033,
0.066, 0.100 and 0.140 wM at pH 6.8). The selected
conditions of solvent, buffer, pH, temperature, and
enzyme concentration applied for assaying the oxidase
activity of MT followed the method introduced by
EI-Bayuomi and Frieden [55-56]. Substrate addition
followed after incubation of the enzyme with different
concentrations of benzenethiol. Addition of tyrosinase
into a benzenethiol solution in phosphate buffer does
not show any change in the spectrum which means that
benzenethiol is not a substrate.

Circular dichroism spectroscopy. The far-UV CD region
(190-260nm), which corresponds to peptide bond
absorption, was analyzed by an Aviv model 215
Spectropolarimeter (Lakewood, NJ, USA) to give the
content of regularly secondary structure in MT.
Protein solutions were prepared in the phosphate
buffer. The protein solutions of 0.2 mg/mL without
and with incubation by different concentrations of
benzenethiol (0.12, 0.20 mM) for at least 4 min were
used to obtain the spectra. All spectra were
collected in triplicate from 190 to 260 nm against a
background-corrected buffer blank. The results were
expressed as ellipticity (°cm®dmol ') based on
a mean amino acid residue weight (MRW) of 125
for MT having the average molecular weight
of 120kDa [13]. The molar ellipticity was
determined as [0] = (100 X (MRW) X 0,ps/cl), where
Bobs 1S the observed ellipticity in degrees at a given
wavelength, c is the protein concentration in mg/ml
and 1 is the length of the light path in cm.



Intrinsic fluorescence. Intrinsic fluorescence intensity
measurements were carried out using a Hitachi
spectrofluorimeter, MPF-4 model, equipped with a
thermostatically controlled cuvette compartment.
The intrinsic emission of protein, 0.17 mg/ml, was
seen at the excitation wavelength of 280nm. The
experiments were repeated in the presence of different
concentrations of benzenethiol (0.12 and 0.20 mM).

All graphs here were obtained by using
Microsoft Excel.

Results And Discussion

The inhibitory effect of benzenethiol on both MT
activities was examined at two different pH values (5.3
and 6.8) and temperatures (20°C and 30°C). Double
reciprocal Lineweaver-Burk plots for the cresolase
activity of MT on hydroxylation of p-coumaric
acid, as the substrate, in the presence of different
concentrations of benzenethiol are shown in Figures 1
(at pH 5.3) and 2 (at pH 6.8). A series of straight lines
intersect each other exactly on the vertical axis. The
maximum velocity (V.) has not been changed by
benzenethiol but the apparent Michaelis constant
(K'm) value has been increased, which confirms the
competitive mode of the inhibition. The intersects on
Figures 1 and 2 show the secondary plots, the slope
(K’m /Vmax) at any concentration of the inhibitor versus
concentration of inhibitor, which gives the inhibition
constants (K;) from the abscissa-intercepts. The K;
values have been summarized in Table I indicating
that the inhibition constant was smaller at the lower
pH 5.3, but increased when the temperature increased
from 20 to 30°C.

Double reciprocal Lineweaver-Burk plots for the
catecholase activity of MT on oxidation of caffeic acid,
as the substrate, in the presence of different concentra-
tions of benzenethiol are shown in Figures 3 (at pH 5.3)
and 4 (at pH 6.8). Here again the straight lines intersect
on the vertical axis due to competitive inhibition of
the enzyme by the inhibitor. The K; values obtained
from the abscissa-intercept of the secondary plots, the
intersects on Figures 3 and 4, are also summarized in
Table I. As shown in Table I, the value of K; is smaller at
pH 5.3 and its value decreased when the temperature
increased from 20 to 30°C. Moreover, comparison of
the K; values in Table I reveals that benzenethiol has
inhibited the cresolase activity more strongly than the
catecholase activity of MT.

Considering the structural resemblance between
benzenethiol and the mono-substituted aromatic
ring of the phenolic substrates as well as the mode of
inhibition, it is not surprising that the cresolase reaction
has been inhibited more strongly than the catecholase
reaction of MT. Besides, lowering the pH of the
reaction medium affects directly the extent of ioniza-
tion of both the substrate and the inhibitor. Since
benzenethiol has a lower pK, = 6.6 [57] than
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Figure 1. Double reciprocal Lineweaver-Burk plots of MT kinetic

assays for cresolase reactions of p-coumaric acid in 10mM
phosphate buffer, pH = 5.3, at two temperatures of 20°C (a) and
30°C (b) and 11.8 uM enzyme concentration, in the presence of
different fixed concentrations of benzenethiol: 0 pM (H), 0.099 pM
(), 0.132 .M (A), 0.162 M (A), 0.400 pM (#).

the phenolic and catecholic substrates, the former
wins the competition at lower pH.

In order to understand the effect of temperature on
the inhibition and to shed light into the nature of the
benzenethiol binding with MT, the change of the Gibbs
standard free energy of binding (AG®) was calculated
using the association binding constant (K), obtained
from the inverse of the K; value, in Equation (1) [58]:

AG" = -RTIhK (1)

where R is the gas constant, and T is the absolute
temperature. The standard enthalpy change of binding
(AH®) was also calculated using K values at two
temperatures in the van’t Hoff equation [58]:

n K, AH' /1 1 @
Ki R \T, T,
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Figure 2. Double reciprocal Lineweaver-Burk plots of MT kinetic
assays for cresolase reactions of p-coumaric acid in 10mM
phosphate buffer, pH = 6.8, at two temperatures of 20°C (a) and
30°C (b) and 11.8 puM enzyme concentration, in the presence of
different fixed concentrations of benzenethiol: 0 pM (M), 0.033 pM
(), 0.066 .M (A), 0.100 pM (A), 0.140 pM (#®).

where K; and K, are association binding constants at
two temperatures of Ty and T',, respectively. Finally the
standard entropy change (AS°) was calculated using
Equation (3) [58]

AS° = (AH' — AG)/T 3)
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Figure 3. Double reciprocal Lineweaver-Burk plots of MT kinetic

assays for catecholase reactions of caffeic acid in 10 mM phosphate
buffer, pH = 5.3, at two temperatures of 20°C (a) and 30°C (b) and
11.8 uM enzyme concentration, in the presence of different fixed
concentrations of benzenethiol: OpM (H), 13.33uM (),
20.00 M (A), 33.33 uM (A), 46.67 uM (®).

All the calculated thermodynamics parameters
(K, AG®, AH® and AS®) are summarized in Table I.
This data suggests that the binding process for the
inhibitor is spontaneous at both pHs and temperatures
(AG® < 0). Besides, the binding process of benzene-
thiol seems to be only entropy driven (AS°> 0) in
the catecholase inhibition. This is the reason
why raising the temperature during the catecholase

Table I. Thermodynamic parameters of binding benzenethiol on mushroom tyrosinase at two different temperatures and pHs.

AH® (k] mol 1) TAS® (k] mol™ 1) AG°(kJ mol™ 1) Ki(uM) K, (M) ™! T(C) pH Reaction type

43.31 71.35 —28.04 10.2 .098 x 10° 20 5.3 Catecholase activity
73.58 —30.27 6.07 .16 x 10° 30

46.73 73.41 —26.68 17.37 .057 x 10° 20 6.8
75.73 —-29 9.87 .1 x 10° 30

—13.26 26.52 —39.78 .081 12.34 x 10° 20 5.3 Cresolase activity
27.47 —40.73 .095 10.52 x 10° 30

—77.43 —38.75 —38.68 .13 7.69 x 10° 20 6.8

—39.83 -37.6 33 3.03 x 10° 30
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Figure 4. Double reciprocal Lineweaver-Burk plots of MT kinetic
assays for catecholase reactions of caffeic acid in 10 mM phosphate
buffer, pH = 6.8, at two temperatures of 20°C (a) and 30°C (b) and
11.8 uM enzyme concentration, in the presence of different fixed
concentrations of benzenethiol: OpM (H), 13.33 M (),
20.00 uM (A), 33.33 uM (A), 46.67 pM (®).

inhibition has caused a decrease in the K; value of the
inhibitor. In contrast, the raising of the temperature has
brought about an increase in the K; value during the
cresolase inhibition which is mostly enthalpy driven
(AH® < 0).

The impact of pH on the enthalpy changes as well as
the diverse effect of pH on the entropy changes of the
cresolase inhibition by benzenethiol are worthy of
attention. The significant change in the enthalpy after
increasing the pH from 5.3 to 6.8, which is close to the
optimum pH of the M T activities, indicates the growth
of the constructive electrostatic interactions in the
cresolase reaction [59-60]. These interactions help
the enzyme to sculpture an optimized, but vulnerable,
conformer which can account for the negative entropy
changes at pH = 6.8. Similar evidence was obtained
from the fluorescence spectroscopic studies. While
Figure 5a supports observable changes in the tertiary
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Figure 5. Intrinsic fluorescence emission spectra of MT (1) and
MT in the presence of benzenethiol at two concentrations of
0.12mM (2) and 0.20mM (3) at pH = 5.3 (a) and pH = 6.8 (b).
The excitation wavelength was 280—nm. The concentration of the
enzyme is 0.17 mg/mL.

structure of MT in the presence of benzenethiol at
pH = 5.3, Figure 5b shows little structural changes at
pH = 6.8. It means that the formation of the EI
complex at pH = 6.8 can hardly cause further
changes beyond that which pH has achieved. It is
also worthy of note that the CD spectra rules out
possible changes in the secondary structure of MT
in the presence of benzenethiol at pH=5.3
(see Figure 6).

In contrast to the cresolase reaction, catecholase
inhibition by benzenethiol has experienced less
entropy and enthalpy changes upon alterations in
pH or temperature. Besides, the binding process in the
catecholase inhibition is only entropy driven. It means
that the inhibitor interaction with the active site of the
enzyme is predominantly hydrophobic [61]. Since the
raise in entropy after the temperature increase is
not so high, it can be concluded that the overall
conformational changes during the binding process in
the catecholase reaction must not be large. Such a
result had also been extracted from studies on the
inactivation of MT [50,53].
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Figure 6. UV-CD spectra registered for MT in the absence (a) and
in the presence of different two concentrations of benzenethiol;
0.12mM (b) and 0.20mM (c) at pH = 5.3. The concentration of
the enzyme is 0.20 mg/mL.

The results of our analysis support the idea that the
monophenolase activity of MT involves electrostatic
interactions, while the diphenolase activity develops
through hydrophobic interactions. It means that the
type of binding process is different in the two types of
MT activities. Based on an extended Huckel theory
calculation for a tyrosinase active site model, it has been
shown that the ionization of the hydroxyl group of the
phenolic substrate is a crucial step in its interaction
with the positively charged copper of the active site in
the cresolase reaction [62]. Besides, electrophilic
attack on the aromatic ring of the phenolic substrate
seems to be an important step towards formation of the
C-0 bond in the cresolase reaction [63]. In contrast,
oxidation of o-diphenolic compounds by MT has fewer
electronic requirements than the oxidation of mono-
phenolic substrates [51]. In fact, proper docking of the
catechol substrate and its interactions with a hydro-
phobic pocket close to the MT active site, similar to
what has been reported for phenylthiourea in the
catechol oxidase active site [64—65], apparently plays a
crucial role in the catecholase reaction.
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