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Abstract

Catecholase and cresolase activities of mushroom tyrosinase (MT) were studied in presence of some n-alkyl car-
boxylic acid derivatives. Catecholase activity of MT achieved its optimal activity in presence of 1.0, 1.25, 2.0, 2.2
and 3.2mM of pyruvic acid, acrylic acid, propanoic acid, 2-oxo-butanoic acid, and 2-oxo-octanoic acid, respec-
tively. Contrarily, the cresolase activity of MT was inhibited by all type of the above acids. Propanoic acid caused
an uncompetitive mode of inhibition (K=0.14mM), however, the pyruvic, acrylic, 2-oxo-butanoic and 2-oxo-
octanoic acids showed a competitive manner of inhibition with the inhibition constants (K) of 0.36, 0.6, 3.6 and
4.5 mM, respectively. So, it seems that, there is a physical difference in the docking of mono- and o-diphenols to
the tyrosinase active site. This difference could be an essential determinant for the course of the catalytic cycle.
Monophenols are proposed to bind only the oxyform of the tyrosinase. It is likely that the binding of acids occurs
through their carboxylate group with one copper ion of the binuclear site. Thus, they could completely block the
cresolase reaction, by preventing monophenol binding to the enzyme. From an allosteric point of view, n-alkyl

acids may be involved in activation of MT catecholase reactions.
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Introduction

Tyrosinase (EC 1.14.18.1) catalyzes the oxidation of mono-,
di-, and polyhydric phenols to o-quinones [1]. Quinones
can polymerize non-enzymatically to melanin as the most
important natural biopolymer responsible of pigmentation
and the color and patterns of mammalian skin [2, 3].

The production of abnormal melanin pigmentation
(melasma, freckles, ephelide, senile lentigines, etc.) is a seri-
ous esthetic problem in human beings [4]. In addition, tyro-
sinase is responsible for the undesired enzymatic browning
of fruits and vegetables [5] that take place during senescence
or damage at the time of post harvest handling, which makes
the identification of novel tyrosinase inhibitors extremely
important.

Various aromatic carboxylic acids are known potent
inhibitors of tyrosinase [6-8]. Benzoic, isovanillic, cinnamic,

p-coumaric, salicylic and 3-hydroxybenzoic acids inhibit
the oxidation of catechol and the hydroxylation of tyramine
catalyzed by cherimoya epicarp polyphenol oxidase [9].
Caffeic and ferulic acids activate the oxidation of catechol;
protocatechuic and syringic acids activate the hydroxyla-
tion of tyramine [9]. Aromatic carboxylic acid inhibition on
o-diphenol oxidase from sweet cherry fruits was reduced
by esterification or by replacing the benzene ring with an
aliphatic or heterocyclic group, but not by replacing it with
a highly unsaturated open chain [10]. Study of phenylalkyl
acids and alcohols, polyphenols, nitrophenols, esters, alde-
hydes, and ketones on catecholase activity showed carboxy-
lic acids are stronger inhibitors than corresponding alcohols
and aldehydes [7].

Aliphatic carboxylic acids do not affect cherimoya (A.
cherimolia Mill) epicarp polyphenol oxidase activity [9].
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Propionic, butyric and valeric acids and their salts in combi-
nation with or without unsaturated fatty acids strongly sup-
press the formation of tyrosinase, which catalyzes the forma-
tion of melanin and thus is a cause of dermatologic troubles.
Experiments show that these acids suppress tyrosinase for-
mation but do not inhibit tyrosinase [11]. C18-22 fatty acids
with more than two unsaturated bonds their salts, or their
esters with mono- or di-hydric alcohols, show moisture-
retaining, tyrosinase-inhibiting, hair growth stimulating
effects and stabilized the cosmetics [12]. In the other study,
aliphatic dicarboxylic acids ranging between C8 and C13
have been introduced as inhibitors of polyphenoloxidase
[13]. Survey of literatures show that aromatic and aliphatic
acids evokes different inhibition, activation and unchanged
effects on the activity of tyrosinase from different species.

Mushroom tyrosinase (A. bisporus) is popular among
researchers as it is commercially available and inexpen-
sive and also there are easy tools to investigate the feature
of this enzyme. In pursuit of our works about the structure,
function and relationship of MT [14-18] to understand
the mechanism of enzyme activation and inhibition. Two
new bi-pyridine synthetic compounds and three synthetic
n-alkyl dithiocarbamates, with different tails, were recently
introduced as potent uncompetitive MT inhibitors [19-20].
Thiophenol (0.09-0.4p.M) inhibits both activities of MT and
brings about no activation even at very low concentrations.
But when the pH of the reaction medium was dropped to 5.3,
thiophenol (<0.05uM) also caused activation of the creso-
lase activity of MT in the presence of p-coumaric acid [21].
This work was devoted to an investigation of some saturated
and unsaturated aliphatic carboxylic acids on the cresolase
and catecholase reactions of mushroom tyrosinase.

Materials and methods

Materials

Mushroom tyrosinase (MT; EC 1.14.18.1), specific activity
3400 units/mg, was purchased from Sigma. 4-[(4-methyl-
phenyl) azo]-phenol (MePAPh) and 4-[(4-methylbenzo)
azo]-1,2-benzenediol (MeBACat), were synthesized as
previously described [22]. Pyruvic, acrylic and propanoic
acids were obtained from Merck Co. 2-Oxo-butanoic and
2-oxo-octanoic acids were purchased from Sigma. The
chemical formula of all acids used in this research is given
in Figure 1. The buffer used throughout in this research was
10mM phosphate buffer solution (PBS), pH = 6.8, and its
salts were obtained from Merck. All experiments were car-
ried out at 293 °K and solutions were prepared in doubly
distilled water.

Methods

Kinetic assays of catecholase and cresolase activities

The kinetic assays of catecholase and cresolase activities
were carried out using Cary spectrophotometer, 100 Bio
model, with jacketed cell holders. Freshly prepared enzyme
and substrate solutions were used in this work. All enzymatic
reactions were run in phosphate buffer (10mM) at pH=6.8
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in a conventional quartz cell thermostated to maintain the
temperature at 20+ 0.1 °C. The selected conditions of solvent,
buffer, pH, temperature, and enzyme concentration were
applied for assaying the oxidase activity of MT according to
our previous studies [20,23]. Catecholase activity was fol-
lowed by depletion of MeBACat for 2min atits\ = 364nm
and enzyme concentration of 11.8mM, 40unit/mL. The
reactions were carried out using fixed concentration of
substrate (50 pM) in different concentrations of the acids.
Cresolase reactions were measured by depletion of MePAPh
for 10min at its A =352nm and enzyme concentration
70.8 wM, 240 unit/mL. The reactions were followed using
six different fixed concentrations of substrate (5-50 uM) in
different concentrations of the acids as inhibitors (0, 0.1, 0.2,
0.4 and 0.75mM for pyruvic acid; 0, 0.2, 0.4, 0.8 and 1.2mM
for acrylic acid; 0, 0.5, 1, 1.25 and 1.5 mM for propanoic acid;
0, 0.4, 1, 1.5 and 2.5mM for 2-oxo-butanoic acid and 0, 0.5,
1, 1.5 and 2mM for 2-oxo-octanoic acid). All assays were
repeated at least three times. Substrate addition followed
after incubation of the enzyme with different concentra-
tions of inhibitors. Definitions of units were defined by the
vender. Accordingly, one unit cresolase activity is equal to
the 0.001 change in the optical density of L-tyrosine per min
at 280nm in 3mL of the reaction mixture at 25 °C and pH =
6.5. Similarly, one unit of catecholase activity is equal to the
0.001 change in the optical density of ascorbic acid per min
at 265nm in 3mL of the reaction mixture (25 °C and pH =
6.5), when catechol or L-DOPA is used as substrate.

Results and discussion

In this study incubation of the enzyme with pyruvic, acrylic,
2-oxo0-butanoic, 2-oxo-octanoic and propanoic acids in cat-
echolase and cresolase reactions resulted to MT activation
and inhibition, respectively.

The activatory effect of all five acids (shown in Figure 1)
in catecholase reactions has been illustrated in Figure 2. The
relative activity of enzyme due to the oxidation of MeBACat
increase in a concentration dependent manner to an opti-
mum activity and after that the activity decrease gradually.
Magnitudes of optimum activity and acid concentrations to
reach these points were summarized in Table 1. Few studies
have been devoted to investigation of the activation of tyro-
sinase from structural and kinetic point of view. In the case
of frog epidermis pro-tyrosinase the activation should be the
result of the cleavage of the polypeptide chain that deter-
mines change in tertiary or quaternary structure [24]. Alatent
isoform of Agaricus bisporus tyrosinase has been isolated
and activated by benzyl alcohol. The presence of a lag period
and the lack of change of the molecular mass of the protein

CH3-CO-COOH
CH2=CH-COOH
CH3-CH2-COOH
CH3-CH=C(OH) -COOH
CH3-CH2-CH2-CH2-CH2-CH=C(OH) -COOH

Pyruvic acid

Acrylic acid
Propanoic acid
2-Oxo-butanoic acid
2-Oxo-octanoic acid

Figure 1. Structures of aliphatic acids as inhibitors of MT.
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Figure 2. MT activation in the catecholase reactions with MeBACat as
substrate in 10mM PBS, 20 °C and pH 6.8, in the presence of pyruvic acid
(O), acrylic acid (#), propanoic acid (A), 2-oxo-butanoic acid ((J) and
2-oxo-octanoic acid (0).

Table 1. Activation and inhibition parameters in catecholase and
cresolase reactions

Catecholase reactions Cresolase reactions

Maximum Optimum

RA.(%) A.C.(mM) K (mM) Inhibition mode

Pyrovic acid 215 1 0.36 competitive
Acrylic acid 342 1.25 0.6 competitive
Propanoic acid 245 2 0.14 uncompetitive
2-0Oxo-butanoic 140 2.2 3.6 competitive
acid

2-0xo-octanoic 163 3.2 4.5 competitive
acid

R.A.: Relative Activity; A.C.: Activity concentration; K;: Inhibition constant.

after activation could indicate a slow conformational change
of the protein to render the final active form [25]. The activa-
tion of latent tyrosinase occurred by different treatments or
agents such as SDS [26], fatty acids [27], alcohols [28] and
proteases [29]. Aspergillus oryzae protyrosinase is inactive at
neutral and alkaline pH, and is activated by acid treatment
[30]. In other view to reveal such activation, we should refer
to different binding sites for these acids and allosteric effects
of the enzyme. Duckworth and Coleman studies with MT
showed that the hydroxylation capacity of the enzyme shifts
to one activated form in the presence of diphenol as soon as
micromolar concentrations of the diphenol product appear
[6]. These allosteric models supported by Hearing and Ekel,
who found that DOPA at low concentration acts as a non-
competitive activator of tyrosine binding with induction of
conformational change in normal tyrosinase [31]. The word
“allosteric” was proposed by Monod et al. in 1963, to explain
the effect of non-substrate-like molecules on enzyme activ-
ity, in contrast to the effect of substrates or substrate-like
molecules which cause cooperativity between the subunits
of an enzyme [32]. Although conformational flexibility of
enzymes is considered to be the main reason for coopera-
tion and allostery phenomena and there are also many allos-
teric enzymes which are cooperative or vice versa, it is still
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Figure 3. (a) Double reciprocal Lineweaver-Burk plots of MT kinetic
assays for cresolase reactions with MePAPh in 10mM PBS, 20 °C and pH
6.8, in the presence of different fixed concentrations of propanoic acid: 0
(#),0.5(), 1.0 (A), 1.25 (X) and 1.5mM (). (b) The secondary plot of
reciprocal apparent maximum velocity (1/ V') versus the concentra-
tion of inhibitor [I], where the abscissa-intercept is -K, .

preferred that these terms are distinguished from each other
[33]. Nevertheless, this is a subtle topic which deserves some
attention. For an enzyme like MT which can host substrates
of various sizes, it seems that the interaction of the substrate
residue with the pocket of the active site seriously influences
the impact of the docking head of the substrate which coor-
dinates to the copper ion in the active site. As a matter of
fact, the docking style of different phenols of various sizes is
not expected to be too different in the MT active site. But the
way the residues of these substrates lay in the pocket of the
active site would be predictably different. Thus, the overall
conformational changes of MT results from the sum of the
interactions of both head and body of the substrate with the
active site and the pocket of the active site.

In a similar way, this discussion can be extended to the
inhibitors of MT. Observing different responses from similar
inhibitors with various sizes is not an unreasonable expecta-
tion [20,34]. So, if a critical condition for the “allostery” is to
consider a second molecule alongside with the substrate as
an effector. Therefore, from an allosteric point of view, these
five aliphatic carboxylic acids may confer with the MT and
activate its catecholase reaction.

Figure 3a depicts the double reciprocal Lineweaver-
Burk plots for the cresolase activity of MT in different
concentrations of propanoic acid. The plot show parallel
straight lines indicate decreasing of the apparent values of
V, . with no effect on K _/V__ values, which confirms the
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Figure 4. Double reciprocal Lineweaver-Burk plots of MT kinetic assays for cresolase reactions with Me-PAPh in 10mM PBS, 20 °C and pH 6.8, in the
presence of different fixed concentrations of 0 (#), 0.1 (CJ), 0.2 (A), 0.4 (X) and 0.75mM (k) for pyruvic acid (a); 0 (¢), 0.2 ((J), 0.4 (A), 0.8 (X) and
1.2mM (k) for acrylic acid (b); 0 (#), 0.4 ((0), 1 (A), 1.5 (X) and 2.5mM (k) for 2-oxo-butanoic acid (c) and 0 (#), 0.5 ((J), 1 (A), 1.5 (X) and 2mM (k)

for 2-oxo-octanoic acid (d).
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Figure 5. The secondary plots of the slopes for the lines in Figure 4 (a-d)
against the concentration of inhibitor, [I], gives a straight line with an
abscissa intercept of inhibition constant (-K)) for pyruvic acid (a), acrylic
acid (b), 2-oxo-butanoic acid (c) and 2-oxo-octanoic acid (d).

uncompetitive inhibition of the enzyme. The inhibition
constant was calculated from values of reciprocal apparent
maximum velocity (1/V’__) versus the concentration of
inhibitor in the relevant secondary plot depicted in figure
3b, which equals to 0.14 mM (Table 1). Double reciprocal
Lineweaver-Burk plots for the cresolase activity of MT in
the presence of pyruvic, acrylic, 2-oxo-butanoic and 2-oxo-
octanoic acids, (Figure 4), reveal inhibition with either of

the acids (a, b, ¢ and d, respectively). A series of straight
lines intersecting exactly on the vertical axis, the value of
maximum velocity (V__ ) is unchanged by the inhibitor but
the K’ value is increased, which, confirms competitive
inhibition of MT. The slope values at each concentration
of inhibitor were obtained from Figure 4 and plotted ver-
sus concentration of inhibitor to give a secondary plot in
Figure 5 (a, b, c and d, respectively), from which the inhibi-
tion constants (K) were obtained from the abscissa-inter-
cept. Results for the Ki values have been summarized in
Table 1. Itis proposed that the catalytic and inhibitory sites
of the enzyme seem to be close together [10]. The uncom-
petitive type of inhibition for propanoic acid indicates that
it should be bind at a site distinct from the active site and
bind just with the enzyme-substrate (ES) complex and not
with the free enzyme (E). Presumably due to binding of the
substrate to the enzyme, a conformational change induces
in the enzyme and this establishes a proper site for bind-
ing of the inhibitor.

The availability of crystallographic data of hemocyanins
and recently of sweet potato catechol oxidase showed thatin
the model of the three-dimensional structure of the tyrosi-
nase family, the catalytic copper center is accommodated in
a central four-helix-bundle located in a hydrophobic pocket
close to the surface [35]. In the cases of hemocyanine, the
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most conservative central domain that is also found in the
tyrosinase family, the two copper ions in the active site are
labeled as Cu, and Cu,. They are not equivalent and are
likely to play a different role in biological function. The Cu,
copper center seems to be more accessible to the solvent
in the binuclear site controls the reactivity of the site and
whereas the second copper center (Cu,) plays a complex
role in controlling the local conformation and electrostatic
effects in the oxygen cycle [36]. It is proposed, that there is a
physical difference in the docking of mono- and o-diphenols
to the tyrosinase active site and that this difference would be
an essential determinant for the course of the catalytic cycle.
Thus monophenols would dock to Cu, and o-diphenols to
Cu, due to the orientation of one of their hydroxyl groups
[6,37]. Wilcox and colleagues proposed detail of carboxylic
acid effects on Neurospora tyrosinase [38]. Monophenols
are proposed to bind only to the oxyform of tyrosinase and
benzoic acid is believed to function as a monophenol ana-
log, binding to one copper ion of the binuclear site via its
carboxylate group [38].

In the case ofacid derivatives, the mechanism ofinhibition
involves the formation of copper-carboxylic acid complex
at binuclear copper site of the enzyme [10,39]. P-coumaric
acid and its corresponding dihydroxy derivative, caffeic acid
bind to the free copper through their carboxylic terminal
that is attached to a sp? carbon. [40-41]. In this study, pyru-
vic, acrylic, 2-oxo-butanoic and 2-oxo-octanoic acids, with a
similar carboxylic moiety attached to a sp* carbon confirm
competitive inhibition in cresolase reactions. K is a disso-
ciation constant of the enzyme-inhibitor complex and its
values increase by increasing the length of the aliphatic tail
of the inhibitor. Such increasing m y be related to changes
in copper chelating effect of carboxylic moiety with different
substitution in the tail (Figure 1). In our previous study same
manner of increasing in K was observed for n-butyl, n-hexyl
and n-octyl dithiocarbamates, respectively, in MT inhibition
[20]. In the aliphatic carboxylic acids of this study the car-
boxylic moiety attached to sp* carbon show a proper coordi-
nation and compete with monophenols in their accessibility
for the copper (more probable Cu,) in the active site of the
enzyme. Thus, it is conceivable that binding of these acids
can completely block the cresolase reaction, by preventing
monophenol binding to the enzyme by a competitive mode
of inhibition. Such an inhibition pattern has not seen for
propanoic acid as a saturated aliphatic acid without a sp?
carbon bound to its carboxylic moiety.

Overall conclusion from different mode of inhibition,
competitive for pyruvic, acrylic, 2-oxo-butanoic and 2-oxo-
octanoic acids, and uncompetitive for propanoic acid may be
related to docking of the former compounds to the copper in
the active site and competition with monophenol substrate
in the cresolase reactions. Their carboxylic terminal that is
attached to a sp* carbon should be properly coordinated to
the copper. Propanoic acid without a sp? carbon showed
uncompetitive mode of inhibition, hence supporting our
assumption. Activation by such acids in catecholase reac-

tions need more investigation especially from an allosteric
point of view.
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