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Abstract
Three new n-alkyl dithiocarbamate compounds, as sodium salts, C4H9NHCS2Na (I), C6H13NHCS2Na (II) and
C8H17NHCS2Na (III), were synthesized and examined for inhibition of both cresolase and catecholase activities of
mushroom tyrosinase (MT) from a commercial source of Agaricus bisporus in 10 mM phosphate buffer pH 6.8, at 293K using
UV spectrophotometry. Caffeic acid and p-coumaric acid were used as natural substrates for the enzyme for the catecholase
and cresolase reactions, respectively. Lineweaver–Burk plots showed different patterns of mixed and competitive inhibition
for catecholase and cresolase reactions, respectively. These new synthetic compounds can be classified as potent inhibitors of
MT due to Ki values of 0.8, 1.0 and 1.8mM for cresolase inhibitory activity, and also 9.4, 14.5 and 28.1mM for catecholase
inhibitory activity for I, II and III, respectively. They showed a greater potency in the inhibitory effect towards the cresolase
activity of MT. Both substrate and inhibitor can be bound to the enzyme with negative cooperativity between the binding sites
(a . 1) and this negative cooperativity increases with increasing length of the aliphatic tail in these compounds. The inhibition
mechanism is presumably related to the chelating of the binuclear coppers at the active site and the different Ki values may be
related to different interaction of the aliphatic chains of I, II and III with the hydrophobic pocket in the active site of the
enzyme.
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Introduction

Tyrosinase (EC 1.14.18.1) as a bifunctional enzyme

catalyzes the o-hydroxylation of monophenols to the

corresponding catechols (cresolase activity), and

the oxidation of catechols to the corresponding

o-quinones (catecholase activity) [1]. Quinones are

highly reactive compounds, which can polymerize

spontaneously (non-enzymatically) to form melanin

as the most important natural biopolymer responsible

of pigmentation and the color and patterns of

mammalian skin [2,3]. In some vegetables and fruits,

tyrosinase is responsible for browning and is con-

sidered to be deleterious to the color quality of plant-

derived foods and beverages [4]. This enzyme is

widely distributed through the phylogenetic scale from

lower to higher life forms.

Tyrosinase has three forms: met, deoxy, and oxy

[5]. Structural models for the active site of these

three enzyme forms have been proposed [6].

Basically, the enzyme tyrosinase has three domains,

of which the central domain contains two Cu

binding sites, called CuA and CuB [7]. Common

mushroom tyrosinase (MT) from the species

Agaricus bisporus is a copper containing enzyme

with a molecular mass of 120 kD and is composed of

two H subunits (43 kD) and two L subunits (13 kD)

and contains two active site [8,9]. The active site

consists of a pair of copper ions, which are each

bound by three conserved histidine residues [10].
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Tyrosinase inhibitors have attracted interest

recently due to undesired browning in vegetables

and fruits in post-harvest handling [11]. 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 [12–16].

There is a vast variety of natural and synthetic

inhibitors known against catecholase, cresolase or both

reactions of tyrosinase. Polyphenols, aldehydes and

their derivatives are the most important inhibitors from

plant natural sources [17–21]. Besides higher plants,

some compounds from fungal sources have also been

identified, e.g. metallothionein from Aspergillus niger

has strong avidity to chelate copper at the active site of

MT, thereby acting as a strong inhibitor [22]. Kojic

acid, an antibiotic, produced by species of Aspergillus

and Penicillum in the aerobic process acts as a potent,

“slow-binding”, competitive inhibitor of tyrosinase

[23–27], and is widely used as a cosmetic whitening

agent [27–30]. 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 [31,32].

Simple chemical species capable of binding to copper,

such as cyanide, azide, and halide ions, as expected

behave as purely competitive inhibitors towards

dioxygen binding, even if sharp differences have been

seen among polyphenoloxidases from different sources

[33]. Other chemicals such as hydrogen peroxide,

hydroxylamine, aromatic carboxylic acids, tiron, thiols,

and aromatic carboxylic acids have a widespread

application as tyrosinase inhibitors [34] and, here,

sulfur-containing compounds such as tiron, thiol and

sulfites are among the most important tyrosinase

inhibitors. The most commonly applied inhibitor of the

discoloration process currently is sulfite [11]. Thiol

compounds such as cysteine, glutathione, methima-

zole, diethyldithiocarbamate, 2-mercaptobenzothia-

zole have been used as inhibitors of tyrosinase from

different sources [35–39].

After a number of reports on the stability, modifi-

cation and additional information about the structure

and function of MT [40–44], two new bi-pyridine

synthetic compounds were recently introduced as

potent uncompetitive inhibitors for the enzyme [45].

In the present investigation, inhibitory effects of three

synthetic n-alkyl dithiocarbamates, as sodium salts, with

different aliphatic tails (C4, C6 and C8) are described

and the kinetics of their inhibition have been elucidated

in both cresolase and catecholase activities.

Materials and methods

Materials

Mushroom tyrosinase (MT; EC1.14.18.1), specific

activity 3400 units/mg, was purchased from Sigma.

Caffeic acid and p-coumaric acid were available as

from authentic samples. n-Butyl dithiocarbamate (I),

n-hexyl dithiocarbamate (II) and n-octyl dithiocarba-

mate (III), sodium salts (Figure 1), were synthesized

(their synthesis and characterization is being pub-

lished elsewhere). The buffer used in the assay was

10 mM phosphate buffer, pH ¼ 6.8, and its salts were

obtained from Merck. All experiments were carried at

293K.

Methods

The kinetic assays of catecholase and cresolase

activities for the inhibition experiments were carried

out using a Cary spectrophotometer, 100 Bio model,

with jacketed cell holders. Freshly prepared enzyme,

substrate and inhibitor were used in this work. All the

enzymatic reactions were run in phosphate buffer

(10 mM) at pH ¼ 6.8 in a conventional quartz cell

thermostated to maintain the temperature at

293 ^ 0.1K. The selected conditions of solvent,

buffer, pH, temperature, and enzyme concentration

applied for assaying the oxidase activity of MT followed

the method introduced by El-Bayuomi and Frieden

[46]. Inhibition of MT by I, II and III compounds was

studied using caffeic acid (catecholase activity) and

p-coumaric acid (cresolase activity) as substrates.

Catecholase activity was followed by depletion of

caffeic acid for 2 min at its lmax ¼ 311 nm and enzyme

concentration of 11.8mM, 40 unit/ml. The reactions

were carried out using seven different fixed concen-

trations of substrate (40–160mM) in different con-

centrations of the inhibitors (0, 2, 4, 6 and 8mM for I; 0,

2, 4, 8 and 12mM for II, and 0, 4, 8, 12 and 16mM for

III). Cresolase reactions were measured by depletion of

p-coumaric acid for 10 min at its lmax ¼ 288 nm and

enzyme concentration of 17.7mM, 60 unit/ml. The

reactions were followed using eight different fixed

concentrations of substrate (20–160mM) in different

concentrations of the inhibitors (0, 0.4, 0.8, 2.5 and

4mM for I, 0, 0.5, 1.5, 2.5 and 4.5mM for II, and 0, 0.5,

1, 2.5 and 3mM for III). All of the assays were repeated

at least three times.

Definitions of units were defined by the vender.

Accordingly, one unit of cresolase activity is equal to

Figure 1. Structure of inhibitors: a) n-butyl dithiocarbamate (I),

b) n-hexyl dithiocarbamate (II) and c) n-octyl dithiocarbamate (III),

sodium salts.
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a 0.001 change in the optical density per min of L-

tyrosine at 280 nm in 3 ml of the reaction mixture at

258C and pH ¼ 6.5. Similarly one unit of catecholase

activity is equal to a 0.001 change in the optical

density of ascorbic acid per min at 265 nm in 3 ml of

the reaction mixture at 25 8C and pH ¼ 6.5, when

catechol or L-dopa is used as substrate.

Results and discussion

Figure 2 (a, b and c for I, II and III, respectively)

shows double reciprocal Lineweaver-Burk plots for

the catecholase activity of MT at different fixed

concentrations of inhibitors I, II and III. These plots

show a set of straight lines which intersect on the left

hand side of the vertical axis for each inhibitor, which

confirms mixed inhibition. Both values of apparent

maximum velocity (V 0
max) and apparent Michaelis

constant (K 0
m) as well as slopes of these straight lines

(K 0
m/Vmax) can be obtained at different fixed

concentrations of each inhibitors. A secondary plot

of the slope against the concentration of inhibitor gives

a straight line with an abscissa-intercept of 2Ki

(Figure 3 a, b and c), and also another secondary plot

of the reciprocal apparent maximum velocity against

the concentration of inhibitor gives a straight line with

an abscissa-intercept of 2aKi (Figure 3 a0, b0 and c0),

where Ki is the inhibition constant and a is the

interaction factor between the substrate and inhibitor

sites. Results for Ki and a values have been

summarized in Table I.

Double reciprocal Lineweaver-Burk plots for the

cresolase activity of MT in the presence of each

inhibitor (I, II and III) are shown in Figure 4 (a, b and

c for I, II and III, respectively). A series of straight

lines intersecting exactly on the vertical axis, the value

Figure 2. Double reciprocal Lineweaver-Burk plots of MT kinetic assays for catecholase reactions of caffeic acid in phosphate buffer,

pH ¼ 6.8 and 293 K and 11.8mM enzyme concentration, in the presence of different fixed concentrations of inhibitor compounds: (a) For I:

0mM (B), 2mM (A), 4mM (O), 6mM ( £ ), 8mM ( ); (b) For II: 0mM (B), 2mM (A), 4mM (O), 8mM ( £ ), 12mM( ) and (c) For III: 0mM

(B), 4mM (A), 8mM (O), 12mM ( £ ), 16mM ( ).
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of maximum velocity is unchanged by the inhibitor

but the K0
m value is increased, which confirms

competitive inhibition of MT. The slope values at

each concentration of inhibitor were obtained from

Figures 4 and plotted versus concentration of inhibitor

to give a secondary plot (see inset in Figure 4), from

which the inhibition constants (Ki) were obtained

from the abscissa-intercept. Results for the Ki values

have been summarized in Table I.

First, comparison of these Ki values (Table I) with

other common inhibitors of MT reveals that they are

among the most potent inhibitors for both cresolase

and catecholase activities of the enzyme. However,

Ki values for cresolase activity of these compounds

are less than those for catecholase activity which

means more potent the inhibitory effect of these

synthetic compounds on the cresolase activity of MT.

Moreover, Ki values increase in magnitude as the

length of the aliphatic tail increases for these

compounds which means that a shorter tail gives a

more potent inhibitor. Also, binding of these

compounds has occurred at the active site of the

enzyme, which prevents binding of the substrate for

cresolase activity of the enzyme; i.e. competitive

inhibition. However, mixed inhibition occurred for

the catecholase activity of the enzyme in the presence

of these compounds; i.e. both substrate and inhibitor

can be bound to the enzyme with negative

cooperativity for binding in their sites (a . 1). The

negative cooperativity for the binding of substrate

and inhibitor in their sites increases as the length of

aliphatic tail in these compounds increases.

Some thiol compounds act as inhibitors of

tyrosinase due to their ability to chelate Cu2þ[37].

Comparison of compounds I, II and III with other

sulfur containing tyrosinase inhibitors and the

manner of their inhibition, let us to considering

them as copper chelators. Their polar head as

electron donor may be acts as a Cu2þ chelator by

coordination of one sulfur atom. Monophenol and

diphenol substrates have been proposed to bind in

different fashions to the binuclear copper site of

tyrosinase. Monophenols bind to one copper ion via

their phenolate oxygen while diphenols coordinate to

the binuclear site through both oxygens, thereby

forming a bridged structure [47]. It is proposed

that, there is a physical difference in the docking of

Table I. Inhibitory constants for compounds I, II and III in

catecholase and cresolase reactions.

Reactions Catecholase Cresolase

Inhibitors

Ki (mM) a Ki (mM)

Compound I 9.4 2.8 0.8

Compound II 15.1 4.5 1

Compound III 28.5 4.6 1.8

Ki: inhibition constant; a: interaction factor.

Figure 3. The secondary plots of the slopes in figure 2 (a-c) against the concentration of inhibitor, [I], gives a straight line with an abscissa-

intercept of -Ki, inhibition constant for: (a) I; (b) II; and (c) III compounds. Another secondary plot of the reciprocal apparent maximum

velocity against the [I] gives a straight line with an abscissa-intercept of 2a Ki. a is the interaction factor for: (á) I; (b0) II; and (ć) III

compounds.
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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 CuA and o-

diphenols to CuB due the orientation of one of their

hydroxyl groups [48]. It is probable that compounds

I, II and III coordinate to CuA in the binuclear active

site, thus, show a competitive manner of inhibition of

cresolase activity. In the case of catecholase activity

mixed inhibition shows that inhibitors can bind both

with the free enzyme (E), and enzyme-substrate (ES)

complex. In this case diphenol substrates, by the

above stated manner of docking may bind to CuB,

while the inhibitor coordinates to the CuA site.

Besides, monophenols combine only with oxytyrosi-

nase and diphenols with oxy and met forms [47].

Moreover, if inhibitors show a prefered binding

pattern to the oxy form, the mixed inhibition mode in

cathecholase activity may result from the reaction

stoichiometry. From another point of view, the n-

alkyl tails of compounds I, II and III may be

responsible for different inhibition constants. Several

instances show different effects of substrate/inhibitors

specificity of tyrosinase through various substitutions

of polyphenols and aromatic carboxylic acids [49,50].

Aliphatic dicarboxylic acids ranging between C8 and

C13 have been studied as inhibitors of polyphenolox-

idase [51]. In gallic acid, increasing the length of long

chain esters or hydrophobicity provides greater

resistant to oxidation due to disruption of the tertiary

structure of the enzyme [52]. The availability of

crystallographic data of hemocyanins and recently of

sweet potato catechol oxidase shows that in the model

of the three-dimensional structure of the tyrosinase

family, the catalytic copper center is accommodated

in a central four-helix-bundle located in a hydro-

phobic pocket close to the surface [53]. Ki is a

dissociation constant of the enzyme-inhibitor com-

plex and increasing its value by increasing the length

of the aliphatic tail of the inhibitor needs more

structural investigation by considering the hydro-

phobic pocket.

Our work described here may assist future aims in to

the design of inhibitors to prevent undesirable fruit

browning in vegetables or as color skin modulators in

mammals.
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