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Abstract The binding properties and structural changes of mushroom tyrosinase enzyme,
MT, due to its interactions with phenyl dithiocarbamate (I) and p-phenylene-bis dithiocarba-
mate (II), were investigated at 27 and 37 °C in phosphate buffer (10 mmol·L−1) at pH = 6.8
by isothermal titration calorimetric (ITC). The extended solvation model was used to cal-
culate the solvation parameters, which were attributed to the stability of this enzyme. Ther-
modynamic analysis indicated that the predominant mode of interaction was hydrophobic in
the binding of compound I to MT, while the binding of II to MT essentially depends on elec-
trostatic interactions. It seems that II is a more potent MT inhibitor due to its two charged
head groups that are able to chelate copper ions in the active enzyme site. It was concluded
that MT has two distinct sites for p-phenylene-bis and phenyl dithiocarbamate.

Keywords Mushroom tyrosinase · Phenyl dithiocarbamate · p-Phenylene-bis
dithiocarbamate

1 Introduction

Tyrosinase is a copper monooxygenase, which catalyzes the oxidation of mono- and o-di-
phenols to o-diquinones [1]. Tyrosinase plays an essential role in melanin production and
is responsible for the formation of pigment in the skin, hair and eye [2, 3]. The accumula-
tion of an abnormal amount of melanin in different specific parts of the skin, resulting in
more pigmented patches, is an esthetic problem [4]. Tyrosinase inhibitors are used clini-
cally for treatment of some skin disorders associated with melanin hyper-pigmentation and
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Fig. 1 Structures of the phenyl
dithiocarbamate sodium salt (I)
and p-phenylene-bis
dithiocarbamate sodium salt (II)

are also important in cosmetics for skin whitening effects [5, 6]. Tyrosinase inhibitors from
synthetic derivatives may be used as drugs and chemicals [7–9]. Tyrosinase inhibitors have
attracted concern recently due to undesired browning in vegetables and fruits in post-harvest
handling [3]. Polyphenols, aldehydes and their derivatives are the most important inhibitors
from natural plant sources [7, 10].

The di-copper center of this enzyme has been the target of many inhibitors. Dithiocar-
bamate compounds act as inhibitors of mushroom tyrosinase due to their ability to chelate
copper ions [11]. Certain dithiocarbamate derivatives have been found to possess a wide
range of biological activities, i.e., antibacterial, tuberculostatic, antidiuretic and antihyper-
tensive [12]. Special interest in the study of metaldithiocarbamates is motivated by the strik-
ing structural features present in this class of compounds and also because of their diverse
applications such as high pressure lubricants in industry, fungicides and pesticides, and also
their use as accelerators in vulcanization [13]. n-Butyl dithiocarbamate, n-hexyl dithiocar-
bamate and n-octyl dithiocarbamate, as sodium salts, show inhibitory effects on mushroom
tyrosinase [14]. Among the various dithiocarbamates, we tried to elucidate the effect of p-
phenylene-bis and phenyl dithiocarbamate (Fig. 1) on mushroom tyrosinase stability at 27
and 37 °C, applying the extended solvation model for the data analysis [15–18].

2 Materials and Method

Mushroom tyrosinase was obtained from Sigma, whereas phenyl dithiocarbamate sodium
salt (I) and p-phenylene-bis (dithiocarbamate) sodium salt (II) were prepared by reaction of
the parent compounds aniline and p-phenylenediamine with CS2 in the presence of sodium
hydroxide (with purities of 99 %). These water-soluble compounds were characterized by
spectroscopic techniques IR, 1H NMR, and elemental analysis [13, 14]. All other materials
and reagents were of analytical grade, and solutions were made in 10 mmol·L−1 phosphate
buffer using double-distilled water.

The isothermal titration calorimetric experiments were performed with a four-channel
commercial microcalorimetric system, Thermal Activity Monitor 2277 (Thermometric,
Sweden). The microcalorimeter is composed of two identical cells made of a highly efficient
thermal conducting material surrounded by an adiabatic jacket. The sample cell contained
1.8 mL of MT (8.3 µmol·L−1) and phosphate buffer solution (10 mmol·L−1; pH = 6.8) and
the reference cell was filled with phosphate buffer. The solution in the cell was stirred at
307 rpm to ensure rapid mixing, with injections by a syringe filled with p-phenylene-bis
or phenyl dithiocarbamate solutions (2.5 and 25 mmol·L−1). The titration of MT with p-
phenylene-bis or phenyl dithiocarbamate involved 20 consecutive injections of the ligand
and each injection included 20 µL of either p-phenylene-bis or phenyl dithiocarbamate. The
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Table 1 Heats of MT + phenyl dithiocarbamate interactions, q , in phenyl dithiocarbamate sodium salt so-
lutions with water at 27 °C (1) and 37 °C (!) in µJ, where the qdilut are the heats of dilution of phenyl
dithiocarbamate sodium salt with water and the precision is ±0.1 µJ or better; [I] denotes the concentration
of phenyl dithiocarbamate

[I] / µmol·L−1 [MT] / µmol·L−1 q (1) qdilut (1) q (!) qdilut (!)

274.725 8.209 159.2 −40.2 179.0 −35.4

543.478 8.119 220.8 −56.0 241.9 −49.3

806.452 8.032 253.2 −64.5 273.7 −56.8

1063.830 7.947 273.2 −69.9 292.8 −61.5

1315.789 7.863 286.7 −73.6 305.6 −64.8

1562.500 7.781 296.5 −76.4 314.7 −67.3

1804.124 7.701 303.9 −78.6 321.5 −69.3

2040.816 7.622 309.7 −80.4 326.8 −70.9

2272.727 7.545 314.3 −81.9 331.1 −72.2

2500.000 7.470 318.1 −83.2 334.6 −73.4

2722.772 7.396 321.3 −84.4 337.5 −74.4

2941.176 7.323 324.0 −85.4 340.0 −75.3

3155.340 7.252 326.3 −86.3 342.1 −76.1

3365.385 7.183 328.3 −87.2 343.9 −76.9

3571.429 7.114 330.1 −88.0 345.5 −77.6

3773.585 7.047 331.7 −88.8 346.9 −78.3

3971.963 6.981 333.1 −89.5 348.1 −78.9

4166.667 6.917 334.4 −90.2 349.2 −79.5

4357.798 6.853 335.5 −90.8 350.2 −80.1

4545.455 6.791 336.5 −91.4 351.1 −80.6

calorimetric signal was measured by a digital voltmeter that was part of a computerized
recording system. The heat of injection was calculated by the ‘Thermometric Digitam 3’
software program. The heats of dilution of p-phenylene-bis or phenyl dithiocarbamate were
evaluated in the absence of MT. The heats of dilution of the ligand were subtracted from
the enthalpies of the binding interaction of MT with p-phenylene-bis or phenyl dithiocarba-
mate. The heats of dilution of MT are negligible. The measurements were performed at two
fixed temperatures of 27 and 37 °C and the temperature was controlled using a poly-science
water bath. The microcalorimeter was frequently calibrated electrically during the course of
the study. The measured heats are listed in Tables 1 and 2.

3 Results and Discussion

The extended solvation model [15–18], which is applicable, in principle, to a variety of pro-
tein + ligand systems, was used to analyze the heats of interaction of MT + II and MT + I
mixtures using the following equations:

q = gmaxx
′
B − δθ

A

(
x ′

ALA + x ′
BLB

) − (
δθ

B − δθ
A

)
(x ′

ALA + x ′
BLB)x ′

B (1)

x ′
B can be expressed as follows:

x ′
B = pxB

xA + pxB
(2)
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Table 2 Heats of MT + p-phenylene-bis dithiocarbamate interactions, q , in p-phenylene-bis dithiocarba-
mate sodium salt solution with water at 27 °C (1) and 37 °C (!) in µJ, where the qdilut are the heats of
dilution of p-phenylene-bis dithiocarbamate sodium salt with water and the precision is ±0.1 µJ or better;
[II] denotes the concentration of p-phenylene-bis dithiocarbamate

[II] / µmol·L−1 [MT] / µmol·L−1 q (1) qdilut (1) q (!) qdilut (!)

27.472 8.209 −964.1 −43.5 −893.9 −39.6

54.348 8.119 −1088.2 −61.6 −1056.9 −56.3

80.645 8.032 −1119.9 −71.1 −1105.2 −65.4

106.383 7.947 −1134.0 −77.3 −1127.5 −71.4

131.579 7.863 −1141.9 −81.7 −1140.3 −75.8

156.250 7.781 −1147.0 −85.2 −1148.6 −79.4

180.413 7.701 −1150.5 −88.0 −1154.4 −82.3

204.082 7.622 −1153.1 −90.4 −1158.7 −84.9

227.273 7.545 −1155.1 −92.5 −1162.0 −87.2

250.000 7.470 −1156.7 −94.4 −1164.6 −89.3

272.277 7.396 −1158.0 −96.2 −1166.7 −91.3

294.118 7.323 −1159.0 −97.7 −1168.4 −93.2

315.534 7.252 −1159.9 −99.2 −1169.9 −95.0

336.538 7.183 −1160.7 −100.6 −1171.2 −96.7

357.143 7.114 −1161.3 −101.9 −1172.3 −98.3

377.358 7.047 −1161.9 −103.1 −1173.2 −99.8

397.196 6.981 −1162.4 −104.3 −1174.0 −101.3

416.667 6.917 −1162.8 −105.4 −1174.7 −102.7

435.780 6.853 −1163.2 −106.5 −1175.4 −104.1

454.545 6.791 −1163.6 −107.6 −1176.0 −105.4

where x ′
B is the fraction of bound ligand with the protein molecule and x ′

A = 1 − x ′
B is the

fraction of unbound ligand, where xB is defined as follows:

xB = [L]
[L]max

(3)

[L] is the concentration of p-phenylene-bis or phenyl dithiocarbamate after each injection
and [L]max is the maximum concentration of p-phenylene-bis or phenyl dithiocarbamate
needed for saturation of all of the MT. In the fitting procedure p was varied until the best
agreement between the experimental and calculated data was reached (Figs. 2 and 3). If
the binding of ligand at one site increases the affinity for ligand at another site, then the
macromolecule exhibits positive cooperativity (p > 1). Conversely, if the binding of a ligand
at one site lowers the affinity for this ligand at another site, then the enzyme exhibits negative
cooperativity (p < 1). If the ligand binds at each site independently, then the binding is non-
cooperative (p = 1). LA and LB are the relative contributions of unbound and bound II or I
to the heats of dilution in the absence of MT:

LA = qdilut + xB

(
∂qdilut

∂xB

)
; LB = qdilut − xA

(
∂qdilut

∂xB

)
(4)

The stability of MT is discussed on the basis of the obtained values of δθ
A and δθ

B from the
coefficients of the second and third terms on the right hand side of Eq. 1. These δθ

A and
δθ

B values reflect structural changes in MT due to its interaction with p-phenylene-bis and
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Fig. 2 Comparison between the experimental heats, q , for the interaction between phenyl dithiocarbamate
and mushroom tyrosinase at 27 °C (1) and 37 °C (!) and calculated values (lines) at both temperatures via
Eq. 1

phenyl dithiocarbamate in the low and high concentration regions, respectively. The positive
values of δθ

A and δθ
B show that MT is substantially stabilized by phenyl dithiocarbamate

and the negative values of δθ
A and δθ

B indicate that MT is destabilized by p-phenylene-bis
dithiocarbamate (Tables 3 and 4). Equation 5 was used for data analysis of the isothermal
titration calorimetric results to obtain the number of binding sites (g) and the dissociation
binding constant (Kd) from the slope ( 1

g
) and the vertical-intercept of (

Kd
g

) of the linear plot

of (
�q

qmax
)M0 versus (

�q

q
)L0 [19, 20]:

(
�q

qmax

)
M0 =

(
�q

q

)
L0

(
1

g

)
−

(
Kd

g

)
(5)

where �q = qmax − q and q denotes the heat value at given ligand and biomolecule concen-
trations. M0 and L0 are the total concentrations of enzyme and ligand, respectively, and Kd

is the dissociation binding constant for the equilibrium:

M + L � ML Kd = [M][L]
[ML] (6)

qmax represents the heat value upon saturation of all MT, and the molar enthalpy of binding
for each binding site (�H ◦) will then be given by �H ◦ = qmax

g
. The linearity of the plot was

examined by using different values for qmax to determine the best value for the correlation
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Fig. 3 Comparison between the experimental heats, q , for the interaction between p-phenylene-bis dithio-
carbamate and mushroom tyrosinase at 27 °C (1) and 37 °C (!) and calculated values (lines) at both tem-
peratures via Eq. 1

coefficient (near to one). The best linear plot is obtained using 362 and 373.5 µJ (equal
to 24.2 and 25 kJ·mol−1) for phenyl dithiocarbamate at 27 and 37 °C, respectively, and
using −1171.5 and −1189 µJ (equal to −78.4 and −79.6 kJ·mol−1) for p-phenylene-bis
dithiocarbamate at 27 and 37 °C, respectively. The standard Gibbs energy, �G◦, can be
calculated from the association equilibrium constant (Ka = 1

Kd
) as follows:

�G = −RT lnKa (7)

The negative values of �G◦ suggest that the binding processes of MT to II and I proceed
spontaneously in the forward direction. �S◦ is directly calculated from �G◦ and �H ◦
according to Eq. 8:

�S◦ = (�H ◦ − �G◦)
T

(8)

All thermodynamic parameters of II and I binding to MT are summarized in Tables 3 and 4.
The increase of the association equilibrium constant (0.0029 to 0.0035 µL·mol−1) with

the increase of temperature (Table 3), indicates that the binding of MT to I is entropy driven
(�S◦ = 0.107 and 0.108 kJ·mol−1·K−1 at 27 and 37 °C) and hydrophobic forces predomi-
nate in the binding mechanism. Meanwhile, the decreasing Ka values (Table 4) with increas-
ing temperature (Table 4) indicate that the binding of II is an enthalpically driven process
and consequently involves predominantly electrostatic forces. The affinity for ligand bind-
ing in the activation site decreases with increasing temperature, which is opposite to the
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Table 3 Binding parameters for phenyl dithiocarbamate + MT interaction evaluated from Eqs. 1, 5, 7 and 8;
p = 1 indicates that the binding is non-cooperative in two binding sites. The positive values of δθ

A and δθ
B

show that phenyl dithiocarbamate stabilizes the MT structure at 27 and 37 °C. The binding process for MT
inhibition is entropy driven, indicating that hydrophobic interaction dominants in the inhibition sites of MT

Parameters t = 27 °C t = 37 °C

p 1 ± 0.02 1 ± 0.02

g 2 ± 0.01 2 ±0.01

Ka / L·mol−1 2.9 × 103 (±12) 3.5 × 103 (±15)

�H / kJ·mol−1 12.11 ± 0.09 12.52 ± 0.08

�G / kJ·mol−1 −19.92 ± 0.07 −21.01 ± 0.05

�S / kJ·mol−1·K−1 0.11 ± 0.01 0.11 ± 0.01

δθ
A 3.91 ± 0.02 4.73 ± 0.03

δθ
B 3.00 ± 0.02 5.33 ± 0.02

Table 4 Binding parameters for p-phenylene-bis dithiocarbamate + MT interaction evaluated from Eqs. 1,
5, 7 and 8; p = 1 indicates that the binding is non-cooperative in two binding sites. The negative values of δθ

A
and δθ

B show that p-phenylene-bis dithiocarbamate destabilizes the MT structure at 27 and 37 °C. The binding
process for MT inhibition is enthalpy driven, indicating that electrostatic interaction is more important in the
inhibition sites of MT

Parameters t = 27 °C t = 37 °C

p 1 1

g 2 ± 0.01 2 ± 0.01

Ka / L·mol−1 3.3 × 105 (±56) 2.0 × 105 (±34)

�H / kJ·mol−1 −39.23 ± 0.12 −39.8 ± 0.14

�G / kJ·mol−1 −31.7 ± 0.09 −31.5 ± 0.08

�S / kJ·mol−1·K−1 −0.025 ± 0.002 −0.027 ± 0.002

δθ
A −7.41 ± 0.05 −10.6 ± 0.05

δθ
B −16.7 ± 0.04 −17.6 ± 0.05

result for the inhibition site. Considering the chemical structure of II with two negatively
charged heads, and the greater negative values of δθ

A and δθ
B, it seems that compound II is a

more potent inhibitor of MT than compound I. These interpretations are in agreement with
the greater Ka values for II at 27 and 37 °C and the notion that electrostatic forces play a
very important role in the inhibition of MT by II (Table 4). Taking together, bifunctional
dithiocarbamates, being strong chelators of copper ions, are potent tyrosinase inhibitors.

4 Conclusion

A value of p = 1 indicates that the binding is non-cooperative at two binding sites. The
positive values of δθ

A and δθ
B show that phenyl dithiocarbamate stabilizes the MT structure.

The binding process for MT inhibition is only entropy driven, indicating that hydrophobic
interaction is dominant in the inhibition sites of MT. The negative values of δθ

A and δθ
B show

that p-phenylene-bis dithiocarbamate destabilizes the MT structure. The binding process
for MT inhibition is only enthalpy driven, indicating that electrostatic interaction is more
important in the inhibition sites of MT.
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