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A series of 1,3,4-thiadiazole-2(3H)-thiones, 1,3,4-oxadiazole-2(3H)-thiones, 4-amino-1,2,4-triazole-5(4H)-
thiones, and substituted hydrazides were tailored and synthesized as new potent inhibitors of tyrosinase.
The rationale for inhibitor design was based on the active site structural evidence from the crystal structures
of bacterial tyrosinase and potato catechol oxidase enzymes. Kinetic and active site binding studies sug-
gested mono-dentate binding of thiadiazole, oxadiazole, and triazole rings to the active site dicopper center
of tyrosinase including hydrophobicity contributing to the potent inhibition. Kinetic plots showed mixed-
type of inhibition by all 25 compounds. Substitutions at C3 of the triazole ring and C5 of the thiadiazole/oxa-
diazole rings were found to be playing a major role in the high binding affinity to tyrosinase. The current
work may help develop new potent tyrosinase inhibitors against hyperpigmentation including potential
insecticides.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Tyrosinase (monophenol, o-diphenol:oxygen oxidoreductase;
EC 1.14.18.1) is a copper-containing enzyme responsible for bio-
synthesis of melanin pigment in skin, hair, and eyes.1,2 It catalyzes
two reactions in the melanin biosynthetic pathway (Raper–Mason
pathway): hydroxylation and oxidation of monophenols to o-qui-
nones (monophenolase activity), and oxidation of o-diphenols to
o-quinones (o-diphenolase activity). The enzyme is widely distrib-
uted in mammals, plants, insects, fungi, and bacteria.3,4

The initial steps of the Raper–Mason pathway have been targets
in the course of searching for inhibitors of tyrosinase.5 Certain dis-
eases or clinical conditions related to hyperpigmentation such as
flecks and skin defects are associated with the excessive produc-
tion of melanin.6 Tyrosinase has also been linked to Parkinson’s
and other neurodegenerative diseases.7,8 Therefore, identification
of tyrosinase inhibitors has promising potential in the treatment
of such ailments.5 Tyrosinase inhibitors have become increasingly
important for cosmetic and medicinal products primarily in rela-
tion to hyperpigmentation of skin. Topical preparations containing
tyrosinase inhibitors are used for the treatment of localized hyper-
ll rights reserved.
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pigmentation in humans such as lentigo, nevus, ephelis, post-
inflammatory state, and melanoma of pregnancy.9

Inhibition of tyrosinase is equally important commercially. In
most fruits and vegetables, the enzyme is responsible for undesired
browning that takes place during senescence or damage during
post-harvest handling, leading to faster degradation and shorter
shelf life.10 Therefore, inhibition of tyrosinase is desirable in order
to control browning and reduce economic losses. In insects, the
molting process and wound healing by melanin are critical to their
survival.11 Furthermore, quinonoid intermediates generated by
tyrosinase serve as defense molecules for insects.12 These pro-
cesses provide potential targets for developing safer and effective
tyrosinase inhibitors as insecticides and ultimately for insect
control.

In view of exploring new, potent and safer inhibitors of tyrosi-
nase, we synthesized a series of 1,3,4-thiadiazole-2(3H)-thiones,
1,3,4-oxadiazole-2(3H)-thiones, 4-amino-1,2,4-triazole-5(4H)-thi-
ones, and substituted hydrazides. Some of these compounds have
been reported as urease inhibitors13 including analogues of 1,3,4-
oxadiazole-2(3H)-thiones which exhibit pyrophosphatase and
phosphodiesterase I inhibitory activities as reported elsewhere.14

There are no reports of these compounds on tyrosinase inhibition.
Tyrosinase inhibitors from natural or synthetic origins have been
studied widely15–24 including substrate analogs25,26 and inhibitors
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different from substrate such as thiones27 and triazoles.28–31 An
extensive literature search indicated that the compounds reported
in this study are new inhibitors of tyrosinase, and some of them are
even more potent than the standard inhibitors such as kojic acid32

and L-mimosine.33 Our kinetic and structure–activity relationship
studies revealed novel clues to the identification, active site bind-
ing and mechanism of action of the pharmacophores present in
these inhibitors.

No crystal or NMR structure of mushroom tyrosinase is yet
available, however, there is a significant amount of chemical
and spectroscopic data available that gives important information
on the geometric and electronic structure of mushroom tyrosinase
active site.34 Crystal structure of the enzymes closely related to
tyrosinase such as catechol oxidase from potato35 and the odg do-
main of the respiratory pigment hemocyanin from Octopus dofle-
ini36 have been solved. Although crystallization of tyrosinases
presents serious problems partially due to their high hydropho-
bicity, Matoba et al.37 were able to successfully determine the
first high resolution crystal structure of tyrosinase from Strepto-
myces castaneoglobisporus bacteria (bacterial tyrosinase).

These enzymes including mushroom tyrosinase contain a type-
3 copper center in their active site, and their overall structures
along with the active site geometries are very similar to each other.
Our rationale for inhibitor design and synthesis took vantage of the
similarity of the active site structures of the bacterial tyrosinase
and catechol oxidase. Both of the enzyme structures provide
important information on the chemistry of active site residues
and rendered us a basic framework for designing appropriate phar-
macophores for these compounds. Our kinetic and binding studies
convincingly showed that 1,3,4-thiadiazole-2(3H)-thione, 1,3,4-
oxadiazole-2(3H)-thione, and 4-amino-1,2,4-triazole-5(4H)-thione
rings bind to the dicopper center of tyrosinase in a mono-dentate
fashion with the major contribution of hydrophobic interactions
with the active site.

We present for the first time, a rationale for binding of these
inhibitors to tyrosinase active site that has not been explored be-
fore. It would certainly highlight new insights into designing and
optimizing better tyrosinase inhibitors. Despite difficulties in
tyrosinase crystallization, our attempts are already in progress to
verify our binding proposal by determining crystal structure of
the inhibitors in complex with mushroom and bacterial tyrosinas-
es, as no tyrosinase–inhibitor complex structure is available to
date.
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Figure 1. (A) Binding of PTU to the active site dicopper center of potato catechol
oxidase as observed in the crystal structure of the complex (Klabunde et al., 1998).
Proposed binding of (B) thiadiazole, (C) triazole, and (D) oxadiazole rings to the
active site dicopper center of mushroom tyrosinase.
2. Results and discussion

2.1. Rationale for inhibitor design and synthesis

The crystal structure of the bacterial tyrosinase reveals impor-
tant information about its active site. The core of the enzyme, con-
taining the active site, is formed by a four-helix-bundle where the
catalytic dicopper center is located. This center is located at the
bottom of a large hydrophobic substrate binding pocket formed
by the side chains of hydrophobic amino acids.37 Other enzyme,
structurally and functionally related to tyrosinase, is catechol oxi-
dase–phenylthiourea (PTU) complex.35 The active site structure of
the enzyme is very similar to that of the bacterial tyrosinase37 even
though catechol oxidases show no monooxygenase activity
whereas tyrosinases exhibit both monooxygenase and oxidase
activities.35

The two most important factors responsible for catechol oxi-
dase inhibition by PTU are: (i) coordination of the sulfur atom of
PTU with the dicopper active site and (ii) hydrophobic interactions.
The sulfur atom of the inhibitor replaces the hydroxo-bridge pres-
ent in the Cu(II)–Cu(II) active site, and is coordinated to both cop-
per ions. Moreover, the amide nitrogen of the inhibitor weakly
interacts with CuB making a square-pyramidal coordination sphere
(Fig. 1A). The dicopper center of the enzyme is located in the center
of a hydrophobic pocket contributed by the side chains of hydro-
phobic amino acids.

Both of the above studies are promising in terms of providing
clues to understand the mechanism of tyrosinase inhibition and
in identifying inhibitors that may bind to tyrosinase in a manner
similar to that of PTU. We propose mono-dentate binding of
1,3,4-thiadiazole-2(3H)-thione, 4-amino-1,2,4-triazole-5(4H)-thi-
one, and 1,3,4-oxadiazole-2(3H)-thione rings to the dicopper
center of tyrosinase. The sulfur atom of the thione moiety of
these compounds is proposed to replace the hydroxo-bridge in
Cu(II)–Cu(II) center, and is coordinated to both copper ions
whereas the adjacent thioamidic nitrogen atom is proposed to
interact with the CuB of the center similar to PTU coordination
(Fig. 1B–D). Previous molecular simulation studies have indi-
cated that the binding of phenolic oxygen of tyrosine substrate
to CuB may be necessary as the first step for catalysis.38,39 More-
over, hydrophobicity of the inhibitors is likely contributing to
the high affinity since most of the chemical groups in these com-
pounds are hydrophobic in nature. We propose that while 1,3,4-
thiadiazole-2(3H)-thione, 4-amino-1,2,4-triazole-5(4H)-thione,
and 1,3,4-oxadiazole-2(3H)-thione rings coordinate with the
dicopper center, other chemical groups bind to the active site



Table 1
Structures of thiadiazole, triazole, oxadiazole, and substituted hydrazide inhibitors
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mainly through hydrophobic interactions along with some non-
hydrophobic interactions.
with Ki values expressed as SEM (standard error of mean)

No. Structure Ki (lM ± SEM)
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1,3,4-Thiadiazole-2(3H)-thione
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2.2. Kinetic studies

Kinetic studies showed a concentration-dependent inhibition
of mushroom tyrosinase by the compounds. Continuous monitor-
ing of the reaction in the presence of the inhibitors showed a
marked decrease in the reaction rate, that is, ultimately indi-
cated by a decrease in the final absorbance when compared with
controls containing no inhibitor. The potency of inhibition
exhibited by these compounds varied depending on the class
of compounds and the presence and positions of different substi-
tutions. The general order of inhibition potency was found to be:
thiadiazoles > triazoles > oxadiazoles > substituted hydrazides.

The structures and Ki values of the inhibitors are listed in Ta-
ble 1, and are compared with kojic acid. The most potent were
S1 (Ki = 0.19 lM), S2 (Ki = 0.49 lM), S3 (Ki = 0.53 lM), N8
(Ki = 1.01 lM), O10 (Ki = 1.35 lM), and O11 (Ki = 1.77 lM). The Ki

values of thiadiazoles, triazoles, oxadiazoles, and substituted
hydrazides lie in the range of 0.19–5.2 lM, 1.01–2.4 lM, 1.35–
69.4 lM, and 49–177.2 lM, respectively.

Inhibition kinetics was analyzed by Dixon plot40 to determine
the type of inhibition and Ki value. Slopes obtained from the plots
for uninhibited enzyme and with different concentrations of the
inhibitors were consistent with the characteristic patterns of
mixed-type inhibition, similar to kojic acid which exerts a
mixed-type inhibitory effect on the o-diphenolase activity of
mushroom tyrosinase.41,15 Representative Dixon plots for inhibi-
tors from each class are shown in Figure 2. A comparison of the
Ki values of the compounds with that of urease inhibitors13 re-
vealed that they possess much higher affinity to tyrosinase than
urease. It is likely that this high potency renders them more selec-
tive toward tyrosinase than urease.
NH2
4-Amino-1,2,4-triazole-5(4H)-thione

N8

NHN

N S
NH2

N
1.01 ± 0.01

N9

NHN

N S
NH2

HO
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NHN

O S
R

1
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3
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5

1,3,4-Oxadiazole-2(3H)-thione

O10
NHN

O S
O

Ph
1.35 ± 0.10

O11
NHN

O S
HO 1.77 ± 0.038

O12
NHN

O S

NHN

OS
CH2CH2CH2 1.90 ± 0.049

O13 NHN

O S

O
Ph

3.64 ± 0.23
2.3. Inhibitor–dicopper center binding

Binding studies were performed to determine whether the
inhibitors were able to interact specifically with the dicopper ac-
tive site of tyrosinase. O20 (10 lM) inhibited the o-diphenolase
activity by indicating DA475nm of 0.074/min when compared with
control containing no inhibitor (0.165/min). As shown in Figure 3A,
a concentration of 25 lM CuSO4 was required to achieve 70%
reversal of O20-inhibited tyrosinase activity. The activity did not
fully recover because increasing concentrations of CuSO4 itself
inhibited the enzyme activity (Fig. 3B), and probably due to some
remaining affinity of the inhibitor to the active site. Since only
25 lM CuSO4 was required to recover the O20-inhibited tyrosinase
activity, it is proposed that the O20–tyrosinase complex is disso-
ciable, and O20 is a reversible inhibitor.

The effect of O10 (Ki = 1.35 lM) on the activity reversal of tyros-
inase was also studied since this inhibitor was more potent than
O20. As shown in Figure 3C, a higher concentration of CuSO4

(�300 lM) was required to achieve maximum recovery (�37%)
of O10-inhibited tyrosinase activity. This can be explained by the
fact that O10 carries higher affinity for the active site than O20,
therefore, lesser effect of CuSO4 was observed in recovering the
O10-inhibited tyrosinase activity. It is implied that higher concen-
tration of CuSO4 was required to regain partial tyrosinase activity if
bound to more potent inhibitors. The studies are convincing to
conclude that the compounds specifically interact with the dicop-
per active site of tyrosinase. Therefore, it is unlikely that a simple
chelation effect might be responsible for the inhibitory action of
these compounds.
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No. Structure Ki (lM ± SEM)
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4.94 ± 0.11

O17
NHN

O S
6.47 ± 0.24

O18
NHN

O S

Ph

Ph
6.76 ± 0.15

O19
NHN

O S
N 14.2 ± 0.86
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Substituted hydrazides

H23
O

Ph
NHNH2

O
49.0 ± 0.96

H24
NHNH2

O

99.6 ± 0.41

H25
HO NHNH2

O
177.2 ± 15.2

Kojic acid 22.3 ± 0.71

U. Ghani, N. Ullah / Bioorg. Med. Chem. 18 (2010) 4042–4048 4045
2.4. Structure–activity relationship

2.4.1. 1,3,4-Thiadiazole-2(3H)-thiones
Compounds in this class were found to be the most potent

inhibitors. Among them the most potent was S1 containing a 5-
(4-hydroxyphenyl) substitution (Ki = 0.19 lM). The inhibitory
activity of the compound decreased more than sixfold when the
4-hydroxyl group on the phenyl ring was removed converting it
to S4 containing a 5-hydroxyphenyl group (Ki = 1.31 lM) reflecting
the importance of the hydroxyl group at position 4 and the phenyl
ring in enhancing the inhibitory activity of S1. High affinity of S1 is
most likely due to hydrogen-bonding interactions with one of the
active site residues.
Two more substitutions at the same position of the phenyl ring
with hydrophobic groups yielded better inhibitors (S2;
Ki = 0.49 lM and S3; Ki = 0.53 lM). We propose this to be mainly
due to hydrophobic interactions with the active site. However, S5
bearing a relatively polar group (4-pyridyl) showed a significant
decrease in the activity (Ki = 2.47 lM) when compared with other
inhibitors in the same series such as S2 and S3. The Ki values of
S5 and S6 are comparable since they are structurally similar to
each other (Table 1). A relatively moderate inhibitory activity of
S7 (Ki = 5.20 lM) was observed containing a 5-diphenylmethyl
group possibly explaining some role of the bulkiness of the two
phenyl rings which may poorly fit in the substrate binding pocket.

2.4.2. 4-Amino-1,2,4-triazole-5(4H)-thiones
The inhibitory activities of triazoles were comparable with that

of some inhibitors of the thiadiazole and oxadiazole series.
Although the substitutions in S1 and N9 are identical (4-hydroxy-
phenyl), the difference in the main moieties makes S1 remarkably
12-fold more potent than its counterpart N9. It is assumed that
generally the thiadiazole ring can better fit into the dicopper center
of enzyme than that of triazole. However, this assumption cannot
be applied exclusively to the main moieties due to the observation
that substituted groups also importantly contribute to the potency
as verified by comparing the structures and Ki values of S5
(2.47 lM) and N8 (1.01 lM).

2.4.3. 1,3,4-Oxadiazole-2(3H)-thiones
In this series, 10 different derivatives were tested for inhibitory

activity. O10 bearing a 4-benzyloxyphenyl group on the oxadiazole
ring was found to be the most potent inhibitor (Ki = 1.35 lM).
Comparison of this inhibitor with its positional isomer O13 (ben-
zyloxy group of the phenyl ring at position 3) showed a threefold
decrease in the activity. It revealed that the isomers with benzyl-
oxy group at position 4 of the phenyl ring are more preferred by
the active site for binding. O11 containing a 4-hydroxyphenyl
group at position 5 of the oxadiazole ring was the second most po-
tent inhibitor in this series.

It is interesting to note that both the absence of a hydroxyl
group from phenyl ring (O17) and the presence of a cyclohexyl ring
as a substituent at 5-position (O16) decreased the inhibitory activ-
ity several folds. This is similar to what was observed earlier in the
thiadiazole and triazole series that the presence of a 5-(4-hydroxy)
phenyl group exhibits potent inhibitory activity against tyrosinase.
However, a comparison of structures indicated that the potency
varied depending on the class of compounds and the type of
substitutions.

Very interestingly, O20 (Ki = 18.5 lM), a positional isomer of
O11 due to a hydroxyl group, exhibited 10-fold less inhibition than
that of O11 (Ki = 1.77 lM), which further confirmed the impor-
tance of the hydroxyl group at position 4 of phenyl substituent
in exhibiting potent inhibition. We attribute this potency to hydro-
gen-bonding interaction(s) with specific active site amino acids.
Presence of hydroxyl group renders an advantage of optimally
approaching those amino acids in order to form hydrogen bonding.

A comparison of O12 (Ki = 1.90 lM), O15 (Ki = 4.42 lM), and
O22 (Ki = 69.4 lM) suggested that the inhibitory activity of these
compounds varied according to the number of the carbon atoms
connecting the two oxadiazole rings. The activity of O12 decreased
twofold when the carbon chain is shortened by two atoms giving
rise to O15. A marked decrease in the activity was observed when
the two oxadiazole rings were directly bonded to each other (as in
O22). An interesting clue can be derived from these observations
that inhibitor size is also important in the binding; longer mole-
cules may bind to the active site better than the shorter ones. Since
the dicopper center is located at the bottom of a large substrate
binding pocket,25 it is assumed that longer molecules are at ease



Figure 2. Representative Dixon plots for (A) thidiazole S1, (B) triazole N9, (C) oxadiazole O10, and (D) substituted hydrazide H23 inhibitors.
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in approaching and interacting with the dicopper center by taking
advantage of the corresponding size and dimensions of the sub-
strate binding pocket. Compounds with diphenylmethyl (O18) or
1-naphthyl (O21) substituents exhibited weaker inhibitory activity
that may be due to the bulkiness of the structures as discussed ear-
lier for similar inhibitors.

2.4.4. Substituted hydrazides
The structural dissimilarity of the substituted hydrazides to

thiadiazoles, triazoles, and oxadiazoles may indicate a different
binding mode of these inhibitors to tyrosinase active site. Com-
parison of Ki values with other classes of inhibitors studied in
this work showed that these compounds were moderate inhibi-
tors of tyrosinase. H23, H24, and H25 contain substitutions iden-
tical to the ones present in thiadiazoles, triazoles, and
oxadiazoles. It was observed that the inhibitory potency greatly
varied according to the type of substitutions. However, the
hydrazide moiety should have an important role in the inhibi-
tory activity.42,43

3. Conclusions

The current work revealed novel clues to mono-dentate binding
of the inhibitors to tyrosinase active site along with hydrophobicity
yielding potent inhibition. The work will contribute to further
understanding of the mechanism of tyrosinase inhibition and
developing effective insecticides and drugs against hyperpigmen-
tation. Further studies are underway to determine crystal structure
of the inhibitors in complex with mushroom and bacterial
tyrosinases.

4. Experimental

4.1. Chemical synthesis

Synthesis of 1,3,4-oxadiazole-2(3H)-thiones was accomplished
by condensing the appropriate ethyl ester with hydrazine to gener-
ate the corresponding hydrazides, which in turn were heated with
carbon disulfide in ethanolic KOH.44 The thiones obtained were re-
acted with hydrazine in ethanol to produce 1,2,4-triazole-5(4H)-
thiones.45 1,3,4-Thiadiazole-2(3H)-thiones were synthesized by
exposing hydrazides to carbon disulfide, followed by acid-induced
cyclization in chloroform46 as shown in Scheme 1.

Carbon–hydrogen–nitrogen ratio (CHN), melting points (Büchi
535), mass spectrometry (MAT-312/JEOL JMS-HX 110), UV spectra
(Hitachi U-3200), infrared spectrometry (IR; JASCO A-302), proton
nuclear magnetic resonance, and carbon 13 nuclear magnetic res-
onance (1H NMR and 13C NMR; Brücker AM-300, AM-400/
AMX500) were used to determine the structures of the com-
pounds, and their chemical shifts were recorded in ppm.



Figure 3. Reversal of the o-diphenolase activity of (A) O20-inhibited and (B) O10-
inhibited tyrosinase by CuSO4. (C) Inhibition of o-diphenolase activity of tyrosinase
by CuSO4 alone.

Scheme 1. Synthesis of 1,3,4-oxadiazole-2(3H)-thiones, 1,2,4-triazole-5(4H)-thiones, and
KOH, EtOH, 80 �C, 12 h; (c) NH2NH2�H2O, EtOH, 90 �C, 8 h; (d) CS2, KOH, EtOH; (e) H2SO
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S1:14 Anal. Calcd for C8H6N2OS2: C, 45.69; H, 2.88; N, 13.32.
Found: C, 45.65; H, 2.91; N, 13.28. S2:14 Anal. Calcd for
C5H4N4S4: C, 24.18; H, 1.62; N, 22.56. Found: C, 24.15; H, 1.65; N,
22.51. S3:14 Anal. Calcd for C14H20N2OS2Si: C, 51.81; H, 6.21; N,
8.63. Found: C, 51.77; H, 6.24; N, 8.58. S4: 215–217 �C; Lit. 47a
215 �C. Anal. Calcd for C8H6N2S2: C, 49.46; H, 3.11; N, 14.42. Found:
C, 49.42; H, 3.13; N, 14.38. S5: 291–293 �C; Lit. 47b 288–291 �C.
Anal. Calcd for C7H5N3S2: C, 43.06; H, 2.58; N, 21.52. Found: C,
43.02; H, 2.61; N, 21.48. S6:13 Anal. Calcd for C4H2N4S4: C, 20.50;
H, 0.86; N, 23.91. Found: C, 20.47; H, 0.88; N, 23.88. S7:14 Anal.
Calcd for C15H12N2S2: C, 63.35; H, 4.25; N, 9.85. Found: C, 63.31;
H, 4.28; N, 9.81. N8: 235–236 �C; Lit. 47c 235.5 �C. Anal. Calcd for
C7H7N5S: C, 43.51; H, 3.65; N, 36.24. Found: C, 43.47; H, 3.69; N,
36.20. N9:47d Anal. Calcd for C8H8N4OS: C, 46.14; H, 3.87; N,
26.90. Found: C, 46.10; H, 3.91; N, 26.85. O10:47e Anal. Calcd for
C15H12N2O2S: C, 63.36; H, 4.25; N, 9.85. Found: C, 63.32; H, 4.28;
N, 9.81. O11: 209–210 �C; Lit. 47f 208 �C. Anal. Calcd for
C8H6N2O2S: C, 49.47; H, 3.11; N, 14.42. Found: C, 49.44; H, 3.13;
N, 14.39. O12:47g Anal. Calcd for C7H8N4O2S2: C, 34.42; H, 3.30;
N, 22.93. Found: C, 34.38; H, 3.32; N, 22.90. O13:14 Anal. Calcd
for C15H12N2O2S: C, 63.36; H, 4.25; N, 9.85. Found: C, 63.32; H,
4.28; N, 9.81. O14: 129–130 �C; Lit. 47h 130–131 �C. Anal. Calcd
for C9H8N2OS: C, 56.23; H, 4.19; N, 14.57. Found: C, 56.21; H,
4.23; N, 14.51. O15:14 Anal. Calcd for C5H4N4O2S2: C, 27.77; H,
1.86; N, 25.91. Found: C, 27.73; H, 1.89; N, 25.88. O16: 81–82 �C;
Lit. 47i 81 �C. Anal. Calcd for C8H12N2OS: C, 52.15; H, 6.56; N,
15.20. Found: C, 52.11; H, 6.59; N, 15.16. O17: 217–218 �C; Lit.
47f 218 �C. Anal. Calcd for C8H6N2OS: C, 53.92; H, 3.39; N, 15.72.
Found: C, 53.90; H, 3.42; N, 15.68. O18:14 Anal. Calcd for
C15H12N2OS: C, 67.14; H, 4.51; N, 10.44. Found: C, 67.10; H, 4.54;
N, 10.40. O19: 231–232 �C; Lit. 47f 230 �C. Anal. Calcd for
C7H5N3OS: C, 46.92; H, 2.81; N, 23.45. Found: C, 46.89; H, 2.84;
N, 23.40. O20:14 Anal. Calcd for C8H6N2O2S: C, 49.47; H, 3.11; N,
14.42. Found: C, 49.42; H, 3.14; N, 14.38. O21: 220–221 �C; Lit.
47h 217–218 �C. Anal. Calcd for C12H8N2OS: C, 63.14; H, 3.53; N,
12.27. Found: C, 63.10; H, 3.56; N, 12.23. O22:47h Anal. Calcd for
C4H2N4O2S2: C, 23.76; H, 1.00; N, 27.71. Found: C, 23.72; H, 1.03;
N, 27.67. H23: 140–141 �C; Lit. 47j 140 �C. Anal. Calcd for
C14H14N2O2: C, 69.41; H, 5.82; N, 11.56. Found: C, 69.37; H, 5.86;
N, 11.54. H24: 151–152 �C; Lit. 47j 152 �C. Anal. Calcd for
C11H10N2O: C, 70.95; H, 5.41; N, 15.04. Found: 70.90; H, 5.45; N,
15.00. H25: 262–263 �C; Lit. 47j 261 �C. Anal. Calcd for
C7H8N2O2: C, 55.26; H, 5.30; N, 18.41. Found: C, 55.22; H, 5.33;
N, 18.38.

4.2. Tyrosinase inhibition assay

The compounds were tested for o-diphenolase inhibitory activ-
ity of tyrosinase using L-DOPA (dihydroxyphenylalanine) as sub-
strate in a 96-well microplate format using SpectraMax Plus�
1,3,4-thiadiazole-2(3H)-thiones. Reagents and conditions: (a) NH2NH2�H2O; (b) CS2,
4, CHCl3, 0 �C.
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microplate reader (Molecular Devices, CA, USA). Inhibitory activity
was determined by the method previously reported.48 All inhibi-
tors were dissolved in DMSO and its final concentration in the
reaction mixture was 3%. Mushroom tyrosinase (28 nM; Sigma
Chemical Co., St. Louis, USA) was preincubated with the com-
pounds in 50 mM sodium phosphate buffer (pH 6.8) for 20 min
at 25 �C. L-DOPA (final concn 0.5 mM) was added to the mixture
and the enzyme reaction was continuously monitored by measur-
ing the change in absorbance at 475 nm. Kojic acid was used as
standard inhibitor.

4.3. Determination of Ki values and type of inhibition

The reaction mixture contained 50 mM Na-phosphate buffer
(pH 6.8), 28 nM tyrosinase, 3% DMSO, and various concentrations
of L-DOPA (0.2–1.0 mM). Tyrosinase was preincubated with
different concentrations of inhibitors for 20 min at 25 �C and the
reaction was initiated by adding substrate. Formation of
DOPAchrome was continuously monitored at 475 nm for 2 min in
the microplate reader.

Initial enzyme reaction velocity (lmol/min/mg) was calculated
using the linear portion of each curve expressed as DA475/min. The
rate of the reaction was linear for initial 2 min. Ki values and type
of inhibition were calculated by the method of Dixon28 using Grafit
software (version 4.09, Erithacus Software Ltd, Staines, UK). Mean
Ki values were expressed using SEM (standard error of mean) ob-
tained from each of four individual experiments.

4.4. Dicopper center binding assay

Binding of the inhibitors to tyrosinase active site was deter-
mined by the method described elsewhere.49 Briefly, tyrosinase
was preincubated with the highest concentration of inhibitors re-
quired to achieve maximum inhibition of the enzyme. CuSO4 was
added to the pre-inhibited tyrosinase in a range of concentrations
(0.002�1.0 mM) followed by addition of substrate. The reaction
was monitored at 475 nm in the microplate reader. Any increase
in absorbance was indicative of the activity recovery of pre-inhib-
ited tyrosinase.
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