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Background: Many tyrosinase inhibitors find application in cosmetics and pharmaceutical products for the
prevention of the overproduction of melanin in the epidermis. A series of 5-(substituted benzylidene)
hydantoin derivatives 2a–2k were prepared, and their inhibitory activities toward tyrosinase and melanin
formation were evaluated.
Methods: The structures of the compounds were established using 1H and 13C NMR spectroscopy and mass
spectral analyses. All the synthesized compounds were evaluated for their mushroom tyrosinase inhibition
activity.
Results: The best results were obtained for compound 2ewhich possessed hydroxyl group at R2 and methoxy
group at R3, respectively. We predicted the tertiary structure of tyrosinase, simulated its docking with
compound 2e and confirmed that this compound interacts strongly with mushroom tyrosinase residues as a
competitive tyrosinase inhibitor. In addition, we found that 2e inhibited melanin production and tyrosinase

activity in B16 cells.
Conclusions: Compound 2e could be considered as a promising candidate for preclinical drug development in
skin hyperpigmentation applications.
General significance: This study will enhance understanding of the mechanism of tyrosinase inhibition and
will contribute to the development of effective drugs for use hyperpigmentation.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Human skin pigmentation occurs as a result of the accumulation
of melanin in the epidermis; melanin is produced by melanocytes
within specialized organelles called melanosomes. Melanogenesis
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occurs through a complex pathway involving enzymatic and chemi-
cal reactions that are restricted to melanosomes, the melanocyte-
specific organelles containing all the components required to syn-
thesize the pigment. The conversion of tyrosine to melanin requires
tyrosinase, a copper-containing protein (Fig. 1). This tyrosinase
(monophenol monooxygenase, EC 1.14.18.1) plays the central role in
melanogenesis as the key enzyme that catalyzes the hydroxylation of
tyrosine to form 3,4-dihydroxyphenylalanine (L-DOPA), and L-DOPA
to DOPA quinone [1,2]. A large number of dermatological disorders
are characterized by the increased production and accumulation of
melanin; such disorders include abnormal pigmentations such as
freckles, age spots, and melasma, which can be serious [3,4].

Many tyrosinase inhibitors find application in cosmetics and
pharmaceutical products for the prevention of the overproduction of
melanin in the epidermis. Because of its key role in melanogenesis,
tyrosinase is an attractive target in the search for various kinds of
depigmenting agents [5–8]. In recent years, various tyrosinase
inhibitors have been reported such as azelaic acid [9], ascorbic acid
derivatives [10], arbutin [11], kojic acid [12], hydroxystilbene
compounds such as resveratrol [13–15], and polyphenolic compounds
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Fig. 1. Rationale for the design of the 5-(substituted benzylidene)hydantoin derivatives.
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[16–18]. A previous study has shown that 3,4-dihydroxyacetophe-
none and 4,4′-dihydroxybiphenyl have strong anti-tyrosinase activ-
ities that inhibits melanogenesis [19,20]. We have also reported that
hydroxy substituted 2-phenyl-naphthalenes as resveratrol analogs, 5-
(6-hydroxy-2-naphthyl)-1,2,3-benzenetriol, 6-(3-hydroxyphenyl)-2-
naphthol, and 4-(6-hydroxy-2-naphtayl-1,3-bezendiol) inhibit tyros-
inase activity and reduced melanin biosynthesis in B16 cells, which
indicates that these compounds could find use as depigmentation
agents. We have also found several potent tyrosinase inhibitors in
natural materials; these have a potent inhibitory effect on melano-
genesis [18,20,21] and the microphthalmia-associated transcription
factor [19].

Recently, our laboratory synthesized thiazolidine-carboxylic acid
derivatives I on the basis of the structures of the substrates and
products of tyrosinase, and we found that some of them showed
significant inhibitory activities against tyrosinase (Fig. 1). The
carboxylic acid and amine (NH) functionalities in I appeared to
play an important role in the inhibition of tyrosinase activity. Our
interest in an alternative structure capable of replacing thiazolidine-
carboxylic acid led us to study the hydantoin template. We
considered that the imide group of the hydantoin would play the
role of the carboxylic acid of I at the active site of tyrosinase because
the hydrogen atoms of both the imide and the carboxylic acid could
commonly act as acidic protons and because the imide and the
carboxylic acid both possessed a carbonyl group capable of
interacting with amino acid residues present at the active site of
tyrosinase (Fig. 1). Hydantoin derivatives have been identified as
anticancer [22,23], anticonvulsant [24], anti-inflammatory [25,26],
anti-HIV [27], antidiabetic [28], antimuscarinic [29,30], antiulcer
[31], antiarrythmic [32], and antihypertensive agents [33]. They have
also been found to act as serotonin and fibrinogen receptor antago-
nists [34,35], inhibitors of the glycine binding site of the NMDA
receptor [36], and antagonists of leukocyte cell adhesion, acting as
allosteric inhibitors of the protein–protein interaction [37]. Hydan-
toin derivatives also show antiproliferative effects toward human
carcinoma cells [38]. However, their effects on tyrosinase and skin
melanogenesis are not yet known.

In this study, eleven 5-(substituted benzylidene)hydantoin deri-
vatives, 2a–2k were synthesized, and their mushroom tyrosinase
inhibitory activities were evaluated. Among these derivatives, 2e
exhibited the highest inhibition of the L-DOPA oxidase activity of
mushroom tyrosinase at a concentration of 20 μM. This work was
designed to characterize the effects of 2e on mushroom tyrosinase
activity and on tyrosinase activity and melanin levels in B16
melanoma cells (B16 cells). We also predicted the tertiary structure
of tyrosinase, and simulated its docking with 2e.
2. Materials and methods

2.1. Experimental

2.1.1. General
Melting points are uncorrected. 1H and 13C NMR spectra were

recorded on Varian Unity INOVA 400 and Varian Unity AS 500
instruments. Chemical shifts are reported with reference to the
respective residual solvent or deuteriated peaks (δH 3.30 and δC 49.0
for CD3OD, δH 7.27 and δC 77.0 for CDCl3). Coupling constants are
reported in Hertz. The abbreviations used are as follows: s (singlet), d
(doublet), t (triplet), dd (doublet of doublets), and br s (broad
singlet). All the reactions described below were performed under an
argon or nitrogen atmosphere and were monitored by thin-layer
chromatography (TLC). All anhydrous solvents were distilled over
CaH2 or Na/benzophenone before use.

2.1.2. Method A: general procedure I for the synthesis of substituted
benzylidene-hydantoin analogs (2a–2d, 2f–2g, and 2i)

A suspension of substituted benzaldehydes (2.42–7.70 mmol) and
hydantoin (1.1 equiv.) in piperidine (1 ml/4 mmol benzadehyde) was
heated at reflux for duration between 30 min and 6 h. The reaction
mixture was cooled, and water (20 times the volume of piperidine
used) was added at 60 °C. Any traces of tarry material were removed
by filtration. The filtrate was acidified with 12 N HCl at room
temperature. The mixture was kept at room temperature for a few
hours. The precipitates generated were then filtered off using a
Buchner funnel and washed with cold water. They were then dried
under reduced pressure, and the substituted benzylidene-hydantoin
products (yields: 9.7–79%) were obtained.

2.1.3. Method B: general procedure II for the synthesis of substituted
benzylidene-hydantoin analogs (2e, 2h, and 2k)

A suspension of substituted benzaldehydes (1.08–1.28 mmol) and
hydantoin (1.1 equiv.) in EtOH (2–4 ml) and H2O (2–4 ml) was
heated to 80 °C. After the reaction mixture had been heated at the
same temperature for 30 to 50 h, the precipitates formedwere filtered
off using a Buchner funnel and washed with water to remove excess
hydantoin and methylene chloride or ethyl acetate, depending on the
property of the substituted benzaldehydes remaining, to give the title
products (yields: 11.4–71.4%).

2.1.4. Method C: synthesis of (Z)-5-(4-hydroxy-3,5-dimethoxybenzylidene)
imidazolidine-2,4-dione (2j)

A suspension of syringaldehyde (300 mg, 1.65 mmol), hydantoin
(198 mg, 1.98 mmol), and sodium acetate (405 mg, 4.94 mmol) in
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acetic acid (1.6 ml) was heated at reflux for 24 h. The precipitate
generated was filtered using a Buchner funnel and washed with
methylene chloride and a small amount of water. After being drying
under reduced pressure, the title product (192.9 mg, 44.3%) was
obtained.

2.1.4.1. (Z)-5-(4-Hydroxybenzylidene)imidazolidine-2,4-dione (2a).
Pale yellowish solid; reaction time, 30 min; yield, 78.5%; melting
point, N300 °C; 1H NMR (500 MHz, DMSO-d6) δ 11.10 (s, 1H, NH),
10.30 (s, 1H, NH), 9.84 (s, 1H, OH), 7.46 (d, 2 H, J=8.0 Hz, 2′-H, 6′-H),
6.77 (d, 2 H, J=8.0 Hz, 3′-H, 5′-H), 6.34 (s, 1 H, vinylic H); 13C NMR
(100 MHz, DMSO-d6) δ 166.3 (C4), 158.7 (C4´), 156.3 (C2), 131.9 (C2′,
C6′), 126.0 (C5), 124.5 (C1′), 116.4 (C3′, C5′), 110.0 (benzylic C);
LRMS(ES) m/z 203 (M-H)–.

2.1.4.2. (Z)-5-(2-Hydroxybenzylidene)imidazolidine-2,4-dione (2b).
Yellowish solid; reaction time, 2 h; yield, 50.3%; melting point,
265.5–268.4 °C; 1H NMR (500 MHz, DMSO-d6) δ 11.17 (s, 1H, NH),
10.29 (s, 1H, NH), 10.08 (s, 1H, OH), 7.54 (d, 1H, J=8.0 Hz, 6′-H), 7.16
(td, 1H, J=1.0, 8.0 Hz, 4′-H), 6.88 (d, 1H, J=8.0 Hz, 3′-H), 6.82 (t, 1H,
J=8.0 Hz, 5′-H), 6.67 (s, 1H, vinylic H); 13C NMR (100 MHz, DMSO-
d6) δ 166.3 (C4), 156.5 (C2′), 156.1 (C2), 130.6 (C4′), 130.0 (C6′),
127.7 (C5), 120.7 (C1′), 120.0 (C5′), 116.1 (C3′), 104.4 (benzylic C);
LRMS(ES) m/z 203 (M-H)–.

2.1.4.3. (Z)-5-(4-Methoxybenzylidene)imidazolidine-2,4-dione (2c).
Yellowish solid; reaction time, 4 h; yield, 17.4%; melting point,
241.8–242.9 °C; 1H NMR (400 MHz, DMSO-d6) δ 11.13 (s, 1 H, NH),
10.40 (s, 1H, NH), 7.55 (d, 2 H, J=8.8 Hz, 2´-H, 6´-H), 6.92 (d, 2 H,
J=8.8 Hz, 3′-H, 5′-H), 6.35 (s, 1H, vinylic H), 3.75 (s, 3 H, 4′-OCH3);
13C NMR (100 MHz, DMSO-d6) δ 166.3 (C4), 160.1 (C4′), 156.3 (C2),
131.8 (C2′, C6′), 126.7 (C5), 126.1 (C1′), 115.0 (C3′, C5′), 109.3
(benzylic C), 55.9 (4′-OCH3); LRMS(ES) m/z 217 (M-H) −.

2.1.4.4. (Z)-5-(3,4-Dihydroxybenzylidene)imidazolidine-2,4-dione (2d).
Brown solid; reaction time, 30 min; yield, 68.7%; melting point,
N300 °C; 1H NMR (400 MHz, CD3OD) δ 6.92–6.89 (m, 2H, 2′-H, 6′-H),
6.80 (d, 1H, J=8.8 Hz, 5′-H), 6.43 (s, 1 H, vinylic H); 13C NMR
(100 MHz, CD3OD) δ 166.6 (C4), 156.4 (C2), 146.8 (C4′), 145.6 (C3′),
125.7 (C5), 125.1 (C1′), 121.7 (C6′), 116.4 (C5′), 115.6 (C2′), 111.7
(benzylic C); LRMS(ES) m/z 219 (M-H) −.

2.1.4.5. (Z)-5-(3-Hydroxy-4-methoxybenzylidene)imidazolidine-2,4-
dione (2e). Pale green yellow solid; reaction time, 40 h; yield, 36%;
melting point, 250.7–253.4 °C; 1H NMR (400 MHz, DMSO-d6) δ 11.10
(br s, 1H, NH), 10.33 (br s, 1H, NH), 9.01(s, 1 H, OH), 7.05 (dd, 1 H,
J=2.0, 8.4 Hz, 6′-H), 6.97 (d, 1 H, J=2.0 Hz, 2′-H), 6.89 (d, 1 H,
J=8.4 Hz, 5′-H), 6.25 (s, 1 H, vinylic H), 3.77 (s, 3 H, 4′-OCH3); 13C
NMR (100 MHz, DMSO-d6) δ 166.3 (C4), 156.3 (C2), 149.0 (C4′), 147.1
(C3′), 126.9 (C5), 126.4 (C1′), 121.9 (C6′), 117.4 (C2′), 112.7 (C5′),
109.9 (benzylic C), 56.3 (4′-OCH3); LRMS(ES) m/z 233 (M-H)−.

2.1.4.6. (Z)-5-(4-Hydroxy-3-methoxybenzylidene)imidazolidine-2,4-
dione (2f). Green yellow solid; reaction time, 30 min; yield, 74%;
melting point, 249.2–251.6 °C; 1H NMR (500 MHz, DMSO-d6) δ 11.11
(s, 1H, NH), 10.40 (s, 1H, NH), 9.42 (s, 1H, OH), 7.09 (d, 1H, J=1.5 Hz,
2′-H), 7.06 (dd, 1H, J=1.5, 8.5 Hz, 6′-H), 6.78 (d, 1H, J=8.5 Hz, 5´-H),
6.35 (s, 1H, vinylic H), 3.82 (s, 3 H, 3′-OCH3); 13C NMR (100 MHz,
DMSO-d6) δ 166.3 (C4), 156.4 (C2), 148.4 (C3′), 148.2 (C4′), 126.1
(C5), 125.0 (C1′), 124.1 (C6′), 116.4 (C5′), 113.8 (C2′), 110.5 (benzylic
C), 56.4 (3′-OCH3); LRMS(ES) m/z 233 (M-H)−.

2.1.4.7. (Z)-5-(3-Ethoxy-4-hydroxybenzylidene)imidazolidine-2,4-dione
(2g). Ocherous solid; reaction time, 30 min; yield, 79%; melting point,
253.0–255.4 °C; 1H NMR (400 MHz, DMSO-d6) δ 11.08 (s, 1H, NH),
10.36 (s, 1H, NH), 9.32 (s, 1H, OH), 7.06 (d, 1H, J=2.4 Hz, 2′-H), 7.03
(dd, 1H, J=2.0, 8.4Hz, 6′-H), 6.76 (d, 1H, J=8.0 Hz, 5′-H), 6.30 (s, 1H,
vinylic H), 4.06 (q, 2H, J=6.8 Hz, CH3CH2-), 1.30 (t, 3 H, J=6.8 Hz,
CH3CH2-); 13C NMR (100 MHz, DMSO-d6) δ 166.3 (C4), 156.4 (C2),
148.6 (C3′), 147.6 (C4′), 126.1 (C5), 125.0 (C1′), 124.2 (C6′), 116.5
(C5′), 115.3 (C2′), 110.4 (benzylic C), 64.7 (3′-OCH2), 15.4 (CH2CH3);
LRMS(ES) m/z 247 (M-H) −.

2.1.4.8. (Z)-5-(2,4-Dimethoxybenzylidene)imidazolidine-2,4-dione
(2h). White solid; reaction time, 30 h; yield, 71.4%; melting point,
234.1–237.2 °C; 1H NMR (500 MHz, DMSO-d6) δ 11.09 (s, 1H, NH),
10.28 (s, 1H, NH), 7.55 (d, 1H, J=8.5 Hz, 6´-H), 6.60 (s, 1H, vinylic H),
6.59 (d, 1H, J=2.5 Hz, 3′-H), 6.54 (dd, 1H, J=2.0, 8.5 Hz, 5′-H), 3.83
(s, 3H, OCH3), 3.79 (s, 3 H, OCH3); 13C NMR (100 MHz, DMSO-d6) δ
166.3 (C4), 161.8 (C4′), 159.3 (C2′), 156.2 (C2), 130.8 (C6′), 126.7
(C5), 114.9 (C1′), 106.2 (benzylic C), 103.7 (C5′), 98.9 (C3′), 56.4 (2′-
OCH3), 56.1 (4′-OCH3); LRMS(ES) m/z 247 (M-H) −.

2.1.4.9. (Z)-5-(3,4-Dimethoxybenzylidene)imidazolidine-2,4-dione (2i).
Pale yellowish solid; reaction time, 6 h; yield, 9.7%; melting point,
271.3–273.9 °C; 1H NMR (500 MHz, DMSO-d6) δ 11.15 (s, 1H, NH),
10.48 (s, 1 H, NH), 7.18 (dd, 1H, J=1.5, 8.0 Hz, 6´-H), 7.11 (d, 1H,
J=2.0 Hz, 2′-H), 6.95 (d, 1 H, J=8.5 Hz, 5′-H), 6.37 (s, 1H, vinylic H),
3.81 (s, 3H, OCH3), 3.77 (s, 3H, OCH3); 13C NMR (100 MHz, DMSO-d6)
δ 166.3 (C4), 156.4 (C2), 150.0 (C3′), 149.4 (C4′), 126.8 (C5), 126.3
(C1′), 123.7 (C6′), 113.2 (C5′), 112.4 (C2′), 109.9 (benzylic C), 56.3
(OCH3), 56.2 (OCH3); LRMS(ES) m/z 247 (M-H)−.

2.1.4.10. (Z)-5-(4-Hydroxy-3,5-dimethoxybenzylidene)imidazolidine-
2,4-dione (2j). Yellow solid; reaction time, 24 h; yield, 44.3%; melting
point, 266.0–268.5 °C; 1H NMR (500 MHz, DMSO-d6) δ 11.13 (s, 1H,
NH), 10.50 (s, 1H, NH), 8.81 (s, 1H, OH), 6.82 (s, 2H, 2′-H, 6′-H), 6.35
(s, 1H, vinylic H), 3.81 (s, 6H, 3′-OCH3, 5′-OCH3); 13C NMR (100 MHz,
DMSO-d6) δ 166.3 (C4), 156.5 (C2), 148.7 (C3′, C5′), 137.4 (C4′), 126.2
(C5), 123.8 (C1′), 110.8 (benzylic C), 108.0 (C2′, C6′), 56.8 (3′-OCH3,
5′-OCH3); LRMS(ES) m/z 263 (M-H)−.

2.1.4.11. (Z)-5-(3,4,5-Trimethoxybenzylidene)imidazolidine-2,4-dione
(2k). Yellow solid; reaction time, 50 h; yield, 11.4%; melting point,
266.3–267.2 °C; 1H NMR (400 MHz, DMSO-d6) δ 11.19 (br s, 1H, NH),
10.58 (br s, 1H, NH), 6.80 (s, 2H, 2′-H, 6′-H), 6.33 (s, 1 H, vinylic H),
3.80 (s, 6H, 3′-OCH3, 5′-OCH3), 3.64 (s, 3H, 4′-OCH3); 13C NMR
(100 MHz, DMSO-d6) δ 166.2 (C4), 156.5 (C2), 153.7 (C3′, C5′), 138.6
(C4′), 129.2 (C1′), 127.9 (C5), 109.7 (benzylic C), 107.6 (C2′, C6′), 60.7
(4′-OCH3), 56.7 (3′-OCH3, 5′-OCH3); LRMS(ES) m/z 277 (M-H)−.

2.2. Materials

Mushroom tyrosinase, L-tyrosine [3-(4-hydroxyphenyl)]-L-alanine
(S)-2-amino-3-(4-hydroxyphenyl) propionic acid), kojic acid [5-hy-
droxy-2-(hydroxymethyl)-4H-pyran-4-one], and α-MSH (alpha-mela-
nocyte stimulating hormone)were purchased from Sigma Chemical Co.
(St. Louis, MO, USA).

2.3. Methods

2.3.1. Cell culture
B16 cells (obtained from the Korean Cell Line Bank) were cultured

in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Carlsbad, CA,
USA) with 10% fetal bovine serum (FBS; Gibco) and penicillin/
streptomycin (100 IU·50 μg−1·ml−1) in a humidified atmosphere
containing 5% CO2 at 37 °C. B16 cells were cultured in 24-well plates
for melanin quantification and enzyme activity assays.

2.3.2. Cell viability
Cell survival was quantified through a colorimetric 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
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that measured the mitochondrial activity in viable cells. This method
is based on the conversion of MTT (Sigma) to MTT-formazan crystals
by a mitochondrial enzyme and has been described previously [39].
Briefly, cells seeded at a density of 3×104/cell in a Corning 48-well
plate (Corning, NY, USA) were allowed to adhere overnight; the
culturemediumwas then replacedwith fresh serum-free DMEM.MTT
was freshly prepared at 5 mg·ml−1 in phosphate-buffered saline
(PBS) solution. 500 μl aliquots of the MTT stock solution were added
to each well, and the plate was incubated at 37 °C for 4 h in a
humidified 5% CO2 incubator. After 4 h, the medium was removed.
500 μl of EtOH-DMSO (1:1 solution) was added to each well to
dissolve the formazan. After 10 min, the optical density of each well
was measured spectrophotometrically using a 560 nm filter.

The results from three experiments are shown.

2.3.3. Assay for the measurement of inhibitory effects on mushroom
tyrosinase

Mushroom was used as the source of tyrosine for the entire study.
Tyrosinase activity was determined as described previously withminor
modifications [40]. Briefly, 20 μl of an aqueous mushroom tyrosinase
solution (1000 units) was added to a 96-well microplate (Nunc,
Denmark), in a 200 μl assay mixture containing 1 mM L-tyrosine
solution and 50 mM phosphate buffer (pH 6.5). The assay mixture
was incubated at 25 °C for 30 min. Following incubation, the amount of
dopachrome produced in the reaction mixture was determined
spectrophotometrically at 492 nm (OD492) using a microplate reader
(Hewlett Packard, Palo Alto, CA, USA). IC50, or inhibitory concentration
50, is the concentration of a compound that inhibits a standard 50%
response. IC50 values are derived from the X-axis on a curve of inhibitor
concentration versus product formation and determined from the
alignment of the dose-response curve on the dependent Y-axis. In the
present study, dose-dependent inhibition experimentswere performed
in triplicate to determine the IC50 values of the compounds. According to
the inhibition percentages of the three doses in each experiment, the
log-linear curves and their equations were determined. The individual
IC50 values were then calculated as the concentration when the Y-axis
was equal to 50% inhibition. The results from three experiments are
shown.

2.3.4. Kinetic analysis of tyrosinase inhibition
Various concentration of L-tyrosine (0.25 to 2 mM) as a substrate,

20 μl of aqueous mushroom tyrosinase solution (1000 units), and
50 mM potassium phosphate buffer (pH 6.5), with or without test
samples (1.25 and 20.0 μM of 2e), were added to a 96-well plate in a
total volume of 200 μl. Using a microplate reader, the initial rate of
dopachrome formation from the reaction mixture was determined by
the increase in absorbance at a wavelength of 492 nm per minute
(ΔOD492·min−1). The Michaelis constant (Km) and maximal velocity
(Vmax) of the tyrosinase activity were determined from a Lineweaver–
Burk plot at various L-tyrosine concentrations [34]. A modification of
the Michaelis–Menten equation was required to describe the reaction
kinetics due to competitive inhibition by the compounds together
with substrate inhibition by L-tyrosine. The results from three experi-
ments are shown.
R3

R1

R2

R4

O

H

HN
NH

O

O

+

Hydantoin1a - 1k

Scheme 1. Synthesis of the target compounds, 5-(substituted benzylidene)hydantoin deriv
ii) water at 60 °C; iii) filtration; iv) 12N HCl for 2a–2d, 2f–2g, and 2i; method B: EtOH/H2O
2.3.5. Assay of murine tyrosinase activity
Tyrosinase activity was estimated bymeasuring the rate of L-DOPA

oxidation [41]. Cells were placed in 24-well dishes at a density of
5×104 cells·ml−1. B16 cells were incubated in the presence or
absence of 100 nM α-MSH and they were then treated for 24 h with
various concentrations of 2e (0–10 μM). The cells were washed and
lysed in 100 μl of 50 mM sodium phosphate buffer (pH 6.5) containing
1% Triton X-100 (sigma) and 0.1 mM PMSF (phenylmethylsulfonyl
fluoride), and then frozen at −80 °C for 30 min. After being thawed
and mixed, the cellular extracts were clarified by centrifugation at
12000 rpm for 30 min at 4 °C. An 8 μl sample of the supernatant and
20 μl of L-DOPA (2 mg·ml−1) were placed in a 96-well plate, and the
absorbance at 492 nm was recorded every 10 min for 1 h at 37 °C
using an ELISA plate reader. The final activity is expressed as ΔO.
D.·min−1 for each set of conditions. The results from three experi-
ments are shown.
2.3.6. Determination of melanogenesis in B16 cells
The melanin content was determined using a modification of the

method of Bilodeau et al. [42]. In the present study, the amount of
melanin was used as the index of melanogenesis. B16 cells (5×104)
were transferred to 24-well dishes and incubated in the presence or
absence of 100 nM α-MSH. The cells were then incubated for 24 h
with various concentrations of 2e (0–10 μM). The samples were
washed twice with PBS andwere then dissolved in 100 μl of 1N NaOH.
The samples were incubated at 60 °C for 1 h and mixed to solubilize
the melanin. The absorbance at 405 nm was compared with a stan-
dard curve for synthetic melanin. The results from three experiments
are shown.
2.3.7. Homology modeling of tyrosinase
A three-dimensional model of Lentinula edodes (mushroom)

tyrosinase comprising 618 amino acids was built using the SWISS-
MODEL [43] program and on the basis of homologymodeling [44]. The
SWISS-MODEL program automatically provides an all-atom model
using alignments between the query sequence and known homolo-
gous structures. Known homologous structures of tyrosinase from the
Protein Data Bank (PDB) (http://www.pdb.org) were used as the
structural templates. The PDB: 1BT3was a suitable structural template
(15% sequence identity).
2.3.8. In silico docking of tyrosinase and novel inhibitor candidates
Among the many tools available for in silico protein-ligand

docking, DOCK6 is the most commonly used because of its automated
docking capability. The program performs ligand docking using a set
of predefined 3D grids of the target protein through a systemic search
technique [45].

We describe the structures of the novel inhibitor candidates in
Figs. 1 and 4. To prepare for the docking procedure, we performed the
following steps: (1) conversion of the 2D structures into 3D
structures; (2) calculation of charges; and (3) addition of hydrogen
atoms using the ChemOffice program (www.cambridgesoft.com).
R3 HN
NH

O

O

R1

R2

R4

a, b or c

2a - 2k

atives (2a–2k); reagents and conditions: method A: i) piperidine, reflux, 30 min–6 h;
(1:1), 80 °C, 30–50 h for 2e, 2 h, and 2k; method C: NaOAc, AcOH, reflux, 24 h for 2j.

http://www.pdb.org
http://www.cambridgesoft.com
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2.4. Statistical analysis

The inhibition of tyrosinase activity is expressed as a percentage of
inhibition, based on the equation 100− [(A×100)/B], where A is
OD492 with a test sample, and B is OD492 without a test sample. The
data collected have a mean standard error (n=3). The statistical
significance of the differences between groups was determined by
one-factor analysis of variance (ANOVA) followed by Fisher's pro-
tected least significant difference post hoc test. Values of *pb0.05
were considered statistically significant.
Fig. 2. Dose-dependent inhibitory effects of 2e and kojic acid on tyrosinase activity.
Tyrosinase activity was measured using L-tyrosine as the substrate. Results are expressed
as percentage of control, and each column represents the mean±S.E. of three deter-
minations. The optical density value of control at 492 nm was 0.486±0.007.
3. Results and discussion

Hydantoins and their derivatives constitute a group of pharmaceu-
tical compounds with anticonvulsant and antiarrhythmic properties,
and are also used against diabetes. Eleven 5-(substituted benzylidene)
hydantoin derivatives, 2a–2 k were obtained through three synthetic
methods (Scheme 1). Initially, method A using piperidine as a base, was
employed for the synthesis of some of the target compounds. However,
when using alkoxy-benzaldehydes 1c and 1i (Table 1) as starting
materials, the purification and solidification processes were difficult,
and the yieldswere low because of gummaterials generated. Therefore,
method B, which did not use base, was attempted for the preparation of
2e, 2h, and 2k, and the desired products were obtained more easily
and in higher purity. Both method A and method B were tried for the
synthesis of 2j, but the 1HNMRspectra showed that the productwasnot
pure, even though it looked like one spot in the TLC results. In this case,
method C, using NaOAc and AcOH, was attempted, and the desired
hydantoin derivative 2j was afforded without any impurities in
moderate yield. For the preparation of 5-(2,4-dihydroxybenzylidene)
hydantoin and 5-(3,5-dihydroxybenzylidene)hydantoin from 2,4-dihy-
droxybenzaldehyde and 3,5-dihydroxybenzaldehyde, the three afore-
Table 1
Substitution pattern of the substituted benzylidene-hydantoin derivatives 2a–2k.

R3 HN
NH

O

O

R1

R2

R4
Compound R1 R2 R3 R4 Yield

(%)
Reaction time
(hour)

Tyrosinase
inhibition (%)a

2a H H OH H 78.5 0.5 38.95±0.36
2b OH H H H 50.3 2 NI
2c H H OMe H 17.4 4 19.85±0.61
2d H OH OH H 68.7 0.5 NI
2e H OH OMe H 36.0 40 86.54±0.49
2f H OMe OH H 74.0 0.5 17.33±0.41
2g H OEt OH H 79.0 0.5 5.16±0.31
2h OMe H OMe H 71.4 30 21.61±0.50
2i H OMe OMe H 9.7 6 17.17±0.40
2j H OMe OH OMe 44.3 24 21.59±0.48
2k H OMe OMe OMe 11.4 50 41.79±0.55
Kojic acid 41.89±0.95

Values represent means±S.E. of three experiments, NI (no inhibition).
a. Tyrosinase inhibition was measured using L-tyrosine as the substrate at 20 μM.
mentioned methods were attempted, but none were successful. The
synthetic reactions for the substituted benzylidene-hydantoin analogs
gave 2a–2d, 2f–2 g, and 2i in 9.7–79% yields usingmethodA, 2e, 2h, and
2k in 11.4–71.4% yields using method B, and 2j in 44.% yield using
method C (Scheme 1 and Table 1). The structures of the synthesized
compounds were determined by 1H and 13C NMR spectroscopy and
mass spectroscopic analyses.

The inhibitory activities of the synthesized compounds were
examined using mushroom tyrosinase, as described previously, with
minor modification [40]. The inhibitory activities of these newly
synthesized compounds were compared to that of kojic acid as a
reference control, and the results are shown in Table 1 and Fig. 2. In
terms of the structure-activity relationships, compound 2d with two
substituents (the hydroxy group at R2 and R3, respectively) on the
phenyl ring has a similar structure to DOPA, which also has hydroxyl
groups at R2 and R3 on the phenyl ring, but 2d showed no mushroom
tyrosinase inhibition. Further, compound 2a, with a hydroxyl group at
R3 on the phenyl ring, has a similar structure to tyrosine, one of the
substrates of tyrosinase, but it showed poor mushroom tyrosinase
inhibition. Compound 2e, containing a hydroxyl group at R2 and a
methoxy group at R3, showed the highest inhibitory activity against
mushroom tyrosinase, but 2f, with these groups inverted (a methoxy
group at R2 and a hydroxyl group at R3), and 2i (with methoxy groups
at R2 and R3) showed little inhibitory activity. Among the newly
synthesized compounds, we further investigated the bioactivities of
2e, because this compound exhibited the highest inhibition of mush-
room tyrosinase (Table 1).

To the best of our knowledge, our present study provides the first
evidence that 2e has a potent inhibitory effect on melanogenesis.
First, we attempted to ascertain the potential cytotoxicity of 2e on
B16 cells. The cytotoxic effects of 2e were estimated by measuring
Fig. 3. Effect of 2e on the cell viability of B16 cells. Cells were treated with various doses
of 2e (0–10 μM), and the effect of 2e on the viability of B16 cells was examined by MTT
assay. Data are expressed as percentage of control. ⁎pb0.05 compared to the untreated
control.

image of Fig.�3


Table 2
Effects on mushroom tyrosinase activity and kinetic analysis of compounds.

Compound IC50a (μM) Kinetic analysisb

Vmax Km (mM) Ki (M)

1.25 μM 5.0 μM 20.0 μM 1.25 μM 5.0 μM 20.0 μM
2e 5.73±1.40 1.75×10−2 0.42 0.45 0.61 5.46×10−8 1.95×10−7 5.89×10−7

Kojic acid 20.99±1.80 – – –

a 50% inhibitory concentration (IC50).
b Lineweaver–Burk plot of mushroom tyrosinase: data are presented as mean values of 1/V, which is the inverse of the increase in absorbance at a wave-length 492 nm/min

(ΔA492/min), for three independent tests with different concentrations of L-tyrosine as the substrate.
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cell viability, and no significant cytotoxic effect was found for any of
the concentrations tested, as shown in Fig. 3. These results indicated
that 2e was relatively non-cytotoxic to cells under the experimental
conditions used. As shown in Table 2, we examined the inhibitory
action of 2e on mushroom tyrosinase activity, and found that 2e had
a strong suppressive action on the enzyme, with an IC50 value of
5.73±1.4 μM. Compared with kojic acid (IC50=20.99±1.8 μM), 2e
appeared to have a more powerful effect. The inhibitory efficacy of
2e may be attributed to its hydroxyl and methoxy groups at R2 and
R3 on the phenyl ring, respectively. The scaffold of 2e was struc-
turally similar to DOPA. To explore the inhibitory mechanism of 2e,
we conducted a study of the kinetic behavior of tyrosinase activity in
the presence of 2e (Table 2). As the concentration of 2e increased,
the Km value of 2e also increased gradually without changing Vmax,
thereby indicating that 2e acts as a competitive inhibitor of
mushroom tyrosinase. Tyrosinase is a copper-containing enzyme
that is widely distributed in nature [46], and most tyrosinase inhibi-
tors that chelate the copper in the active site of the enzyme show
Fig. 4. Computational prediction of the structure for tyrosinase and docking simulation with
box indicates 2e binding sites with tyrosinase residues THR 195, ASP 262, HIS 265, VAL 266
competitive inhibition; examples of such inhibitors are tropolone
[47] and kojic acid [12]. Thus, the inhibition mechanism of 2e might
involve binding to the copper active site of mushroom tyrosinase.
Therefore, we predicted the tertiary structure of mushroom tyrosi-
nase and simulated its docking with 2e using DOCK6. We searched
for tyrosinase residues that might bind to compound 2e, and found
that the most important binding residues for interaction with 2e are
expected to be THR 195, ASP 262, HIS 265, VAL 266, SER 275, ASP
276, and PRO 277 (Fig. 4). These residues existed within 3 of the
ligand. The docking simulation supported the slope-parabolic
mixed-type inhibition observed, as this type of inhibition is gener-
ally encountered when there are multiple possible binding sites for
an inhibitor. The docking simulation was successful, with signifi-
cant scores using DOCK6 (binding energy: −26.79 kcal/mol), and
suggested that it is mainly the PRO 96 residue that is responsible for
the interaction with 2e.

We also examined the inhibitory effect of 2e on the tyrosinase
activity of B16 cells treated with 100 nM α-MSH, and found that
2e. Predicted 3D structure of mushroom tyrosinase. A. Chemical structure of 2e. B. The
, SER 275, ASP 276, and PRO 277. The yellow area interacts with the ligand (Zb3).
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Fig. 5. Activity results of 2e on B16 cell tyrosinase. In the presence of 100 nMMSH, B16
cells were treated with various doses of 2e (0.2–0.0 μM) for 24 h. Results are expressed
as percentage of control, and each column represents the mean±S.E. of three
determinations. ###pb0.001 compared to the untreated control, ⁎⁎⁎pb0.001 compared
to the group treated with 100 nM α-MSH, KA (kojic acid).
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2e inhibited the tyrosinase activity effectively compared to the
α-MSH-treated group (Fig. 5). As the results show, the inhibitory
effect of 2e on tyrosinase activity was stronger than that of 10 μM
kojic acid with 100 nM α-MSH-treated B16 cells. We also evaluated
the melanin contents of cultured B16 cells in the presence of 2e
(ranging from 0.2 to 10 μM), and found that melanin synthesis was
effectively inhibited in a dose-related manner, thereby supporting
the mechanism by which 2e inhibits the tyrosinase of B16 cells.
The inhibitory effect of 2e on melanin contents was stronger
than that of 10 μM kojic acid with 100 nM α-MSH-treated B16 cells
(Fig. 6). When the clogP values of hydantoin analog and the
corresponding stilbene derivative are compared, hydantoin analog
shows a little lower value. Therefore, hydantoin analogs may have
better beneficial effect on manufacturing cosmetics with moistur-
izing ingredients.

4. Conclusion

The 5-(substituted benzylidene)hydantoin derivatives showed
anti-tyrosinase inhibition effects. The best results were obtained for
compound 2e, which possessed a hydroxyl group at R2 and a methoxy
group at R3 on the phenyl ring, respectively. This work will enhance
understanding of the mechanism of tyrosinase inhibition and will
Fig. 6. The ability of 2e to inhibit melanogenesis in the presence of 100 nM α-MSH in
B16 cells. Melanin levels were measured at 405 nm. Values are themeans±S.E. of three
experiments. Data are expressed as percentage of control. ###pb0.001 compared to the
untreated control, ⁎pb0.05 and ⁎⁎⁎pb0.001 compared to the group treated with
100 nM α-MSH, KA, kojic acid.
contribute to the development of effective drugs against hyper-
pigmentation. Considering the tyrosinase inhibitory activities of the 5-
(substituted benzylidene)hydantoin derivatives, the hydantoin tem-
plate was thought to be a perfect surrogate for thiazolidine-carboxylic
acid. This study indicates the possibility of the imide and amine
groups acting as pharmacophores in tyrosinase inhibitors.
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