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a b s t r a c t

The b-phenyl-a,b-unsaturated carbonyl (PUSC) scaffold confers tyrosinase inhibitory activity, and in the
present study, 16 (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one analogues con-
taining this scaffold were synthesized. Mushroom tyrosinase inhibitory activities were examined.
Compound 1c (IC50 = 4.70 ± 0.40 lM) and compound 1j (IC50 = 11.18 ± 0.54 lM) inhibited tyrosinase
by 4.9 and 2.1-fold, respectively, and did so more potently than kojic acid (IC50 = 23.18 ± 0.11 lM).
Kinetic analysis of tyrosinase inhibition revealed that 1c and 1j inhibited tyrosinase competitively.
Results of docking simulation with mushroom tyrosinase using four docking programs suggested that
1c and 1j bind more strongly than kojic acid to the active site of tyrosinase and supported kinetic findings
that both compounds are competitive inhibitors. The docking results of human tyrosinase homology
model indicated that 1c and 1j can also strongly inhibit human tyrosinase. EZ-cytox assays revealed 1c
and 1j were not cytotoxic to B16F10 melanoma cells. The effects of 1c and 1j on cellular tyrosinase activ-
ity and melanin production were also investigated in a-MSH- and IBMX-co-stimulated these cells. Both
compounds significantly and dose-dependently reduced tyrosinase activity, and at 10 mM were more
potent than kojic acid at 20 mM. Compounds 1c and 1j also inhibited melanogenesis, which suggested that
the inhibitory effects of these compounds on melanin production were mainly attributable to their inhi-
bitions of tyrosinase. These results indicate that compounds 1c and 1jwith the PUSC scaffold have poten-
tial use as whitening agents for the treatment of hyperpigmentation-associated diseases.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Melanin largely determines the color of bird feathers and the
skins of mammals and affects the browning of apples, potatoes,
and mushrooms [1-5]. In humans, melanin colors hair, eyes, and
skin. Melanin protects skin by blocking UV radiation, which pro-
duces reactive oxygen species (ROS) [6-9], causes DNA damage,
and can cause skin cancer [10-15].

Skin color is considered important in the contexts of fashion
and beauty, but the overproduction of melanin due to, for example,
excessive UV exposure results in hyperpigmentation, spots,
freckles, and melasma [16-20]. Melanin is biosynthesized in the
melanosomes of melanocytes by complicated enzymatically driven
processes. Three enzymes are primarily involved, namely, tyrosi-
nase and two tyrosinase-related proteins, TYRP1 and TYRP2 [7].
Tyrosinase is the key rate-limiting enzyme of the conversion of
L-tyrosine to dopaquinone via L-dopa, and thus, influences melanin
biosynthesis in melanocytes [6,21]. Depending on the presence of
thiols, such as glutathione and L-cysteine, dopaquinone can act
in two different ways [22]. First, it can react with thiols by a
Michael addition and be converted to pheomelanin, which is yel-
low–red colored [22]. Alternatively, in the absence of thiols, dopa-
quinone is transformed to eumelanin, which is brown-black
colored [23,24]. Thus, human skin color is largely determined by
the proportions and amounts of eumelanin and pheomelanin in
skin [25,26].

Numerous attempts have been made to reduce the production
of melanin. These approaches include tyrosinase inhibition,
the suppression of melanin transfer from melanocytes to

http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2020.12.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2020.12.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mhr108@pusan.ac.kr
https://doi.org/10.1016/j.csbj.2020.12.001
http://www.elsevier.com/locate/csbj


I. Choi, Y. Park, Il Young Ryu et al. Computational and Structural Biotechnology Journal 19 (2021) 37–50
keratinocytes, and interventions that target intracellular signals for
melanogenesis [27]. Although many different natural and synthetic
substances have exhibited meaningful anti-melanogenic effects in
cell-based assays [28-34], the majority have side effects, such as an
insufficient potency, carcinogenic effects, permanent depigmenta-
tion, and dermatitis, in vivo, in animal models and in humans [35].
Although hydroquinone and kojic acid are used as whitening
agents at limited concentrations in a few countries, these skin-
lightening agents are prohibited in most countries due to the risks
of undesirable side effects, such as possible carcinogenic effects in
thyroid [7], nephrotoxicity [6], genotoxicity [36], and cytotoxic
effects on melanocytes [6]. Arbutin is a-D-glucopyranoside of
hydroquinone that occurs naturally in the bearberry plant of the
genus Arctostaphylos. Due to its lesser side effects, arbutin is more
widely used as a whitening agent than hydroquinone, and its anti-
melanogenic effect is known to be due to tyrosinase inhibition.
Arbutin is hydrolyzed to hydroquinone and D-glucose by skin
microflora, such as Staphylococcus epidermidis and Staphylococcus
aureus [22], by enzymes like a-glycosidase, and by temperature
(10% decomposition after 5 days at 20 �C) [37]. Therefore, there
is a need for novel tyrosinase inhibitors that are non-
carcinogenic and more clinically effective.

Many researchers are trying to discover new tyrosinase inhibi-
tors by exploring new scaffolds and repositioning of old scaffolds
including thiourea [38]. Compounds with the 2-thioxooxazolidin-
4-one template exhibit many biological activities such as anti-
cancer [39], HIV-1 fusion inhibiting [40], 17b-hydroxysteroid
dehydrogenase type 3 inhibiting [41], and glucose and
triglyceride-lowering activities [42], but have not been reported
to exhibit tyrosinase inhibitory activity. Over the past ten years,
we reported a variety of compounds with b-phenyl-a,b-unsatura
ted carbonyl (PUSC) scaffold that have demonstrated excellent
inhibition of tyrosinase in vitro and in vivo [32,34,43-47]. There-
fore, we were interested in an incorporating a 2-
thioxooxazolidin-4-one template with different benzaldehydes to
produce a PUSC scaffold (Fig. 1). According to our accumulated
structure–activity relationship data [45,46,48-54], derivatives with
a hydroxyl group on the b-phenyl ring of the PUSC scaffold gener-
ally have high tyrosinase inhibitory activities. Furthermore, the
numbers and positions of hydroxyl groups appear to be closely
responsible for the tyrosinase inhibitory efficacy. Accordingly, in
the present study, we designed derivatives with various sub-
stituents at different positions on the b-phenyl ring of the PUSC
scaffold, and subsequently synthesized a series of (Z)-5-
(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one
derivatives. We then evaluated the abilities of derivatives to inhibit
mushroom tyrosinase and to suppress tyrosinase activity and mel-
anin production in B16F10 melanoma cells, and also performed
kinetic studies and docking simulations to determine how these
derivatives interact with tyrosinase.
2. Results and discussion

2.1. Chemistry

The strategy used to synthesize the desired derivatives, (Z)-5-
(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-ones,
involved the use of 3-phenyl-2-thioxooxazolidin-4-one as a key
template for the construction of the PUSC scaffold (Fig. 1). As
depicted in Scheme 1, reaction of ethyl glycolate with phenyl
isothiocyanate gave the key intermediate, 3-phenyl-2-
thioxooxazolidin-4-one (2), in a 29% yield. Sixteen benzaldehydes
were refluxed with this intermediate in the presence of acetic acid
and sodium acetate to give the final compounds 1a–1p in yields of
18–85%. None of these compounds, with the exception of 1i, which
38
is a 17b-hydroxysteroid dehydrogenase type 3 inhibitor, has been
previously described [41]. Thermodynamically more stable Z-
isomers were predominately generated. As described by Nair and
co-workers [55], the E-/Z-configuration was determined using vic-
inal 1H, 13C-coupling constants in proton-coupled 13C spectra. As
shown in Fig. 2, vicinal coupling constants between the amide car-
bonyl C-atom C(1) and the olefinic H-atom at C(3) depend on the
geometry of the double bond ((E)-isomer: 3Jcis = 6.8 Hz, (Z)-
isomer: 3Jtrans = 11.5 Hz). Different vicinal 1H, 13C-coupling con-
stants of geometric isomers are observed in many compounds,
including 5-membered and 6-membered exocyclic compounds.
The values of 3Jcis range from 3.6 to 6.4 Hz, whereas the range of
values of 3Jtrans values is roughly twice as large
(generally > 10 Hz). 13C NMR of compound 1b was measured in
proton-coupled 13C mode, and the 3J value of C4 in 1b was
3.5 Hz (Refer to Fig. S52 in Supplementary data), suggesting a
(Z)-configuration.

Chemical shifts of vinylic protons were analyzed based on con-
sideration of the NMR solvent used and the positions and types of
substituents on the b-phenyl ring. The chemical shifts of vinylic
protons appeared at 6.76 ~ 7.10 ppm. The chemical shifts
(6.76 ~ 6.81 ppm) of vinylic protons without a substituent at the
2-position of the b-phenyl ring generally appeared up-field in
CDCl3 compared to those (6.82 ~ 6.95 ppm) in DMSO d6. The pres-
ence of highly electronegative elements, such as hydroxyl, meth-
oxyl, and fluoro group at the 2-position of the b-phenyl ring
moved the chemical shift of the vinylic proton down-field (1c,
1 h, 1j and 1p vs. the remaining compounds). In the case of com-
pound 1p, which had a highly electronegative fluoro substituent
at the 2-position of the b-phenyl ring, the chemical shift of the
vinylic proton in CDCl3 solvent appeared at 7.08 ppm, which was
0.27 ~ 0.32 ppm higher than the chemical shifts of vinylic protons
in other compounds measured in the same solvent. On the other
hand, the two hydroxyl groups of 1c moved 60-H down-field
(7.82 ppm), and the two fluoro substituents of 1pmoved 60-H more
strongly down-field (8.28 ppm). The 1H NMR spectrum of 1p
showed characteristic coupling patterns of the two fluoro sub-
stituents. 60-H appeared as a triplet of doublets due to coupling
by the two fluorine atoms and 50-H. 30-H and 50-H also appeared
as a triplet of doublets by coupling to the fluorine atoms and vici-
nal hydrogen atoms. The results of characteristic coupling by fluo-
rine atoms were observed in 13C NMR spectrum of 1p. All carbon
peaks of b-phenyl rings attached to fluorine atoms appeared as
doublet of doublets and the bb-carbon of the PUSC scaffold was
also split into a doublet by the 2-fluorine atom.

2.2. Inhibitory activities of thioxazolidinedione derivatives 1a–1p
against mushroom tyrosinase

To select derivatives for cell-based assays of anti-melanogenic
and tyrosinase-inhibitory effects, the inhibitory activities of the
sixteen synthesized (Z)-5-(substituted benzylidene)-3-phenyl-2-t
hioxooxazolidin-4-one analogues, 1a–1p, were examined using
mushroom tyrosinase and kojic acid (the positive control with
known potent tyrosinase inhibitory activity). All compounds and
kojic acid were tested at a concentration of 25 lM. Tyrosinase inhi-
bitory results are shown in Table 1.

Of the sixteen synthesized compounds, two derivatives 1c (78.
05 ± 4.03% inhibition) with a 2,4-dihydroxyl substituent and 1j
(71.12 ± 0.71% inhibition) with a 2-hydroxyl substituent exhibited
more potent tyrosinase-inhibition than kojic acid (58.09 ± 5.82%
inhibition), and compound 1b exhibited a moderate inhibitory
effect (30.57 ± 1.77% inhibition). Although compound 1a (10.25 ±
2.36% inhibition) with a 4-hydroxyphenyl only weakly inhibited
tyrosinase, the introduction of an additional 3-hydroxyl group into
the b-phenyl ring enhanced tyrosinase inhibitory activity to 30.57%



Fig. 1. Synthetic strategy of (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one derivatives possessing the (E)-b-phenyl-a,b-unsaturated carbonyl scaffold.

Scheme 1. Synthesis of (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one derivatives 1a–1p. Reagents and conditions: (a) Et3N, CH2Cl2, rt, 42 h, 29.3%; (b)
NaOAc, AcOH, reflux, 9–25 h, 18–85%.

Fig. 2. Relationship between the C,H-spin-coupling constants over three bonds indicated by the arrow and the geometry of the double bond.
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(see compound 1b). Furthermore, the insertion of an additional 2-
hydroxyl group into the b-phenyl ring of 1a increased the tyrosi-
nase inhibitory activity to 78% (1a vs. 1c). On the contrary, the
introduction of methoxyl or ethoxyl at the 3-position of the b-
phenyl ring eliminated tyrosinase inhibitory activity (1a vs. 1d
and 1e). Derivatives (1 h, 1i, and 1 k) without a hydroxyl group
on the b-phenyl ring exhibited very weak or no inhibition. The
insertion of a 3-bromo group into the b-phenyl ring of 1a increased
tyrosinase inhibitory activity (1a vs. 1n) to 25%, while the
39
introduction of substituents (3,5-dimethoxy, 3,5-di-tert-butyl,
and 3,5-dibromo substituents) at both 3- and 5-positions in the
b-phenyl ring did not enhance inhibitory activities (1a vs. 1 l,
1 m, and 1o). These results indicate hydroxyl groups on the b-
phenyl ring are necessary for tyrosinase inhibition and that the
number and position of substituents, especially hydroxyl groups,
markedly influence tyrosinase inhibitory activity.

Derivative 1c with a 2,4-dihydroxyphenyl group was the most
potent inhibitor of tyrosinase. To investigate whether the hydrogen



Table 1
Mushroom tyrosinase inhibition of the synthesized (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one derivatives 1a–1p and kojic acid.

Compound R1 R2 R3 R4 Tyrosinase inhibition (%)a

1a H H OH H 10.25 ± 2.36
1b H OH OH H 30.57 ± 1.77
1c OH H OH H 78.05 ± 4.03
1d H OMe OH H NIb

1e H OEt OH H NI
1f H OH OMe H 13.39 ± 9.67
1g H H OMe H NI
1h OMe H OMe H 4.09 ± 3.66
1i H OMe OMe H 7.47 ± 5.52
1j OH H H H 71.12 ± 0.71
1k H OMe OMe OMe NI
1l H OMe OH OMe 10.22 ± 4.82
1m H t-Bu OH t-Bu 8.53 ± 2.25
1n H Br OH H 24.96 ± 4.72
1o H Br OH Br NI
1p F H F H NI
Kojic acid 58.09 ± 5.82

aTyrosinase inhibitions of the synthesized compounds and kojic acid were evaluated at 25 lM using L-tyrosine as a substrate. bNI: no inhibition. Results are expressed as
means ± SEMs.
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bond donor or acceptor characteristics of the hydroxyl groups are
associated with tyrosinase inhibition, compound 1p with a 2,4-
difluorophenyl group was synthesized as a congener of 1c, which
possessed a 2,4-dihydroxyphenyl. Unlike a hydroxyl group, fluo-
rine can only serve as a hydrogen bond acceptor. Tests showed
1p had no mushroom tyrosinase inhibitory activity. Compound
1 h, which had 2,4-dimethoxyl groups that only act as hydrogen
bond acceptors, exhibited very weak tyrosinase inhibition. These
results suggest substituents that can act as hydrogen bond accep-
tors and donors at the 2- and 4-positions of the b-phenyl group, or
that can serve as hydrogen bond donors, may play a more impor-
tant role in tyrosinase enzyme inhibition than substituents capable
of acting as hydrogen bond acceptors only at same positions. This
suggestion is supported by the pharmacophore results obtained
using LigandScout based on AutoDock 4, which showed hydroxyl
substituents at the 2- and 4-positions of the b-phenyl group form
a hydrogen bond with amino acid residues of Asn260 or Met280
at the active site of tyrosinase, respectively, and that the hydroxyls
serve as hydrogen bond donors (Fig. 5). Taken together, the hydro-
xyl substituents at the 2- and 4-positions of the b-phenyl group
play a key role in tyrosinase enzyme inhibition, and the effect on
the tyrosinase inhibitory activity is due to the ability of the hydro-
gen bond donor of hydroxyls.

We also investigated the IC50 values of compounds 1c and 1j,
which more potently inhibited mushroom tyrosinase than kojic
acid, and compound 1b, which moderately inhibited tyrosinase.
All four compounds dose-dependently inhibited mushroom tyrosi-
nase (data not shown). The low IC50 values of 1c (4.70 ± 0.40 lM)
and 1j (11.18 ± 0.54 lM) indicated that these compounds inhibited
tyrosinase activity more strongly than kojic acid (IC50 = 23.18 ± 0.
11 lM), more specifically, the inhibitory potencies of 1c and 1j
were 5- and 2-fold greater, respectively, than that of kojic acid.
On the other hand, the IC50 value of compound 1b, which pos-
sessed a catechol group, was 53.38 ± 0.39 lM, indicating poorer
mushroom tyrosinase inhibitory activity than kojic acid.
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2.3. Studies on the action of mode of compounds 1c, and 1j

To examine the inhibitory modes of action of compounds 1c
and 1j, we performed a kinetic study on mushroom tyrosinase in
the presence of 1c or 1j using L-tyrosine as a substrate. Mecha-
nisms of tyrosinase inhibition were investigated by Lineweaver-
Burk plot analysis as depicted in Fig. 3. Lineweaver-Burk plots of
1c or 1j were similar (Fig. 3a vs. b). For each compound, lines pro-
duced at different concentrations converged at one point on the y-
axis. As the concentrations of 1c and 1j were increased, KM values
for tyrosinase dose-dependently increased without changing Vmax

values. These results imply that 1c and 1j competitively inhibited
tyrosinase and that they bind to the same binding pocket as the
tyrosinase substrate, L-tyrosine. The kinetics of these inhibitions
(Table 2) showed the following: for 1c; Ki = 3.02 � 10�6,
2.51 � 10�6, and 2.19 � 10�6 M at 2.5, 5.0, and 10.0 lM, respec-
tively; and for 1j; Ki = 5.85 � 10�6, 4.51 � 10�6, and 3.22 � 10�6

M at 5.0, 10.0, and 20.0 lM, respectively. KM values of 1c at concen-
trations of 2.5, 5.0, and 10.0 lM were 6.56, 10.72, and 19.93 mM,
respectively, and those of 1j at concentrations of 5.0, 10.0 and
20.0 lM were 5.47, 9.48, and 21.26 mM, respectively. Compounds
1c, and 1j had similar Vmax values of 4.0 � 10�2 and 2.7 � 10�2

mM/min, respectively, regardless of concentration.
2.4. Docking simulation studies of compounds 1c and 1j and kojic acid
with mushroom tyrosinase

To investigate whether the synthesized (Z)-5-(substituted
benzylidene)-3-phenyl-2-thioxooxazolidin-4-ones can bind
directly to the active site of tyrosinase, docking simulations were
performed using AutoDock Vina 1.1.2 software (developed by
The Scripps Research Institute). Two compounds, 1c, and 1j, with
highest inhibitory activity against mushroom tyrosinase were
selected as ligands for the docking simulation. After energy mini-
mization of 2D-structures using Chem3D Pro 12.0 software (Cam-



Fig. 3. Lineweaver-Burk plots for the inhibition of mushroom tyrosinase activity by (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one derivatives (a) 1c
and (b) 1j. Inhibition types were investigated using Lineweaver-Burk plots. Data are shown as mean values of 1/V, defined as the inverse of increased absorbance at 475 nm
per min as determined by three independent experiments at five different L-tyrosine concentrations. Concentrations of 1c were 0 lM (filled circles), 2.5 lM (unfilled circles),
5.0 lM (filled triangles), and 10.0 lM (unfilled triangles) and the concentrations of 1j were 0 lM (filled circles), 5.0 lM (unfilled circles), 10.0 lM (filled triangles), and
20.0 lM (unfilled triangles). The modified Michaelis-Menten equation was used: 1/Vmax = (1/KM)(1 + [S]/Ki), where Vmax is maximum reaction rate, KM is a Michaelis-Menten
constant, [S] is L-tyrosine concentration, and Ki is the inhibition constant. All experiments were independently performed in triplicate.

Table 2
Kinetic analysis of compounds 1c, and 1j.

Inhibitor

1c 1j

Conc. Vmax (mM/min) KM (mM) Ki (M) Conc. Vmax (mM/min) KM (mM) Ki (M)

2.5 lM 4.0 � 10�2 6.56 3.02 � 10�6 5.0 lM 2.7 � 10�2 5.47 5.85 � 10�6

5.0 lM 4.0 � 10�2 10.72 2.51 � 10�6 10.0 lM 2.7 � 10�2 9.48 4.51 � 10�6

10.0 lM 4.0 � 10�2 19.93 2.19 � 10�6 20.0 lM 2.7 � 10�2 21.26 3.22 � 10�6

Data are mean values of 1/V (inverse of the increase in absorbance at a wavelength of 475 nm per min (DA475/min)), of three independent experiments conducted using
different L-tyrosine concentrations. The Lineweaver-Burk plot equation is: 1/V = 1/Vmax + KM/Vmax � 1/[S] and the modified Michaelis-Menten equation is 1/Vmax = (1 + [I]/
Ki) � 1/KM, where V is the reaction rate, Vmax is the maximum reaction rate, KM is the Michaelis-Menten constant, [S] is substrate concentration, [I] is inhibitor concentration,
and Ki is the inhibition constant.
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bridgeSoft Corporation), 3D-structures of the two compounds were
created. Tyrosinase of Agaricus bisporus (a species of mushroom)
was utilized as the 3D-structure [Protein Data Bank (PDB) ID:
2Y9X] for docking simulation. Although the correlation between
the binding affinities of the two ligands and their abilities to inhibit
mushroom tyrosinase was not perfect, both derivatives had much
stronger binding affinities (�7.3 ~ �7.5 kcal/mol) than the kojic
acid (�5.7 kcal/mol) (Fig. 4d). LigandScout 4.3 software was uti-
lized to determined which amino acid residues of tyrosinase inter-
acted with 1c and 1j. Three amino acids (His259, His263, and
Met280) of tyrosinase were found to interact with kojic acid
(Fig. 4c). The branched hydroxyl group of kojic acid formed two
hydrogen bonds with amino acid residues His259 and His263
and the ring hydroxyl formed a hydrogen bond with Met280. Both
hydroxyl groups of kojic acid acted as hydrogen bonding donors.
Compounds 1c and 1j both interacted hydrophobically with five
amino acid residues (Val248, Met257, Phe264, Val283, and
Ala286) (Fig. 4a and b) without hydrogen bonding. Docking simu-
lation results suggested although the amino acids that interacted
with kojic acid and those that interacted with 1c and 1j differed
all three ligands bind to the active site of tyrosinase. However,
LigandScout results based on AutoDock Vina docking simulations
showed kojic acid appeared to bind more strongly to the active site
of tyrosinase than 1c or 1j, which was contrary to the results of the
binding affinity obtained from AutoDock Vina.
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Two more docking simulation software packages, that is, Auto-
Dock 4 and Dock 6, were utilized to increase the reliability of dock-
ing simulation results. The same tyrosinase species used for the
AutoDock Vina simulation were used. According to AutoDock 4
and Dock 6, the binding affinities of 1c were �7.41 and
�30.70 kcal/mol and for 1j were �7.19 and �32.42 kcal/mol,
respectively (Fig. 5b), which were greater than those of kojic acid
(�4.2 and �27.59 kcal/mol, respectively). Furthermore, these
results were consistent with experimental data for mushroom
tyrosinase inhibition. However, according to Dock 6, 1j had greater
binding affinity than 1c, while in AutoDock 4, the reverse was the
case. Compound 1c which showed greater inhibitory activity
against mushroom tyrosinase than 1j showed higher binding affin-
ity to tyrosinase than 1j in AutoDock 4. Thus, LigandScout results
based on AutoDock 4 were examined (Fig. 5a). These results
showed kojic acid formed one hydrogen bond with Met280 and
that its ring interacted with His263 by p-p stacking. Compound
1c which showed stronger binding affinity than compound 1j
formed two hydrogen bonds with Asn260 and Met280 using its
two hydroxyls and interacted hydrophobically with Val248,
Val283, and Ala286 through its two phenyl rings. On the other
hand, compound 1j interacted hydrophobically with Val 248,
Met257, Phe264, Val283, and Ala 286 and by p-p stacking inter-
acted with His263. These LigandScout results agreed well with
AutoDock 4 binding affinity results. Summarized, the observations



Fig. 4. Docking simulation of the (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one derivatives 1c and 1j and of kojic acid with Agaricus bisporus tyrosinase
using AutoDock Vina and pharmacophore analysis. (a-c) Pharmacophore results for 1c, 1j, and kojic acid obtained using LigandScout 4.3 showed possible hydrophobic
(yellow), p-p stacking (violet arrow), and hydrogen bonding (green arrow) interactions between tyrosinase amino acid residues and the three ligands. Docking simulation 3D-
results indicated hydrophobic (yellow sphere), p-p stacking (violet ring), and hydrogen bonding (green sphere) regions on the ligands. (d) Docking scores for interactions
between tyrosinase and 1c, 1j, and kojic acid (PDB code: 2Y9X). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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above indicate that the resorcinol (2,4-dihydroxyphenyl) moiety
plays an important role in ligand binding to the active site of
tyrosinase by forming two hydrogen bonds and participating in
two hydrophobic interactions.

Another docking software Schrödinger suite was used to further
improve our understanding of the tyrosinase binding interactions
of 1c, 1j and kojic acid. The binding interactions of kojic acid, 1c
and 1j are shown in 2D and 3D structures in Fig. 5c. Kojic acid
was found to form one hydrogen bond with Gly281 and a p-p
stacking with His263. Compound 1c formed metal coordination
and salt bridges with Cu400 and Cu401 and its 2,4-
dihydroxyphenyl ring interacted with His259 and His263 by p-p
stacking. Compound 1j formed one hydrogen bond with Asn260
and interacted with His263 by p-p stacking. As can be seen in
Fig. 6b, the docking scores obtained by the Schrödinger suite indi-
cated that 1c more strongly inhibited mushroom tyrosinase than
kojic acid and 1j, which may be due to the metal coordination
and salt bridges of 1c with copper ions.
2.5. Human tyrosinase homology model for the study of docking
simulations of compounds 1c and 1j and kojic acid

To further validate the nature and mode of binding interactions
of compound 1c and 1j in human tyrosinase, a homology model
based on human tyrosinase related protein 1 (TRP1) was used.
The entire sequence of human tyrosinase (P14679) was imported
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from the UniProt database [56] to build the 3D homology model
of human tyrosinase. The X-ray structure of TRP1 (PDB ID:5M8Q)
[57] was used as a protein template due to its 45.81% sequence
identity with the human tyrosinase. The co-crystal ligand and zinc
ions were reflected in the newly constructed homology model of
human tyrosinase. The 3D structure of the newly constructed
human tyrosinase homology model was further prepared using
Schrödinger suite and docked to compounds 1c and 1j and kojic
acid. The homology model of the newly constructed human tyrosi-
nase and the aligned protein sequence are shown in Figure S53.
2.6. Docking score and binding mode of compounds 1c and 1j and kojic
acid at the active site of human tyrosinase homology model

The binding mode of 1c, 1j and kojic acid was predicted based
on the nature of the binding interactions with amino acids in the
active site of the human tyrosinase homology model using
Schrödinger suite (Fig. 6a). Kojic acid formed a hydrogen bond with
Ser375 and interacted with His367 through p-p stacking. In addi-
tion, kojic acid produced a metal coordination with one of the two
zinc ions (Zn7). The binding affinity of kojic acid to human tyrosi-
nase was measured with a docking score of �4.15 kcal/mol
(Fig. 6b), which was weaker than that of mushroom tyrosinase
(�4.65 kcal/mol). Compound 1c was observed to generate metal
coordination and salt bridges with zinc ions (Zn6 and Zn7) in the
same way that 1c interacted with mushroom tyrosinase.



Fig. 5. Docking simulation of the (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxooxazolidin-4-one derivatives 1c, and 1j and of kojic acid with Agaricus bisporus
tyrosinase using AutoDock 4, Dock 6 and Schrödinger suite and pharmacophore analysis. (a) Pharmacophore results for 1c, 1j, and kojic acid obtained using LigandScout 4.3
based on AutoDock 4 showed possible hydrophobic (yellow), p-p stacking (violet arrow), and hydrogen bonding (green arrow) interactions between tyrosinase amino acid
residues and the three ligands. (b) Docking scores for tyrosinase interactions with 1c, 1j, and kojic acid (PDB code: 2Y9X). (c) Binding interactions between mushroom
tyrosinase and 1c, 1j, and kojic acid obtained by Schrödinger suite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Compound 1c also interacted with His367 through p-p staking.
The combined effect of these interactions on 1c resulted in a dock-
ing score of �5.36 kcal/mol, indicating a stronger binding affinity
than kojic acid. However, the binding affinity of 1c was slightly
weaker in human tyrosinase than in mushroom tyrosinase
(�5.65 kcal/mol). On the other hand, compound 1j did not interact
with zinc ions, but created a salt bridge with Lys306 and interacted
with His202 through p-p staking. In addition, 1j formed a hydro-
gen bond with Val377. The calculated docking score for 1j is
�4.57 kcal/mol in human tyrosinase. These docking results imply
that both compounds 1c and 1j may effectively inhibit mushroom
tyrosinase as well as human tyrosinase.
2.7. Binding analysis of 1c, 1j and kojic acid in human tyrosinase
homology model and mushroom tyrosinase enzyme

To compare the interactions of compounds 1c, 1j and kojic acid,
we performed docking studies using Schrödinger suite on both the
human tyrosinase homology model and mushroom tyrosinase and
found interesting results. As shown in Figure S54, the distance
between the two copper ions and the hydroxyl group of kojic acid
in mushroom tyrosinase is 3.14 Å and 3.07 Å, and the distance
between the zinc ions and the hydroxyl group of kojic acid in
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human tyrosinase is 2.55 Å and 2.13 Å. However, the hydroxyl
groups of kojic acid that interacted with the metal (Cu or Zn) were
different in the two tyrosinases. In mushroom tyrosinase, the phe-
nolic hydroxyl group participated in metal coordination and salt
bridges, whereas in human tyrosinase, the alcoholic hydroxyl
group was involved in these interactions. The hydrogen bond
length of kojic acid was 2.13 Å in mushroom tyrosinase and
1.75 Å in human tyrosinase model. Similarly, the distances
between the metal ions (Cu or Zn) and the 4-hydroxyl group of
1c were recorded as 2.31 Å and 2.35 Å in the mushroom tyrosinase
and 2.12 Å and 2.48 Å in the human tyrosinase model, respectively.
The distance between the hydroxyl group of 1j and the copper ions
in mushroom tyrosinase was recorded as 5.23 Å and 4.49 Å, indi-
cating the absence of metal coordination and salt bridges between
the metal ions and the hydroxyl group. Interestingly, in human
tyrosinase, 1j was located at the active site in a different arrange-
ment from that in mushroom tyrosinase. Unlike in mushroom
tyrosinase, the 2-hydroxyphenyl ring of 1j was far from the zinc
ions in human tyrosinase. Instead, the N-phenyl ring of 1j was
placed close to the zinc ions with 3.72 Å and 3.30 Å away. The
order of decreasing binding affinity for human tyrosinase was 1c,
1j and kojic acid, and 1c, kojic acid and 1j for mushroom tyrosi-
nase. Regardless of the type of tyrosinase, 1c showed the strongest



Fig. 6. Predicted binding mode of 1c, 1j and kojic acid at the active site of human tyrosinase homology model and docking score using Schrödinger suite. (a) Pharmacophore
results are represented in 2D and 3D structures. (b) Docking scores of 1c, 1j and kojic acid using mushroom tyrosinase (PDB: 2Y9X) and human tyrosinase homology model
are represented, respectively.
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binding affinity to tyrosinase. Although compound 1j showed
lower binding affinity than kojic acid in mushroom tyrosinase
docking simulations using Schrödinger suite, results obtained with
other docking programs such as AutoDock Vina, AutoDock 4 and
Dock 6 indicated that 1j had a higher binding affinity than kojic
acid. These results imply that compounds 1c and 1jmay effectively
inhibit both mushroom tyrosinase and human tyrosinase.
2.8. Cytotoxic effects of 1c and 1j in B16F10 melanoma cells

An EZ-cytox assay was used to investigate the cytotoxic effects
of compounds 1c and 1j. After murine B16F10 melanoma cells had
been cultured for 24 h, they were treated with different concentra-
tions (0, 5, 10, or 20 mM) of 1c and 1j for 24 h in a humidified atmo-
sphere. Optical densities were measured on a microplate reader.

Cell viability results are shown in Figure S55. Compounds 1c
and 1j did not have a significant cytotoxic effect on B16F10 mela-
noma cells at concentrations up to 20 mM, which indicated both
compounds were non-toxic to these cells at concentrations below
20 mM. Thus, cell-based assays on cellular tyrosinase inhibition and
melanin production were performed using 1c and 1j at concentra-
tions of � 20 mM.
2.9. Cellular tyrosinase inhibitory activities of compounds 1c and 1j in
a-MSH- and IBMX-co-stimulated B16F10 melanoma cells

Cellular tyrosinase inhibitory effect of compounds 1c and 1j
was investigated by using murine B16F10 melanoma cells
co-stimulated with 3-isobutyl-1-methylxanthine (IBMX) and
a-melanocyte-stimulating hormone (a-MSH). B16F10 melanoma
cells were cultured for 24 h and then pretreated with 20 lM of
kojic acid or compounds 1c or 1j at concentrations of 0, 5, 10, or
20 lM for 3 h. Cells were then co-treated with a-MSH 1 lM and
IBMX 200 mM for 48 h to increase tyrosinase activity.
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Tyrosinase-inhibitory effects were accessed by measuring optical
densities using a microplate reader.

a-MSH and IBMX co-treatment increased cellular tyrosinase
activity level 2.65-fold (Fig. 7). Treatments with 1c or 1j signifi-
cantly and concentration-dependently decreased cellular tyrosi-
nase activity enhanced by a-MSH and IBMX co-treatment.
Compound 1c at 10 lM and compound 1j at 5 lM both inhibited
cellular tyrosinase more than kojic acid at 20 lM, and 1j at
20 lM resulted in cellular tyrosinase activity similar to that of
the control group. Considering that 1c and 1j had no observable
cytotoxic effect at concentrations below 20 lM (Figure S55), these
tyrosinase-inhibitory activities were attributed to direct tyrosinase
inhibition by 1c and 1j. This notion was supported by our docking
simulation finding that 1c and 1j bind strongly to the active site of
tyrosinase.
2.10. Inhibitory effects of compounds 1c and 1j on melanin production
in a-MSH and IBMX co-stimulated B16F10 melanoma cells

Melanin assays were conducted on a-MSH and IBMX co-
stimulated B16F10 melanoma cells to investigate the inhibitory
effects of compounds 1c and 1j on melanin production. Murine
B16F10 melanoma cells were seeded in 6-well culture plates and
pretreated with 20 lM of kojic acid or compounds 1c or 1j at 0,
5, 10, or 20 lM for 3 h. Cells were then co-treated with a-MSH
and IBMX for 48 h to increase melanin contents. The inhibitory
effects of 1c, 1j, and kojic acid on melanin production were deter-
mined by measuring optical densities using a microplate reader.

The effects of 1c, 1j, and kojic acid on melanin production are
shown in Fig. 8. Compounds 1c and 1j significantly and potently
decreased melanin contents in a-MSH and IBMX co-stimulated
B16F10 melanoma cells in a concentration-dependent manner.
Interestingly, 1c at 10 lM and 1j at 5 lM inhibited melanin pro-
duction more than kojic acid at 20 mM. These results indicate that



Fig. 7. Cellular tyrosinase inhibitory activities of 1c and 1j on murine B16F10 cells. In the presence of 1 lM a-MSH and 200 lM IBMX, B16F10 cells were treated with different
concentrations (0, 5, 10, and 20 lM) of 1c, 1j, or kojic acid (20 lM) for 24 h. Results are percentages of untreated controls, and columns represent the means ± SEMs of three
determinations. ###p < 0.001 versus untreated controls; **p < 0.01, ***p < 0.001 versus a-MSH and IBMX co-treated cells.
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these suppressions of melanin production were mainly caused by
the inhibition of tyrosinase activity (Figs. 7 and 8).
3. Conclusion

In summary, sixteen (Z)-5-(substituted benzylidene)-3-phenyl-
2-thioxooxazolidin-4-one analogues 1a–1p containing the b-phe
nyl-a,b-unsaturated carbonyl scaffold, which has been reported
to play an important role in conferring tyrosinase inhibitory activ-
ity, were synthesized by reacting 3-phenyl-2-thioxooxazolidin-4-
one (2) with different benzaldehydes. Configurations of the exo-
cyclic double bond of synthesized products were determined using
C,H-spin-coupling constants. The inhibitory activities of the syn-
thesized compounds against mushroom tyrosinase were evaluated
at 25 lM. Of the sixteen compounds, compounds 1c (78% inhibi-
tion) and 1j (71% inhibition) were found to be more potent than
kojic acid (58% inhibition, the positive control). Compounds 1c
and 1j also had lower IC50 values than kojic acid (4.70 ± 0.40 and
11.18 ± 0.54 lM, respectively, vs. 23.18 ± 0.11 lM). Lineweaver-
Burk plots showed 1c and 1j were competitive inhibitors of tyrosi-
nase. Docking simulations of 1c or 1j with mushroom tyrosinase
were performed using AutoDock Vina, AutoDock 4, Dock 6, and
Schrödinger suite. All docking simulations confirmed that com-
pounds 1c and 1j bind to the active site of tyrosinase more strongly
than kojic acid. Pharmacophore analysis using LigandScout and
Schrödinger suite confirmed that the 2,4-dihydroxyphenyl moiety
of 1c formed two hydrogen bonds with the amino acids of tyrosi-
nase at the active site, or metal coordination and salt bridges with
the copper ions. Docking simulation results with the human tyrosi-
nase homology model obtained using Schrödinger suite supported
the possibility that 1c and 1j might strongly inhibit human
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tyrosinase. Our investigation of the tyrosinase activity and melanin
production in a-MSH and IBMX co-stimulated murine B16F10mel-
anoma cells revealed that 1c and 1j effectively inhibited tyrosinase
activity and melanogenesis concentration-dependently and more
potently than kojic acid without evidence of cytotoxicity. The sim-
ilarity between the inhibitions of cellular tyrosinase activity and
melanin production by 1c and 1j suggests their anti-melanogenic
effects are the result of tyrosinase inhibition. Furthermore, the
observed anti-melanogenic effects of 1c and 1j demonstrate these
agents have promising potential as skin-lightening therapeutics for
the treatment of hyperpigmentation diseases.
4. Experimental section

4.1. General methods

All chemicals and reagents were obtained commercially
(Sigma-Aldrich and Alfa Aesar) and used without further purifica-
tion, and all anhydrous solvents were distilled over CaH2 or Na/
benzophenone before use. Reactions were monitored by thin-
layer chromatography (TLC) on glass plates coated with silica gel
using a fluorescent indicator (TLC Silica Gel 60 F254, Merck, Ger-
many) and column chromatography was conducted on MP Silica
40–63, 60 Å. High resolution mass spectroscopy data was obtained
on an Agilent Accurate Mass Q-TOF (quadruple-time of flight) liq-
uid chromatography mass spectrometer (Agilent, Santa Clara, CA,
USA) in negative ESI mode. Low-resolution mass data were
obtained in ESI negative or positive mode on an Expression CMS
spectrometer (Advion Ithaca, NY, USA). Nuclear magnetic reso-
nance (NMR) spectra were recorded on a Varian Unity INOVA
400 spectrometer or a Varian Unity AS500 spectrometer (Agilent



Fig. 8. Effect of compounds 1c and 1j on melanogenesis in murine B16F10 cells in the presence of 1 lM a-MSH and 200 lM IBMX. B16F10 cells were treated with varying
concentrations (0, 5, 10, and 20 lM) of 1c and 1j or kojic acid (20 lM) for 48 h in the presence of a-MSH and IBMX. Melanin contents were measured at 405 nm and columns
represent the means ± SEMs of three experiments. Results are expressed as percentages of untreated controls. ###p < 0.001, versus untreated controls; **p < 0.01, ***p < 0.001
versus cell co-treated with a-MSH and IBMX.
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Technologies, Santa Clara, CA, USA) at 400 MHz and 500 MHz 1H
NMR, respectively, and on a Varian Unity INOVA 400 spectrometer
for 100 MHz 13C NMR. DMSO d6 (dH 2.50 ppm and dC 39.7 ppm) or
CDCl3 (dH 7.24 ppm and dC 77.0 ppm) was used as solvents for NMR
samples. Coupling constants (J) and chemical shifts were measured
in hertz (Hz) and parts per million (ppm), respectively. The abbre-
viations used for 1H NMR data are; s (singlet), d (doublet), t (tri-
plet), q (quartet), dd (doublet of doublets), td (triplet of
doublets), m (multiplet), and brs (broad singlet).

4.1.1. General procedure used for the synthesis of (Z)-5-(substituted
benzylidene)-3-phenyl-2-thioxooxazolidin-4-one analogues (1a–1p)

Trimethylamine (1.03 mL, 7.39 mmol) and phenyl isothio-
cyanate (1.76 mL, 14.74 mmol) were added slowly to a stirred solu-
tion of ethyl glycolate (1.4 mL, 14.79 mmol) in dichloromethane
(20 mL) at 0 ℃. The reaction mixture was stirred at ambient tem-
perature for 42 h and partitioned between dichloromethane and
water. The organic layer was dried over anhydrous MgSO4, filtered,
and evaporated in vacuo. The resultant residue was purified by sil-
ica gel column chromatography using hexane and ethyl acetate
(5:1) as eluant to give 3-phenyl-2-thioxooxazolidin-4-one (2,
834.7 mg, 29.3%). A solution of 2 (100 mg, 0.52 mmol), a benzalde-
hyde (1.0 equiv.), and sodium acetate (139 mg, 1.69 mmol) in
acetic acid (1.0 mL) was refluxed for 9–25 h. After cooling, water
was added to the reaction mixture and the mixture was stirred
for 1 h. The precipitate generated was filtered and washed with
water to give (Z)-5-(substituted benzylidene)-3-phenyl-2-thioxoox
azolidin-4-one derivatives (1a–1p) as solids in yields of 18–85%.

4.1.1.1. 3-Phenyl-2-thioxooxazolidin-4-one (2). 1H NMR (400 MHz,
CDCl3) d 7.53–7.46 (m, 3H, 3-H, 4-H, 5-H), 7.29 (d, 2H, J = 8.4 Hz,
2-H, 6-H), 4.97 (s, 2H, CH2); 13C NMR (100 MHz, CDCl3) d 190.2,
170.5, 132.2, 130.1, 129.8, 127.7, 70.5.
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4.1.1.2. (Z)-5-(4-Hydroxybenzylidene)-3-phenyl-2-thioxooxazolidin-
4-one (1a). Yellow solid; reaction time, 22 h, yield, 52%; 1H NMR
(500 MHz, DMSO d6) d 10.34 (brs, 1H, OH), 7.79 (d, 2H,
J = 9.0 Hz, 20-H, 60-H), 7.54 (t, 2H, J = 7.0 Hz, 3-H, 5-H), 7.49 (t,
1H, J = 7.0 Hz, 4-H), 7.46 (d, 2H, J = 7.5 Hz, 2-H, 6-H), 6.92 (s, 1H,
vinylic H), 6.92 (d, 2H, J = 9.0 Hz, 30-H, 50-H); 13C NMR (100 MHz,
DMSO d6) d 183.8, 162.1, 160.9, 137.9, 134.2, 133.5, 130.1, 129.8,
128.7, 122.7, 117.0, 114.5; LRMS (ESI-) m/z 296 (M�H)�.

4.1.1.3. (Z)-5-(3,4-Dihydroxybenzylidene)-3-phenyl-2-thioxooxazo-
lidin-4-one (1b). Green solid; reaction time, 10 h, yield, 70%; 1H
NMR (500 MHz, DMSO d6) d 9.84 (s, 1H, OH), 9.49 (s, 1H, OH),
7.53 (t, 2H, J = 7.5 Hz, 3-H, 5-H), 7.48 (t, 1H, J = 7.0 Hz, 4-H),
7.46–7.44 (m, 3H, 2-H, 6-H, 20-H), 7.22 (d, 1H, J = 7.5 Hz, 60-H),
6.85 (d, 1H, J = 8.0 Hz, 50-H), 6.82 (s, 1H, vinylic H); 13C NMR
(100 MHz, DMSO d6) d 183.8, 162.1, 149.9, 146.5, 137.7, 133.5,
130.1, 129.8, 128.7, 125.9, 123.1, 118.3, 116.8, 115.1; LRMS (ESI-)
m/z 312 (M�H)�.

4.1.1.4. (Z)-5-(2,4-Dihydroxybenzylidene)-3-phenyl-2-thioxooxazo-
lidin-4-one (1c). Brown solid; reaction time, 22 h, 18%; 1H NMR
(500 MHz, DMSO d6) d 10.52 (s, 1H, OH), 10.25 (s, 1H, OH), 7.82
(d, 1H, J = 8.5 Hz, 60-H), 7.53 (t, 2H, J = 7.5 Hz, 3-H, 5-H), 7.48 (t,
1H, J = 7.0 Hz, 4-H), 7.45 (d, 2H, J = 7.0 Hz, 2-H, 6-H), 7.05 (s, 1H,
vinylic H), 6.45 (dd, 1H, J = 8.0, 2.0 Hz, 50-H), 6.41 (d, 1H,
J = 2.0 Hz, 30-H); 13C NMR (100 MHz, DMSO d6) d 183.6, 162.8,
162.1, 160.2, 136.9, 133.5, 132.8, 130.1, 129.8, 128.7, 110.3,
109.6, 109.0, 103.0; LRMS (ESI-) m/z 312 (M�H)�; HRMS (ESI + )
m/z C16H12NO4S (M + H)+ calcd 314.0482, obsd 314.0483, m/z C16-
H11NNaO4S (M + Na)+ calcd 336.0301, obsd 336.0304.

4.1.1.5. (Z)-5-(4-Hydroxy-3-methoxybenzylidene)-3-phenyl-2-thiox-
ooxazolidin-4-one (1d). Yellow solid; reaction time, 21 h, 18%; 1H
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NMR (500 MHz, CDCl3) d 7.55 (t, 2H, J = 7.5 Hz, 3-H, 5-H), 7.50 (t,
1H, J = 7.0 Hz, 4-H), 7.47 (s, 1H, 20-H), 7.41–7.39 (m, 3H, 2-H, 6-H,
60-H), 7.00 (d, 1H, J = 8.5 Hz, 50-H), 6.78 (s, 1H, vinylic H), 6.06 (s,
1H, OH), 3.98 (s, 3H, OCH3); 13C NMR (100 MHz, CDCl3) d 182.4,
161.8, 149.1, 147.1, 137.5, 132.5, 129.9, 129.6, 127.6, 127.3,
123.6, 115.5, 115.4, 113.2, 56.3; LRMS (ESI-) m/z 326 (M�H)�,
311 (M�H�CH3)�.

4.1.1.6. (Z)-5-(3-Ethoxy-4-hydroxybenzylidene)-3-phenyl-2-thioxoox-
azolidin-4-one (1e). Green solid; reaction time, 22 h, 55%; 1H NMR
(500 MHz, DMSO d6) d 9.91 (s, 1H, OH), 7.53 (t, 2H, J = 7.0 Hz, 3-H,
5-H), 7.50–7.43 (m, 5H, 2-H, 4-H, 6-H, 20-H, 60-H), 6.94 (d, 1H,
J = 8.0 Hz, 50-H), 6.90 (s, 1H, vinylic H), 4.05 (q, 2H, J = 6.5 Hz, OCH2-
CH3), 1.34 (t, 3H, J = 6.5 Hz, OCH2CH3); 13C NMR (100 MHz,
DMSO d6) d 183.7, 162.1, 150.9, 147.7, 137.9, 133.4, 130.1, 129.8,
128.7, 126.5, 123.1, 117.2, 117.1, 114.8, 64.7, 15.3; LRMS (ESI-)
m/z 340 (M�H)�, 311 (M�H�C2H5)�.

4.1.1.7. (Z)-5-(3-Hydroxy-4-methoxybenzylidene)-3-phenyl-2-thiox-
ooxazolidin-4-one (1f). Yellow solid; reaction time, 21 h, 85%; 1H
NMR (500 MHz, CDCl3) d 7.55 (t, 2H, J = 7.5 Hz, 3-H, 5-H), 7.52
(s, 1H, 20-H), 7.49 (t, 1H, J = 7.5 Hz, 4-H), 7.42 (d, 1H, J = 8.5 Hz,
60-H), 7.39 (d, 2H, J = 7.0 Hz, 2-H, 6-H), 6.93 (d, 1H, J = 8.5 Hz, 50-
H), 6.76 (s, 1H, vinylic H), 5.68 (s, 1H, OH), 3.97 (s, 3H, OCH3);
13C NMR (100 MHz, CDCl3) d 182.5, 161.9, 149.4, 146.2, 137.9,
132.6, 129.9, 129.6, 127.6, 125.6, 124.5, 117.3, 115.1, 111.1, 56.3;
LRMS (ESI-) m/z 326 (M�H)�, 311 (M�H�CH3)�.

4.1.1.8. (Z)-5-(4-Methoxybenzylidene)-3-phenyl-2-thioxooxazolidin-
4-one (1g). Yellow solid; reaction time, 21 h, 68%; 1H NMR
(500 MHz, CDCl3) d 7.85 (d, 2H, J = 8.5 Hz, 20-H, 60-H), 7.55 (t, 2H,
J = 7.5 Hz, 3-H, 5-H), 7.50 (t, 1H, J = 7.5 Hz, 4-H), 7.40 (d, 2H,
J = 7.0 Hz, 2-H, 6-H), 6.99 (d, 2H, J = 8.5 Hz, 30-H, 50-H), 6.81 (s,
1H, vinylic H), 3.88 (s, 3H, OCH3); 13C NMR (100 MHz, CDCl3) d
182.5, 162.2, 161.9, 137.6, 133.8, 132.6, 129.9, 129.6, 127.6,
123.7, 115.1, 115.0, 55.7; HRMS (ESI + ) m/z C17H14NO3S (M + H)+

calcd 312.0689, obsd 312.0686.

4.1.1.9. (Z)-5-(2,4-Dimethoxybenzylidene)-3-phenyl-2-thioxooxazo-
lidin-4-one (1h). Yellow solid; reaction time, 16 h, 65%; 1H NMR
(500 MHz, DMSO d6) d 7.97 (d, 1H, J = 9.0 Hz, 60-H), 7.54 (t, 2H,
J = 7.0 Hz, 3-H, 5-H), 7.49 (t, 1H, J = 7.0 Hz, 4-H), 7.45 (d, 2H,
J = 7.5 Hz, 2-H, 6-H), 7.01 (s, 1H, vinylic H), 6.78 (dd, 1H, J = 9.0,
1.5 Hz, 50-H), 6.69 (d, 1H, J = 1.5 Hz, 30-H), 3.90 (s, 3H, OCH3),
3.85 (s, 3H, OCH3); 13C NMR (100 MHz, DMSO d6) d 183.7, 164.0,
162.2, 160.7, 138.3, 133.4, 132.7, 130.1, 129.8, 128.7, 112.8,
108.0, 107.2, 99.1, 56.8, 56.4; HRMS (ESI + ) m/z C18H16NO4S
(M + H)+ calcd 342.0795, obsd 342.0796.

4.1.1.10. (Z)-5-(3,4-Dimethoxybenzylidene)-3-phenyl-2-thioxooxazo-
lidin-4-one (1i). Yellow solid; reaction time, 12 h, 58%; 1H NMR
(500 MHz, DMSO d6) d 7.58–7.53 (m, 4H, 3-H, 5-H, 20-H, 60-H),
7.49 (t, 1H, J = 7.0 Hz, 4-H), 7.46 (d, 2H, J = 7.0 Hz, 2-H, 6-H),
7.15 (d, 1H, J = 8.5 Hz, 50-H), 6.95 (s, 1H, vinylic H), 3.83 (s, 3H,
OCH3), 3.79 (s, 3H, OCH3); 13C NMR (100 MHz, DMSO d6) d 183.7,
162.1, 152.0, 149.5, 138.6, 133.4, 130.1, 129.8, 128.7, 126.1,
124.4, 115.0, 114.1, 113.0, 56.4, 56.3; HRMS (ESI + ) m/z C18H16-
NO4S (M + H)+ calcd 342.0795, obsd 342.0796, m/z C18H15NNaO4S
(M + Na)+ calcd 364.0614, obsd 364.0624.

4.1.1.11. (Z)-5-(2-Hydroxybenzylidene)-3-phenyl-2-thioxooxazolidin-
4-one (1j). Green solid; reaction time, 25 h, 28%; 1H NMR
(500 MHz, DMSO d6) d 10.55 (s, 1H, OH), 7.94 (d, 1H, J = 8.0 Hz,
60-H), 7.54 (t, 2H, J = 7.0 Hz, 3-H, 5-H), 7.49 (t, 1H, J = 7.0 Hz, 4-
H), 7.47 (d, 2H, J = 7.5 Hz, 2-H, 6-H), 7.32 (t, 1H, J = 7.5 Hz, 40-H),
7.10 (s, 1H, vinylic H), 6.98 (t, 1H, J = 7.5 Hz, 50-H), 6.97 (d, 1H,
47
J = 7.5 Hz, 30-H); 13C NMR (100 MHz, DMSO d6) d 183.9, 162.2,
158.0, 139.3, 133.4, 133.2, 131.2, 130.2, 129.8, 128.7, 120.6,
118.5, 116.7, 107.5; HRMS (ESI + ) m/z C16H12NO3S (M + H)+ calcd
298.0532, obsd 298.0537, m/z C16H11NNaO3S (M + Na)+ calcd
320.0352, obsd 320.0362.

4.1.1.12. (Z)-3-Phenyl-2-thioxo-5-(3,4,5-trimethoxybenzylidene)oxa-
zolidin-4-one (1k). Yellow solid; reaction time, 25 h, 64%; 1H
NMR (500 MHz, CDCl3) d 7.55 (t, 2H, J = 7.5 Hz, 3-H, 5-H), 7.50
(t, 1H, J = 7.5 Hz, 4-H), 7.40 (d, 2H, J = 7.5 Hz, 2-H, 6-H), 7.13 (s,
2H, 20-H, 60-H), 6.76 (s, 1H, vinylic H), 3.93 (s, 9H, 3XOCH3); 13C
NMR (100 MHz, CDCl3) d 182.2, 161.8, 153.7, 141.4, 138.4, 132.5,
129.9, 129.7, 127.6, 126.2, 114.9, 109.3, 61.2, 56.5; HRMS (ESI + )
m/z C19H18NO5S (M + H)+ calcd 372.0900, obsd 372.0906, m/z C19-
H17NNaO5S (M + Na)+ calcd 394.0720, obsd 394.0722.

4.1.1.13. (Z)-5-(4-Hydroxy-3,5-dimethoxybenzylidene)-3-phenyl-2-
thioxooxazolidin-4-one (1l). Yellow solid; reaction time, 25 h,
54%; 1H NMR (500 MHz, CDCl3) d 7.55 (t, 2H, J = 7.5 Hz, 3-H, 5-
H), 7.50 (t, 1H, J = 7.5 Hz, 4-H), 7.40 (d, 2H, J = 7.0 Hz, 2-H, 6-H),
7.16 (s, 2H, 20-H, 60-H), 6.76 (s, 1H, vinylic H), 5.96 (s, 1H, OH),
3.97 (s, 6H, 2XOCH3); 13C NMR (100 MHz, CDCl3) d 182.3, 161.8,
147.6, 138.5, 137.7, 132.5, 129.9, 129.7, 127.6, 122.5, 115.5,
109.1, 56.7; LRMS (ESI-) m/z 356 (M�H)�, 341 (M�H�CH3)�.

4.1.1.14. (Z)-5-(3,5-Di-tert-butyl-4-hydroxybenzylidene)-3-phenyl-2-
thioxooxazolidin-4-one (1m). Yellow solid; reaction time, 20 h, 34%;
1H NMR (400 MHz, CDCl3) d 7.73 (s, 2H, 20-H, 60-H), 7.52 (t, 2H,
J = 7.6 Hz, 3-H, 5-H), 7.46 (t, 1H, J = 7.2 Hz, 4-H), 7.37 (d, 2H,
J = 7.2 Hz, 2-H, 6-H), 6.80 (s, 1H, vinylic H), 5.71 (s, 1H, OH), 1.46
(s, 18H, 2Xt-Bu); 13C NMR (100 MHz, CDCl3) d 182.5, 162.0,
157.2, 137.2, 137.1, 132.7, 129.8, 129.7, 129.6, 127.7, 122.8,
116.6, 34.6, 30.3; LRMS (ESI-) m/z 408 (M�H)�.

4.1.1.15. (Z)-5-(3-Bromo-4-hydroxybenzylidene)-3-phenyl-2-thiox-
ooxazolidin-4-one (1n). Yellow solid; reaction time, 25 h, 56%; 1H
NMR (500 MHz, DMSO d6) d 11.17 (s, 1H, OH), 8.08 (d, 1H,
J = 1.5 Hz, 20-H), 7.79 (dd, 1H, J = 8.5, 1.5 Hz, 60-H), 7.53 (t, 2H,
J = 7.5 Hz, 3-H, 5-H), 7.49 (t, 1H, J = 7.0 Hz, 4-H), 7.45 (d, 2H,
J = 7.0 Hz, 2-H, 6-H), 7.10 (d, 1H, J = 8.5 Hz, 50-H), 6.93 (s, 1H, vinylic
H); 13C NMR (100 MHz, DMSO d6) d 183.7, 162.0, 157.2, 138.7,
136.6, 133.4, 132.8, 130.2, 129.8, 128.7, 124.4, 117.7, 112.6,
110.8; LRMS (ESI-) m/z 374 (M�H)�, 376 (M + 2-H)�.

4.1.1.16. (Z)-5-(3,5-Dibromo-4-hydroxybenzylidene)-3-phenyl-2-
thioxooxazolidin-4-one (1o). Yellow solid; reaction time, 20 h,
77%; 1H NMR (500 MHz, DMSO d6) d 10.84 (brs, 1H, OH), 8.11 (s,
2H, 20-H, 60-H), 7.54 (t, 2H, J = 7.5 Hz, 3-H, 5-H), 7.50 (t, 1H,
J = 7.0 Hz, 4-H), 7.45 (d, 2H, J = 7.0 Hz, 2-H, 6-H), 6.94 (s, 1H, vinylic
H); 13C NMR (100 MHz, DMSO d6) d 183.6, 161.9, 153.5, 139.7,
135.4, 133.3, 130.2, 129.9, 128.6, 126.2, 112.9, 110.5; LRMS (ESI-)
m/z 452 (M�H)�, 454 (M + 4-H)�, 456 (M + 6-H)�.

4.1.1.17. (Z)-5-(2,4-Difluorobenzylidene)-3-phenyl-2-thioxooxazo-
lidin-4-one (1p). Ivory solid; reaction time, 20 h, 40%; 1H NMR
(500 MHz, CDCl3) d 8.28 (td, 1H, J = 8.0, 6.5 Hz, 60-H), 7.56 (t, 2H,
J = 7.5 Hz, 3-H, 5-H), 7.51 (t, 1H, J = 7.0 Hz, 4-H), 7.39 (d, 2H,
J = 7.0 Hz, 2-H, 6-H), 7.08 (s, 1H, vinylic H), 7.07 (td, 1H, J = 8.0,
2.5 Hz, 50-H), 6.92 (td, 1H, J = 9.5, 2.5 Hz, 30-H); 13C NMR
(100 MHz, CDCl3) d 182.0, 164.7 (dd, J = 246.2, 32.3 Hz), 162.1
(dd, J = 244.8, 12.0 Hz), 161.4, 139.6, 133.2 (dd, J = 10.0, 2.7 Hz),
132.3, 130.1, 129.7, 127.6, 115.9 (dd, J = 12.3, 4.1 Hz), 113.0 (dd,
J = 21.6, 3.7 Hz), 104.8 (dd, J = 15.6, 10.3 Hz), 104.5 (d,
J = 25.5 Hz); HRMS (ESI + ) m/z C16H10F2NO2S (M + H)+ calcd
318.0395, obsd 318.0395.
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4.2. Biological evaluation

4.2.1. Mushroom tyrosinase inhibition assay
(Z)-5-(Substituted benzylidene)-3-phenyl-2-thioxooxazolidin-

4-one derivatives 1a–1p were evaluated for mushroom tyrosinase
inhibitory activity as previously described [58]. Briefly, 10 mL of
1a–1p (final concentration: 25 mM), 20 mL of tyrosinase solution,
and 170 mL of substrate solution [potassium phosphate buffer 14.
7 mM + 293 mM L-tyrosine solution (1:1, v/v)] were added to a
96-well microplate. The microplate was then wrapped with alu-
minum foil and incubated for 0.5 h at 37 0C. Optical densities were
measured using a microplate reader (VersaMaxTM, Molecular
Devices, Sunnyvale, CA, USA) at 475 nm. Kojic acid (25 mM) was
used as the positive control. The experiments were performed
independently three times. Mushroom tyrosinase inhibitions were
calculated using the following equation.

%Inhibition ¼ ½1� ðA=BÞ� � 100

where A is the absorbance of the test compound and B is the absor-
bance of the blank.

To determine the IC50 values of 1c, 1j, and kojic acid, dose-
dependent inhibition experiments were carried out in triplicate.
Logarithmic percentage inhibitions observed at 3–5 concentrations
per experiment were plotted and curve-fitting equations were
derived. Individual IC50 values were then defined as the concentra-
tions that achieved 50% inhibition.

4.2.2. Kinetic studies of tyrosinase inhibition
Mushroom tyrosinase solution (20 mL, 150 units) and 10 lL of

test compounds 1c or 1j (final concentrations: 2.5, 5, or 10 mM
for 1c and 5, 10, or 20 mM for 1j) were added to a 96-well plate con-
taining a mixture (170 lL) consisting of an aqueous solution of L-
tyrosine at concentrations of 0.5, 1.0, 2.0, 4.0, or 8.0 mM, 50 mM
potassium phosphate buffer (pH 6.5), and distilled water in the
ratio 10:10:9. The initial rate of formation of dopachrome in the
reaction mixture was determined by measuring increases in absor-
bance at 475 nm (DOD475/min) using a microplate reader. Michae-
lis constant (KM) and maximal velocity (Vmax) of tyrosinase activity
were determined using Lineweaver-Burk plots (inverse of reaction
velocity (1/V) versus the inverse of substrate concentration (1/[S]))
obtained using different concentrations of L-tyrosine. Inhibitory
mechanisms were determined using points of convergence of plot
lines.

4.2.3. Docking studies of compounds 1c, and 1j, and tyrosinase
Binding energies between tyrosinase and compounds 1c or 1j or

kojic acid were determined as previously reported with slight
modification [5,59]. Briefly, Chem3D Pro 12.0 software was used
to create 3D structures of the two compounds and the 3D structure
of Agaricus bisporus tyrosinase was imported from PDB (ID: 2Y9X).
Docking scores were calculated using AutoDock Vina 1.1.2, Auto-
Dock 4 [59], Dock 6 [5], and Chimera software. LigandScout 4.3
was used to generate a pharmacophore model to show possible
interactions between ligands and amino acid residues of
tyrosinase.

4.2.4. Homology model of human tyrosinase and docking studies of
compounds 1c, and 1j, and tyrosinase

The homology model of human tyrosinase was built using the
Swiss-Model online server and the Schrödinger Suite 2020–2
release. The full sequence of human tyrosinase (P14679) was
obtained from the UnitPro database, and due to the highest
sequence identity with human tyrosinase, the crystal structure of
human tyrosinase-related protein 1 (PDB ID: 5M8Q) was used as
the protein template. The homology model structure of human
tyrosinase was downloaded from the Swiss-Model server and
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further processed by the Schrödinger suite using the Protein Prepa-
ration Wizard. The homologous structure of human tyrosinase has
also been validated in Prime, a homology modeling tool from the
Schrödinger Suite. The structures of compounds 1c, and 1j and
kojic were imported to the entry list in CDXML format and pre-
pared for docking using LigPrep [60]. The prepared structures were
docked with the homology model using Schrödinger Suite’s Ligand
DockingWizard, and 2D and 3D confirmations of the ligand protein
complex were prepared [61].

4.2.5. B16F10 cell culture
Murine B16F10 melanoma cells were obtained from the Amer-

ican Type Culture Collection (Manassas, VA, USA) and used for cell
viability, cellular tyrosinase activity, and melanin content assays.
B16F10 cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% FBS (fetal bovine serum), and 1% streptomycin at
37 �C in a 5% CO2 environment, and these cells were then used in
cell viability, cellular tyrosinase activity, and melanin content
assays in 96-well plates or 6-well dishes. All experiments were
independently performed in triplicate.

4.2.6. Cell viability assay: EZ-cytox assay
Cell viability was determined using the EZ-cytox assay. Briefly,

B16F10 cells were seeded in a 96-well plate at a density of 5 � 104

cells/well and incubated at 37 �C in a humidified 5% CO2 environ-
ment overnight. Cells were treated with compounds 1c or 1j at 0,
5, 10 or 20 lM/well for 24 h, and then EZ-cytox solution (10 lL/
well, Daeil Lab Service, Seoul) was added to treated and control
cells and incubated at 37 �C for 3 h. Cell viabilities were deter-
mined by measuring absorbances at 450 nm using a microplate
reader. All experiments were independently performed in
triplicate.

4.2.7. Cellular tyrosinase inhibition assays of 1c and 1j in B16F10
melanoma cells

Cellular tyrosinase inhibition assays were conducted as previ-
ously described with minor changes [62]. Pre-cultured cells were
pretreated with compounds 1c or 1j at 0, 5, 10, or 20 lM for 3 h.
a-MSH and IBMX were then added to final concentrations of
1 lM and 200 mM, respectively, and cells were incubated for
48 h. Cells were then washed with PBS two or three times, lysed
with 100 lL of buffer [90 lL of PBS (50 mM), 5 lL of PMSF
(0.1 mM), and 5 lL of 1% Triton X-100], and lysates were frozen
(�80 �C for 0.5 h) then centrifuged (12,000 rpm for 30 min) at
4 �C. Lysate supernatants (80 mL) in 96-well microplates, were
mixed with 20 mL of L-dopa (2 mg/mL) and kept in an incubator
at 37 �C for 15 min. Optical densities were measured at 475 nm
using a microplate reader (Tecan, Männedorf, Switzerland). All
experiments were independently performed in triplicate.

4.2.8. Effects of 1c and 1j on melanin contents in B16F10 melanoma
cells

The effects of 1c and 1j on melanin production in B16F10 cells
were evaluated as previously described with minor changes [63].
Briefly, pre-cultured cells were pretreated with 1c or 1j at 0, 5,
10 or 20 lM and incubated for 3 h and then 1 lM of a-MSH and
200 mM of IBMX were added. After incubation of 48 h, cells were
washed 2 to 3 times with PBS buffer and then incubated in
100 lL of 1 N NaOH for 1 h at 60 �C to dissolve the melanin. Optical
densities were measured at 405 nm using a microplate reader to
determine melanin contents. All experiments were independently
performed in triplicate.

4.2.9. Statistical analysis
The significances of differences between groups were deter-

mined by one-way ANOVA and Tukey’s test. Graph Pad Prism 5
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was used for the analysis and results are expressed as
means ± SEMs. Two-sided P-values of <0.05 were considered statis-
tically significant.
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