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Novel sixteen naproxen urea compounds were synthesized bearing the thiadiazole ring. Their inhibitory activ-
ities against tyrosinase were investigated. 3o was discovered to be the most potent inhibitor of tyrosinase, with
an ICs value of 35.0 uM. The kinetic parameters were used to determine the type of enzyme inhibition. The
results showed that 30 was an uncompetitive inhibitor with the K; value of 62.2 yM. Additionally, the cytotoxic
effects of the synthesized compounds on melanoma (B16F10), mouse embryonic (3T3) and the healthy 3T3 cell
lines were also investigated. According to the cytotoxicity results, 3e (ICso= 2.17 puM) showed the highest

cytotoxicity on the B16F10 cells. Furthermore, the effects of selected compounds on the migration rate of
melanoma cells were investigated. In addition, molecular modeling studies were also performed and the results
showed the possible interactions between the uncompetitive inhibitor 3o with the Tyrosinase-L-Tyrosine enzyme

substrate complex.

1. Introduction

Tyrosinase (EC 1.14.18.1, TYR) is a type III copper-containing
oxidoreductase enzyme. This enzyme catalyses some reactions such as
the hydroxylation of monophenols to o-diphenols or the oxidation of o-
diphenols to o-quinones [1,2]. On the other hand, tyrosinase can control
dopamine toxicity and thus it affects the induction and development
process of many important neurodegenerative diseases such as Parkin-
son’s disease [3]. Tyrosinase is also a key enzyme in melanin biosyn-
thesis, which plays an important role in many physiological and
pathological pathways [4]. When L-tyrosine is used as a substrate, the
product of the tyrosinase-catalysed reaction is dopaquinone, which can
easily convert to melanin [5]. Recent studies have shown that tyrosinase
activity is closely related to the incidence of melanoma [6].
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Melanin is an essential biopolymer responsible for mammal skin, eye
and hair colour. Melanin is produced in melanocytes by a process called
melanogenesis, which is restricted to special organelles called melano-
somes [7]. This melanin produced is one of the mechanisms that protects
the skin against ultraviolet (UV) damage and removes reactive oxygen
species (ROS) [8,9]. Abnormal levels of melanin are associated with a
variety of pathologies, such as hyperpigmentation, melanoma, or
ochronosis-related dermatological disorders that occur in alkaptonuria
[3,10,11]. Melanoma is characterized by the disorganization of mela-
nocytes that produce melanin by keratinocytes in the epidermal skin.
This irregularity causes the uncontrolled proliferation of melanocytes,
so a high melanin content is observed in most cases of melanoma
[10-13].

Therefore, inhibition of the tyrosinase enzyme responsible for
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melanin biosynthesis can prevent an abnormal increase in melanin
levels and related diseases [14]. Mushroom tyrosinase is an accessible,
commercially available enzyme due to its solubility and it is a widely
used model to identify tyrosinase inhibitors. In addition, mushroom
tyrosinase inhibitors show increased activity in murine and human ty-
rosinases in general [15]. This provides a good feature for the discovery
of new inhibitors in the mushroom tyrosinase model [16].

Thiosemicarbazones constitute a versatile class of ligands and have
numerous pharmacological and biological properties such as antima-
larial, antimicrobial and anticancer agents [17-21]. In recent years,
thiosemicarbazone derivatives have also received great attention as
tyrosinase inhibitors [22]. Its derivatives including the aromatic ring
mimic natural tyrosinase substrates (L-tyrosine and L-dopa etc.).
Tyrosinase inhibitors can generally both interact hydrophobically with
the tyrosinase cavity through van der Waals interactions, and the elec-
tronegative sulphur and nitrogen atoms of the thiourea moiety can
enhance the coordination abilities of the ligand and act as chelators of
copper ions in the active site of the enzyme [22]. The structures of some
known tyrosinase derivatives are given in Fig. 1. The thiadiazole ring isa
structural isomer of the thiosemicarbazide structure and has a wide
range of biological activities [23]. However, researches about this
structure as tyrosinase inhibitors are not sufficiently included in the
literature.

Since the antiproliferative effect of Sulindac was first observed in
reducing colon adenomas in 1983, researches have been conducted to
evaluate the anticancer potential of the non-steroidal anti-inflammatory
drugs (NSAIDs) [24-26]. In this study, naproxen, one of the NSAIDs, was
chosen as the main scaffold. Its derivative bearing thiadiazole amine was
synthesized from the thiosemicarbazone skeleton and converted to its
cyclic isomer, and then urea derivatives were obtained by reaction with
phenyl isocyanates. Furthermore, the tyrosinase inhibitory activities
and anti-melanoma properties of the synthesized compounds were
investigated. In addition, the inhibition kinetic parameters and mecha-
nisms were evaluated and enzyme-ligand interactions were demon-
strated by molecular modeling studies.

2. Result and discussion
2.1. Chemistry

The novel Naproxen thiadiazole-urea hybrids were synthesized as
shown in Scheme 1. Naproxen (1, (S)-(+)-2-(6-Methoxy-2-naphthyl)

propionic acid) was reacted with thiosemicarbazide at 75°C for 1 hour to
give (8)-5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thiadiazol-2-

o
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Scheme 1. Synthesis of novel Naproxen thiadiazole-urea derivatives. Reaction
condition; i: 1) POCl3, Thiosemicarbazide, 75°C, 1 h, 2) NaOH, 50 %: ii; DMF,
DBU, Phenylisocyanate derivatives, 60 °C, 18 h.

amine (2). The carboxylic acid moiety converts to the acyl chloride with
POCl3 and then it reacts with the NH, of thiosemicarbazide. The ring
closure occurs with the following reaction tautomer of the formed
structure and POCl3. After that, urea derivatives (3a-3p) were obtained
from the reaction of naproxen thiadiazole amine (2) and various phenyl
isocyanate derivatives in DMF with the DBU as a catalyst. Attempts were
made with different bases for this step, but the yield obtained with DBU
was not achieved. By removing the proton of the amino group at DBU, it
enables the NHj group to attack the isocyanate structure more easily.
From the 'H NMR spectra of compound 2, the signals for NH;, protons
were observed between at 7.77-7.86 ppm and the signals for OH proton
of carboxylic acid disappeared. The peak in the 180 ppm belonging to
carboxylic acid disappeared, and at 169.5 ppm, the signal of the carbon
atom of the thiadiazole ring was observed. From the 'H NMR spectra of
compounds 3a-3p; the signals for aromatic protons were observed be-
tween 6.80 and 8.56 ppm, while aliphatic proton signals observed about
at 1.77-4.70 ppm. The signal of the -NH protons were observed in the
range of 9.11-11.15 ppm. From the >C NMR spectra, the signals of the
aliphatic and aromatic carbons were observed at 21-55.6 ppm and
105.0-160.0 ppm, respectively. Among these peaks, the urea carbon
signals were observed around 157 ppm, while the carbon (adjacent to
NH) of the thiadiazole ring was observed in the range of 158-165 ppm.

2.2. Tyrosinase inhibitory activity and structure activities relationships

The ICsp values (uM) of 3a-p against tyrosinase are given in Table 1.

>\-NH2 S
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Fig. 1. The structure of known thiosemicarbazide derivatives as tyrosinase inhibitors.
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Table 1
The tyrosinase inhibitory activity of novel Naproxen thiadiazole-urea
derivatives.

CHs
- S
\ J—NH
N-N NH
H5CO d R
3a-3p
Comp. R ICsp, M Max. Inhibition
% [11, uM
3a 3-F-Ph 410.0+1.6 53.8+0.6 500
3b 4-F-Ph 50.0+0.3 72.0+1.3 250
3c 3-Cl-Ph 78.0£1.0 68.7+0.7 250
3d 4-Cl-Ph 80.0+1.1 72.6+1.0 500
3e 3,4-diCl-Ph 225.0+1.3 53.3+0.8 250
3f 4-1-Ph 175.04+1.0 55.1+0.8 250
3g Ph >250 43.0+0.6 250
3h 4-CH3-Ph >500 40.2+0.5 500
3i 30CH3—-Ph >500 41.3+0.6 500
3j 40CH3—-Ph >500 32.4+0.4 500
3k 3-NO-Ph >125 26.1+0.3 125
31 4-NO,-Ph >250 29.7+0.4 250
3m 3-CF3-Ph 220.0+1.3 53.3+£0.7 250
3n 4-CF3-Ph 80.0+0.5 65.8+0.8 250
30 4-Cl, 3-CF3-Ph 35.0+0.6 79.2+1.0 250
3p 1-naphthyl 130.0+£1.0 53.9+0.7 200
Kojic acid 200.0+1.1 85.7+0.7 1000

All synthesized compounds (3a-p) inhibited tyrosinase with the ICsg
values ranging from 35.0 uM to >500 pM. Among them, 30 showed the
strongest tyrosinase inhibitory activity with the ICso value of 35.0 uM
which is almost 6-fold higher than kojic acid (IC5¢p = 200.0 uM) which
was used as a standard. Moreover, six compounds (3b-3d, 3f, 3n, and
3p) showed better inhibitory activity against tyrosinase compared to
kojic acid.

In addition, the following structure-activity relationship can be
inferred from Table 1;

Generally, the compounds bearing halogens and/or electron with-
drawing groups (F, Cl, I, CF3, NOy) at the phenyl ring have stronger
inhibitory activity against tyrosinase than the compounds including
electron donating groups (OCHs, CH3) at the phenyl ring (Fig. 2).

Moving the -F and -CF3 substituents at the phenyl ring from meta- to
para- position increased the tyrosinase inhibition (compared 3a (R—=3-
F-Ph, IC5¢ = 410.0 uM) with 3b (R—4-F-Ph, IC5¢ = 50.0 uM); compared
3m (R=3-CF3-Ph, IC5 = 220.0 uM) with 3n (R=4-CF5-Ph, ICs, = 80.0
uM)). On the other hand, moving the OCH3- and -Cl substituents at the
phenyl ring from meta- to para- position did not significantly affect the
tyrosinase inhibitory activity (compared 3i (R—3-OCHs-Ph, IC5y =
>500 uM) with 3j (R—=4-OCHs-Ph, IC59 = >500.0 uM); compared 3¢
(R=3-Cl-Ph, IC59 = 78.0 uM) with 3d (R—4-Cl-Ph, IC5¢ = 80.0 pM)).

Binding the second -Cl to the phenyl ring decreased the tyrosinase
inhibitions (compared 3¢ (R=3-Cl-Ph, IC5¢ = 78.0 uM) and 3d (R—4-
Cl-Ph, IC5o = 80.0 uM) with 3e (R=3,4-diCl-Ph, IC5¢ = 225.0 uM)). On
the other hand, binding the -Cl to the para- position at the phenyl ring of
compound 30 (R—3-CF3-Ph) raised the inhibitory activity against

CHs,

~S
NH
HCOI\?/ NH
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tyrosinase (compared 3m (R—3-CF3-Ph, IC5o = 220.0 pM) with 3o
(R=4-Cl, 3-CF3-Ph, IC5¢ = 35.0 uM)).

Compound 3p (R=1-naphthyl, IC5o = 130.0 pM), containing a
naphthyl moiety, showed higher inhibitory activity against tyrosinase
than compound 3g (R=Ph, IC5o = >250.0 pM), containing a non-
substituted phenyl moiety.

The growing size and polarizability of the halogen series at the para-
position of the phenyl ring notably decreased tyrosinase inhibition (for
size and polarizability, I > Cl > F; for inhibitory activity, 3f (R—4-1-Ph,
ICso = 175.0 uM) < 3d (R=4-Cl-Ph, ICso = 80.0 uM) < 3b (R=4-F-Ph,
IC50 =50.0 MM))

Compounds 3h-3j (bearing methyl or methoxy as an electron-
donating group) had the lowest inhibitory activity against tyrosinase
among all synthesized compounds.

2.3. Kinetic studies of mushroom tyrosinase inhibition

In order to determine the inhibitory effects of newly synthesized
Naproxen thiadiazole-urea derivatives (3a-3p) on mushroom tyrosi-
nase, their solutions at different concentrations were prepared by dis-
solving the compunds in DMF. Since DMF is included in the enzyme
activity protocol, a 2 % concentration did not have a negative effect on
the enzyme. The ICs value could not be calculated for 3g to 31 mole-
cules. The decrease in the solubility of the molecules dissolved in the
organic solvent in the aqueous medium used while determining the
enzyme activity was effective in this process. The most active compound
30 was chosen to evaluate the inhibition type of these substances. The
inhibition type of the selected molecule was determined by drawing the

40
< 30
<
£
g
= 20
=
104
® Control e 30uM 4 100 uM
O
! i I T T T T T T T T T T T
-4 -2 0 2 4 6 8 10
1/S [uM]

Fig. 3. Lineweaver-Burk plots for the inhibition of tyrosinase in the presence
of 3o.

_JR

Inhibitory activity; 3a-3f (R=Halogens: F, CI, 1), 3k-30 (R= Electron withdrawing group: NO,, CF3) > 3h-3i (R= Electron
donating group: CH3, OCHj)

Fig. 2. The general structure of synthesized compounds for SAR.
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Lineweaver-Burk graph (Fig. 3). For this purpose, the enzyme activity
was determined in the presence and absence of the inhibitor by selecting
values in the concentration range that causes 25-75 % inhibition, which
is used to determine the ICsq value. From the graph obtained, the inhi-
bition type was determined as uncompetitive and the K; value was
calculated as 62.2 uM (Table 2).

2.4. Cytotoxicity

The murine melanoma cell line (B16F10) and mouse embryonic cell
line (3T3) were used to evaluate the cytotoxic activity of Naproxen
thiadiazole-urea derivatives (3a-3p) according to the MTT assay
(Table 3). 12 of the synthesized compounds showed higher cytotoxicity
against B16F10 cancer cell lines compared to naproxen. The most
cytotoxic compound on B16F10 was 3e (IC50=2.17 uM). Moreover, the
cytotoxic activities of 3f (IC50=2.62 pM), 3 g (IC50=3.43 uM), 3 h
(IC50=4.68 M), 3j (IC50=4.15 uM), 31 (IC50=4.15 uM), 3 m (IC50=5.96
uM), 3n (IC50=7.41 uM), 30 (IC50=9.57 pM), and 3p (IC50=5.09 uM)
were also high against BL6F10 cells. All the compounds showed higher
cytotoxicity against the healthy 3T3 cell line compared to naproxen.
Some of the compounds showed a strong cytotoxic effect on cancer cells,
the other part showed a high cytotoxic effect on healthy cells. As seen
from the selective index in Table 3, 3e-3m showed better cytotoxicity
on cancer cells, while 3a-3d showed higher cytotoxicity on healthy cell
lines. 3n-3p showed cytotoxicity close to cancer and healthy cell lines.
Naproxen showed higher selectivity compared to the synthesized com-
pounds, but its cytotoxic effect on cancer cells was still lower than other
substances. These results showed that some of the synthesized naproxen
thiadiazole-urea derivatives gained cytotoxic and potentially anticancer
properties against cancer cell lines compared to naproxen, used as the
main skeleton. In addition, their anti-tyrosinase activity is also prom-
ising for use in melanomas.

2.5. Cell migration

Among the synthesized compounds, two compounds with high
enzyme inhibition (3n, 30) and two compounds with high cytotoxic
effect (3e, 3g) were selected, and the anti-migration effects of these
selected compounds were investigated. 3n and 3o inhibited the migra-
tion of the B16F10 melanoma cells after 24 h treatment compared to the
control group while 3e and 3 g did not show significant effects (Fig. 4).
These results show that 3n and 3o may have potential anticancer
properties inhibiting cell migration against melanoma cancer cells in
addition to their cytotoxic and anti-tyrosinase activities. According to
these results, it has been shown that the anti-migration properties of
compounds with better enzyme inhibition are higher. There are some
studies showing that migration and tyrosinase activity increase together
[27-29]. In these studies, it is seen that migration increases with the
induction of tyrosinase activity. According to our results, compounds
that provide tyrosinase inhibition also prevent cell migration.

2.6. Molecular modeling studies

A homology model of Agaricus bisporus Tyrosinase (UniProt entry:
C7FF04) was constructed based on the crystal structure of Aspergillus
oryzae Tyrosinase in complex with L-tyrosine (PDB entry: 6JU9). Com-
pound 3o was docked into the active site of the newly constructed

Table 2
Kinetic parameters for the compounds 30 against mushroom tyrosinase inhibi-
tion assay.

30 (uM) K, (mM) Vimax (umol/min) Inhibition types K; (uM)
Control 0.57 0.21 Uncompetitive 62.2
30 0.39 0.14

100 0.25 0.09

Journal of Molecular Structure 1295 (2024) 136618

Table 3
1Csp values of the cytotoxicity of synthesized molecules at BI6F10 and 3T3 cell
line.

Compound R B16F10, ICsp (pM)* 3T3, ICs0 (1M) SI**

3a 3-F-Ph 125.614:32.47 17.2842.61 0.13
3b 4-F-Ph 165.194:25.04 8.4840.69 0.051
3c 3-Cl-Ph 71.33+22.91 5.1040.36 0.071
3d 4-Cl-Ph 92.65:+25.05 6.4740.59 0.069
3e 3,4-diCl-Ph 2.1740.45 9.5741.25 4.41
3f 4-1-Ph 2.624:0.72 6.2840.33 0.1
3g Ph 3.43+0.81 14.67+1.08 4.27
3h 4-CHs-Ph 4.68+1.16 8.3940.86 1.79
3i 30CH;--Ph 32.514:6.99 34.56+5.75 1.06
3j 40CH3—-Ph 7.6742.54 12.6240.77 1.64
3k 3-NO,-Ph 18.6644.53 20.8343.00 1.12
3l 4-NO,-Ph 4.1540.53 13.36+1.66 3.22
3m 3-CF3-Ph 5.9641.25 9.0441.45 1.51
3n 4-CF3-Ph 7.41+1.66 5.2540.33 0.70
30 4-Cl, 3-CF3Ph  9.57+2.23 3.9940.48 0.41
3p 1-naphthyl 5.0941.35 4.6240.35 0.90
Naproxen - 33.4848.90 222.74450.75  6.65

* The cell viability was represented as a percentage (%) relative to untreated
cells as a control.
** Selectivity Index (3T3/B16F10)

homology model with L-Tyrosine bound to investigate potential in-
teractions between the uncompetitive inhibitor 30 and the L-Tyrosine-
Tyrosinase complex. The docked pose showed the presence of an aro-
matic Hydrogen bond with the side chain of GIn207 and n-n stackings
with the side chain of His244 (Fig. 5A and B). 3o formed direct
Hydrogen bonds with the substrate L-Tyrosine. The RMSD of the ligand
increased during the 250 ns MD simulation (Fig. 5C). However, 30 was
able to form interactions with the enzyme-substrate complex throughout
the simulation (Fig. 5D). 30 formed direct Hydrogen bonds with Asn81
and the substrate L-Tyrosinase and water-mediated Hydrogen bonds
with Asn81 and Asn209. In addition, n-n stackings were formed with
Tyr82 and His244.

The MM-GBSA binding energy was calculated for the course of the
250 ns MD simulation and the average value was -64.9185 +/-8.90
kcal/mol with a range of -93.4659 to —41.3480 kcal/mol (Fig. 5E).

3. Conclusion

In conclusion, sixteen novel Naproxen urea derivatives bearing the
thiadiazole ring were synthesized. Most of these compounds showed
inhibitory activity in the micromolar range against tyrosinase. Com-
pound 3o exhibited the strongest inhibitory activity against tyrosinase
with ICsg values of 35.0 pM. The inhibition type of 30 was determined as
uncompetitive and the Kj value was calculated as 62.2 uM. 3e (IC5p=
2.17 uM) showed the highest anti-melanoma activity with the highest
cytotoxicity on B16F10 cells, but did not present anti-migratory effects.
However, 30 showed dose-dependent anti-migratory effect on BI6F10
cells. This demonstrated that compounds with superior enzyme inhibi-
tion were more effective at inhibiting cell migration. Molecular
modeling studies suggested possible interactions between the uncom-
petitive inhibitor 3o with the Tyrosinase-L-Tyrosine enzyme-substrate
complex.

As a result of all these studies, the 30 showed remarkable properties
in tyrosinase inhibition, anti-melanoma activity, and anti-migration ef-
fect. By furthering these studies, it will be possible to discover new
compounds with anti-melanoma effects that inhibit tyrosinase.

4. Experimental
4.1. Materials

In the synthesis and analytical studies, chemicals from Merck, Alfa
Aesar, and Sigma-Aldrich were utilized. The STUART SMP40 and an Alfa
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Fig. 4. a) Effects of 3e, 3 g, 3n, and 30 on cell migration of B16F10 melanoma cells after 24 h treatment. b) Schematic representation of the closure of scratch due to
cell migration after treatment with 3n and 3o. Data are expressed as mean + SD, *p < 0.05 and **p < 0.01 versus the control group.

Bruker spectrometer were used to determine the melting points and
measure the IR spectra, respectively. 'H and 3C NMR spectra were
assessed using a Varian spectrometer at 300 and 75 Hz, and a Bruker
spectrometer at 500 and 125 Hz, respectively, while Mass spectra were
collected using a Thermo Fisher Scientific LC-HRMS spectrometer.
Biological activity experiments were spectrophotometrically analysed
using a BioTek Powerwave XS (BioTek, USA). The American Type

Culture Collection (ATCC) provided the cell lines, used to assess the
cytotoxicity of cells. Dulbecco’s Modified Eagle’s Medium-F12, RPMI
Medium, fetal calf serum, and PBS were bought from GIBCO BRL,
InVitrogen (Carlsbad, CA).
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Fig. 5. Molecular modeling studies of the interactions of compound 3o (turquoise) with the Agaricus bisporus Tyrosinase complexed with L-Tyrosine (green). The
docked pose of compound 3o in 3D and 2D view (A, B). The ligand RMSD value (C), the ligand-enzyme interactions (D) and MM-GBSA binding energy (E) during the

250 ns MD simulation.
4.2. Methods

4.2.1. General procedures and spectral data

4.2.2. Synthesis of (S)-5-(1-(6-methoxynaphthalen-2-yl)ethyl)-
1,3,4-thiadiazol-2-amine (2):

Naproxen (1) (2 mmol) and thiosemicarbazide (2 mmol) were dis-
solved in phosphoroxychloride (36 mmol) and this solution was stirred
for 1 h at 75 °C, upon when it was poured into iced water. The mixture
pH level was adjusted between 8-9 by the addition of a NaOH aqueous
solution (50 %). The precipitates were filtered under vacuum, washed
with water, and dried in a vacuum oven at 35°C [30].

(S)-5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thiadiazol-2-
amine (2); '"H NMR (DMSO-dg, 300 MHz) §/ppm: 1.69 (3H, d, J = 7.0
Hz), 4.61-4.52 (1H, m), 3.86 (3H, s), 7.14-7.21 (1H, m), 7.31 (1H, s),
7.41 (1H, d, J = 8.4 Hz), 7.77-7.86 (4H, m), 8.72 (1H, s); 13C NMR
(DMSO-dg, 75 MHz) &/ppm: 20.7, 55.6, 106.2, 119.4, 126.0, 126.5,
127.8, 128.8, 129.7, 133.9, 138.0, 157.8, 163.4, 169.5.

4.2.3. Synthesis of naproxen thiadiazol-urea derivatives (3a—3p)

Compound 2 (0.60 mmol) and the corresponding phenyl isocyanates
(0.66 mmol) were dissolved in 3 mL DMF in the presence of a catalytic
amount of DBU. This mixture was stirred for 18 hours at 60°C. After
reaching room temperature, the mixture was poured into iced water and
neutralized by the addition of HCl aqueous solution (5 %). The collected
precipitates were filtered under vacuum, washed with water, and dried
in a vacuum oven at 30°C. The obtained naproxen thiadiazol-urea de-
rivatives (3a-3p) were purified by column chromatography, using
EtOAc/MeOH as eluent [31].

4.2.3.1. (S)-1-(3-fluorophenyl)-3-(5-(1-(6-methoxynaphthalen-2-yl)
ethyl)-1,3,4-thiadiazol-2-yl)urea (3a) Pink powder, 73 % yield, 265°C
mp. IR: 3304, 3276, 3103, 2980, 2934, 1727, 1608, 1523, 1482, 1312,

1280, 1197, 1027, 872 cm™; 'H NMR (DMSO-dg, 300 MHz) &/ppm:
1.77 (3H, d, J=7.3 Hz), 3.87 (3H, s), 4.62-4.66 (1H, m), 6.80-6.85 (1H,
m), 7.10-7.19 (2H, m), 7.26-7.34 (2H, m), 7.42-7,46 (2H, m),
7.75-7.84 (3H, m), 9.28 (1H, s); 1*C NMR (DMSO-dg, 125 MHz) &/ppm:
21.0, 40.7,55.6,105.7,105.9, 106.2, 109.5, 114.9, 119.3, 119.4, 125.9,
126.4, 126.6, 127.1, 127.8, 128.9, 129.7, 130.8, 130.9, 133.9, 138.7,
155.8,157.7,161.7,163.7 (JICF:237.2). HRMS (ESI) m/z calculated for
C22H19FN4OZS [M-H] o 421.1134, found: 421.1145.

4.2.3.2. (S)-1-(4-fluorophenyl)-3-(5-(1-(6-methoxynaphthalen-2-yl)
ethyl)-1,3,4-thiadiazol-2-yl)urea (3b) White powder, 32 % yield, 220°C
mp. IR: 3374, 3102, 2871, 2768, 1718, 1600, 1549, 1450, 1307, 1269,
1028, 840 cm™'; 'H NMR (DMSO-ds, 300 MHz) &/ppm: 1.80 (3H, d,
J=7.2 Hz), 3.90 (3H, s), 4.68-4.70 (1H, m), 7.13-7.20 (3H, m),
7.22-7.35 (1H, m), 7.45-7.52 (3H, m), 7.83-7.87 (3H, m), 9.10 (1H, s);
13C NMR (DMSO-ds, 75 MHz) §/ppm: 21.3, 55.8, 106.4, 115.9, 116.2,
119.5, 121.2, 121.3, 126.1, 126.9, 127.9, 129.1, 129.9, 134.0, 135.6,
139.0, 157.9. HRMS (ESI) m/z calculated for CooH19FN402S [M-H]
421.1134, found: 421.1143.

4.2.3.3. (S)-1-(3-chlorophenyl)-3-(5-(1-(6-methoxynaphthalen-2-yl)
ethyl)-1,3,4-thiadiazol-2-yl)urea (3c); Pink powder, 65 % yield, 252°C
mp. IR: 3370, 3103, 2935, 1714, 1590, 1447, 1289, 1088, 1029, 802
cm™!; 'H NMR (DMSO-dg, 300 MHz) §/ppm: 1.76 (3H, d, J=7.3 Hz),
3.86 (3H, s), 4.64-4.66 (1H, m), 7.10-7.19 (1H, m), 7.30-7.33 (3H, m),
7.41-7.50 (3H, m), 7.74-7.84 (3H, m), 9.19 (1H, s); 13C NMR (DMSO-dg,
75 MHz) §/ppm: 21.2, 55.8, 106.4, 119.5, 120.9, 126.1, 126.8, 127.9,
128.0,129.1,129.3,129.9, 134.1, 138.3, 138.9, 157.9. HRMS (ESI) m/z
calculated for CooH;9CIN4O5S [M-H]  437.0839, found: 437.0846.

4.2.3.4. (S)-1-(4-chlorophenyl)-3-(5-(1-(6-methoxynaphthalen-2-yl)
ethyl)-1,3,4-thiadiazol-2-yl)urea (3d) White powder, 77 % yield, 255°C
mp. IR: 3371, 3120, 2935, 2769, 1714, 1590, 1539, 1446, 1309, 1291,
1088, 802 cm™'; 'H NMR (DMSO-ds, 300 MHz) &/ppm: 1.77 (3H, d,
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J=6.7 Hz), 3.87 (3H, s), 4.64-4.66 (1H, m), 7.12-7.19 (1H, m),
7.31-7.34 (3H,m), 7.42-7.52 (3H, m), 7.75-7.74 (3H, m), 9.22 (1H, s);
13¢ NMR (DMSO-ds, 75 MHz) 8/ppm: 21.2, 55.8, 106.4, 119.5, 120.9,
126.1, 126.8, 127.0, 127.9, 129.1, 129.3, 129.9, 134.1, 138.4, 138.9,
157.9. HRMS (ESI) m/z calculated for CyoH;9CIN4O2S [M-H]™;
437.0839, found: 437.0848.

4.2.3.5. (S5)-1-(3,4-dichlorophenyl)-3-(5-(1-(6-methoxynaphthalen-
2-yl)ethyl)-1,3,4-thiadiazol -2-yl)urea (3e) White powder, 48 % yield,
261°C mp. IR: 3365, 3102, 2932, 2739, 1718, 1584, 1476, 1381, 1207,
1030, 816 cm™Y; 'H NMR (DMSO-de, 300 MHz) &/ppm: 1.73 (3H, d,
J=7.0 Hz), 3.87 (3H, s), 4.57-4.62 (1H, m), 7.14-7.21 (1H, m), 7.31
(1H, d, J=2.1 Hz), 7.38-7.45 (2H, m), 7.48-7.54 (1H, m), 7.80-7.87
(4H, m), 9.40 (1H, s); >C NMR (DMSO-ds, 75 MHz) &/ppm: 21.1, 55.8,
106.4, 119.4, 119.5, 120.4, 124.6, 126.2, 126.8, 128.0, 129.1, 129.9,
131.2,131.7,134.1,138.8, 139.8, 158.0. HRMS (ESI) m/z calculated for
C22H18C12N4025 [M-H] N 471.0449, found: 471.0457.

4.2.3.6. (S)-1-(4-iodophenyl)-3-(5-(1-(6-methoxynaphthalen-2-yl)
ethyl)-1,3,4-thiadiazol-2-yl) urea (3f); White powder, 56 % yield, 217°C
mp. IR: 3365, 3303, 3102, 2756, 1719, 1581, 1483, 1446, 1391, 1290,
1196, 1028, 854 cm™'; 'H NMR (DMSO-ds, 300 MHz) 5/ppm: 1.76 (3H,
d, J=7.0 Hz), 3.86 (3H, s), 4.61-4.68 (1H, m), 7.10-7.19 (1H, m),
7.28-7.31 (3H, m), 7.41-7.44 (1H, m), 7.58-7.74 (2H, m), 7.79-7.84
(3H, m), 9.13 (1H, s); '3C NMR (DMSO-dg, 75 MHz) 8/ppm: 21.2, 55.8,
106.4, 119.5, 121.2, 121.6, 126.1, 126.9, 127.9, 129.1, 129.9, 134.1,
138.0, 158.0. HRMS (ESI) m/z calculated for CyoH;9IN4O2S [M-H];
529.0195, found: 529.0203.

4.2.3.7. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-yl)-3-phenylurea (3g) White powder, 62 % yield, 285°C mp. IR:
3302, 3146, 1724, 1523, 1309, 1179, 1045, 856, 751 cm™'; 'H NMR
(DMSO0-dg500 MHz) &/ppm: 1.77 (3H, d, J = 7.0 Hz), 3.87 (3H, s),
4.63-4.70 (1H, m), 6.98-7.05 (1H, m), 7.14-7.20 (1H, m), 7.26-7.32
(3H, m), 7.42-7.46 (3H, m), 7.80-7.84 (3H, m), 9.03 (1H, s); 13¢ NMR
(DMSO-ds, 75 MHz) &/ppm: 21.3, 55.8, 106.4, 119.3, 119.5, 123.5,
126.1, 126.9, 127.9, 129.1, 129.5, 129.9, 134.0, 139.0, 139.2, 157.9.
HRMS (ESI) m/z calculated for CooHooN40-S [M-H] ; 403.1229, found:
403,1239.

4.2.3.8. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-y1)-3-(p-tolyl)urea (3h) Pink powder, 42 % yield, 191.5°C mp.
IR: 3376, 3103, 2870, 2765, 1716, 1595, 1509, 1449, 1313, 1202, 1029,
806 cm™!; 'H NMR (DMSO-dg, 300 MHz) &/ppm: 1.77 (3H, d, J=7.1
Hz), 2.23 (3H, s), 3.87 (3H, s), 4.61-4.64 (1H, m), 7.07-7.11 (2H, m),
7.14-7.20 (1H, m), 7.29-7.34 (3H, m), 7.41-7.46 (1H, m), 7.80-7.84
(3H, m), 8.88 (1H, s); '*C NMR (DMSO-ds, 75 MHz) &/ppm: 19.2, 21.0,
55.8, 106.4, 119.4, 119.5, 126.1, 126.8, 127.9, 129.1, 129.9, 132.5,
134.0,136.5,139.0, 157.9. HRMS (ESI) m/z calculated for Co3H25N405S
[M-H] ; 417.1385, found: 417.1396.

4.2.3.9. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-y1)-3-(3-methoxy phenyl) urea (3i); Pink powder, 52 % yield,
206.5°C mp. IR: 3375, 3102, 2960, 2934, 1712, 1596, 1454, 1302,
1260, 1195, 1027, 811 cm™; 'H NMR (DMSO-dg, 300 MHz) §/ppm:
1.81 (3H, d, J=6.8 Hz), 3.74 (3H, s), 3.90 (3H, s), 4.64-4.74 (1H, m),
6.63 (1H, d, J=8.2 Hz), 6.98 (1H, d, J=8.0 Hz), 7.16-7.25 (3H, m), 7.35
(1H, s), 7.47 (1H, d, J=8.5 Hz), 7.81-7.91 (3H, m), 9.08 (1H, s); '3C
NMR (DMSO-dg, 75 MHz) &/ppm: 21.2, 55.6, 55.8, 104.9, 106.4, 109.0,
111.5, 119.5, 126.1, 126.9, 127.9, 129.1, 129.9, 130.3, 134.0, 139.0,
140.4, 157.9, 160.3. HRMS (ESI) m/z calculated for Co3H25N403S [M-
H]; 433.1334, found: 433.1344.

4.2.3.10. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-yl)-3-(4-methoxy phenyl) urea (3j) White powder, 58 % yield,
257°C mp. IR: 3372, 3103, 2833, 1709, 1596, 1510, 1414, 1310, 1298,
1204, 1171, 1022, 852 cmfl; 'H NMR (DMSO-dg, 300 MHz) §/ppm:
1.77 (3H, d, J=7.0 Hz), 3.70 (3H, s), 3.87 (3H, s), 4.59-4.71 (1H, m),
6.82-6.90 (2H, m), 7.13-7.20 (1H, m), 7.30-7.35 (3H, m), 7.40-7.47
(1H, m), 7.78-7.85 (3H, m), 8.79 (1H, s); 3¢ NMR (DMSO-dg, 75 MHz)
8/ppm: 21.3, 55.8, 106.4, 114.6, 119.5, 121.2, 126.1, 126.8, 127.9,
129.1, 129.9, 132.0, 134.0, 139.1, 155.8, 157.9. HRMS (ESI) m/z
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calculated for Co3H2oN403S [M-H] ~; 433.1334, found: 433.1344.

4.2.3.11. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-yl)-3-(3-nitro phenyl) urea (3k); Yellow powder, 78 % yield,
232.2°C mp. IR: 3322, 3094, 2952, 1714, 1602, 1522, 1293, 1192,
1023, 737 cm™}; 'H NMR (DMSO-dg 500 MHz) §/ppm: 1.77 (3H, d, J =
7.0 Hz), 3.87 (3H, s), 4.61-4.70 (1H, m), 7.15-7.21 (1H, m), 7.32 (1H, d,
J=1.6 Hz),7.45 (1H, d, J = 8.5 Hz), 7.55 (1H, t, J =8.1 Hz), 7.73-7.90
(5H, m), 8.56 (1H, s), 9.72 (1H, s); 13C NMR (DMSO-dg, 125 MHz)
§8/ppm: 20.9, 55.6, 106.2, 113.0, 119.3, 125.1, 125.2, 126.0, 126.6,
127.8,128.9,129.7,130.5,133.9, 138.5, 148.5, 157.7. HRMS (ESI) m/z
calculated for CooH19N504S [M-H] ~; 448.1079, found: 448.1091.

4.2.3.12. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-yl)-3-(4-nitro phenyl) urea (31); White powder, 77 % yield,
233°C mp. IR: 3320, 3060, 2950, 1712, 1552, 1200, 1103, 1026, 735
ecm™1; 'H NMR (DMSO-dg 500 MHz) 8/ppm: 1.81 (d, J = 7.1 Hz, 1H),
3.87 (s, 3H), 4.67 (d,J=7.1 Hz, 3H), 7.17 (dd, J = 8.9, 2.5 Hz, 1H), 7.32
(d, J = 2.4 Hz, 1H), 7.48 (dd, J = 8.4, 1.6 Hz, 1H), 7.73 (d, J = 9.2
Hz,1H), 7.86-7.80 (m, 3H), 7.97 (d, J = 9.2 Hz, 2H), 8.13 (d, J = 9.3 Hz,
2H), 8.21 (d, J = 9.2 Hz, 1H); 3C NMR (DMSO-dg, 125 MHz) &/ppm:
21.1, 55.6, 106.2, 109.0, 118.0, 118.4, 119.2, 125.4, 125.5, 125.9,
126.8, 127.6, 128.9, 129.7, 133.8, 139.0, 141.2, 141.9, 146.2, 147.4,
157.7, 165.8. HRMS (ESI) m/z calculated for CyoH19N504S [M-H];
448.1079, found: 448.1088.

4.2.3.13. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-yl)-3-(3-(trifluoro methyl) phenyl)urea (3 m); White powder,
65 % yield, 228°C mp. IR: 3374, 3096, 2900, 1704, 1600, 1490, 1280,
1160, 1020, 757 cm™'; 'H NMR (DMSO-dg 500 MHz) 8/ppm: 1.77 (d, J
= 7.0 Hz, 3H), 3.87 (s, 3H), 4.60-4.68 (m, 1H), 7.17 (dd, J = 9.0, 2.4 Hz,
1H), 7.30-7.35 (m, 2H), 7.49-7.40 (m, 1H), 7.52 (d, J = 7.9 Hz, 1H),
7.71-7.62 (m, 1H), 7.98-7.84 (m, 3H), 7.99 (s, 1H), 9.63 (s, 1H); 3¢
NMR (DMSO-dg, 125 MHz) &/ppm: 21.1, 55.8, 106.4, 115.2, 115.3,
115.3, 119.5, 122.9, 126.1, 126.8, 128.0, 129.1, 129.9, 129.9, 130.6,
134.1, 138.8, 140.4, 157.9. HRMS (ESI) m/z calculated for
Ca3H19F3N40,S [M-H]™; 471.1103, found: 471.1108.

4.2.3.14. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-y1)-3-(4-(trifluoro methyl) phenyl)urea (3n); White powder, 78
% yield, 237°C mp. IR: 3344, 3040, 2922, 1712, 1622, 1520, 1290,
1100, 1020, 735 cm™'; 'H NMR (DMSO-dg 500 MHz) 8/ppm: 1.77 (d, J
= 5.9 Hz, 3H), 4.66 (m, 1H), 3.87 (s, 3H), 7.18 (d, J = 8.1 Hz, 1H), 7.31
(s, 1H), 7.44 (d, J = 7.7 Hz, 1H), 7.63-7.70 (m, 4H), 7.78-7.84 (m, 3H),
9.52 (s, 1H); *C NMR (DMSO-dg, 125 MHz) 5/ppm: 21.0, 55.6, 106.2,
118.8, 119.3, 125.9, 126.5, 126.6, 127.8, 128.9, 129.7, 133.9, 138.6,
157.7. HRMS (ESI) m/z calculated for Cy3Hj9F3N402S [M-H];
471.1103, found: 471.11009.

4.2.3.15. (8)-1-(4-chloro-3-(trifluoromethyl)phenyl)-3-(5-(1-(6-
methoxynaphthalen-2-yl) ethyl) -1,3,4-thiadiazol-2-yl)urea (30););
White powder, 67 % yield, 221°C mp. IR: 3336, 3080, 2932, 1708, 1600,
1500, 1280, 1100, 1004, 736 cm™!; 'H NMR (DMSO-ds 500 MHz)
8/ppm: 1.76 (d, J = 7.0 Hz, 3H), 3.87 (s, 3H), 4.64 (q, J = 6.6 Hz, 1H),
7.18 (dd, J = 8.9, 2.4 Hz, 1H), 7.32 (d, J = 2.2 Hz, 1H), 7.44 (dd, J = 8.4,
1.5Hz, 1H), 7.61 (d, J = 8.8 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.80-7.84
(m, 3H), 8.12 (s, 1H), 9.63 (s, 1H); 13¢ NMR (DMSO-dg, 125 MHz)
5/ppm: 20.8, 40.8, 55.6, 106.2, 117.7, 119.3, 122.1, 123.9, 124.2
(JICF:176.2), 126.0, 126.6, 127.0, 127.2, 127.8, 128.9, 129.7, 132.4,
133.9, 138.5, 157.8. HRMS (ESI) m/z calculated for Co3H;gCIF3N405S
[M-H]; 505.0713, found: 505.0721.

4.2.3.16. (S)-1-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-thia-
diazol-2-yl)-3-(naphthalen-1-yl)urea (3p); White powder, 82 % yield,
197°C mp. IR: 3300, 3024, 2940, 1710, 1604 1556, 1266, 1190, 1020,
757 cm~!; 'H NMR (DMSO-dg 500 MHz) &/ppm: 1.79 (d, J = 6.7 Hz,
3H), 3.86 (s, 3H), 4.69 (d, J = 6.6 Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 7.31
(s, 1H), 7.43-7.48 (m, 2H), 7.58 (d, J = 6.6 Hz, 2H), 7.71 (d, J = 8.0 Hz,
1H), 7.87-7.77 (m, 3H), 7.90 (d, J = 6.7 Hz, 1H), 7.95 (d, J = 7.8 Hz,
1H), 8.04 (s, 1H), 9.11 (s, 1H), 11.15 (s, 1H); 13¢ NMR (DMSO-dg, 125
MHz) §/ppm: 21.2, 55.6, 106.2, 119.3, 121.6, 124.7, 125.9, 126.2,
126.5, 126.6, 126.7, 127.7, 128.9, 129.7, 133.8, 134.1, 138.9, 157.7.
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HRMS (ESI) m/z calculated for Co6H2oN405S [M-H] ~; 453.1385, found:
453.1396.

4.3. Tyrosinase inhibition assays

In the enzyme activity and inhibition studies, mushroom (Agaricus
bisporus) tyrosinase was used because of its similarity to human tyrosi-
nase [32,33]. Tyrosinase activity was measured spectrophotometrically
at 492 nm using L-DOPA as a substrate [34]. One unit (U) tyrosinase
activity was defined as 1 pM of product, formed in 1 mL of mixture for 1
min [35]. The synthesized compounds were dissolved in DMF and so-
lutions of different concentrations were prepared. Inhibition studies
were carried out with 2 % solvent in the reaction medium. The ICsq
values were calculated by drawing the graph of the inhibitory concen-
tration versus the relative activity %. The type of inhibition was deter-
mined from the Lineweaver-Burk plot drawn for the 30 with the best
ICsp value and choosing two of the inhibitor concentrations in the range
of 25-75 % (ISBN: 978-0-471-35,929-6). The K; value was calculated
from the Lineweaver-Burk graph. Kinetic studies were calculated using
the following equation [36].

V = (ViaxS)/(1 + Km /S + I /K;)

4.4. Cytotoxicity assay

The cytotoxicity of the test compounds on B16F10 murine melanoma
cell line and 3T3 mouse embryonic cell line were evaluated according to
the MTT (3-(4,5 dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bro-
mide) method [37].

4.5. Cell migration

For evaluating the migration of the B16F10 melanoma cells the
CytoSelect 24-well Wound Healing Assay Kit (Cell Biolabs Inc, USA) was
used. The inserts were placed inside every well of the 24 well plate using
a sterile forceps with their “wound field” aligned in the same direction.
500 pL of medium containing 2 x 10° cells was added to the gaps of the
inserts. After 24 h incubation in a cell culture incubator overnight for the
cells to provide a monolayer, the inserts were removed, and the images
of each well were taken before treatment. 3e, 3 g, 3n, and 30 were
studied for their anti-migration potential and their concentrations were
determined according to the ICso values of the cytotoxicity assay (2.17
uM, 3.43 uM, 7.41 uM, 9.57 uM, respectively). After taking the pre-
treatment images, treatments were done in triplicate and the images
of the same area of the wounds were taken after 24 h treatment. For
analysing the cell migration percentage, the program ImageJ (National
Institutes of Health, USA) was used, and comparison was done between
the treatment groups vs. the control group (untreated cells).

4.6. Molecular modeling studies

The Schrodinger software package (v2022-4, Schrodinger, Inc., New
York) was used for the molecular modeling studies.

4.6.1. Homology modeling and preparation of protein models for docking
studies

Using the Prime tool, a homology model of Agaricus bisporus Tyros-
inase (UniProt entry: C7FF04) was constructed based on the crystal
structure of Aspergillus oryzae Tyrosinase in complex with L-tyrosine
(PDB entry: 6JU9; chain A). The overall sequence identity was 34 %,
while the sequence identity for the active site residues was 74 %. The
active site Cupper ions, which have shown to preserve enzyme activity,
and the cocrystallized L-Tyrosine were incorporated into the homology
model building procedure. The Protein Preparation Wizard module was
used to prepare the homology model. The N- and C-terminals of the
proteins were capped and subsequently, the system was minimized
using the OPLS4 force field.
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4.6.2. Docking studies

Grid files were generated for the active site using the Receptor Grid
Generation tool. All hydroxyl groups of the Ser, Thr and Tyr residues
that were lining the binding pocket were allowed to rotate during
dockings.

The three-dimensional structure of compound 30 was prepared with
the Builder and LigPrep tools. Both stereoisomers were generated.
Subsequently, compound 30 was docked into the active site using the
Glide tool and Standard Precision (SP) scoring function with default
settings. The highest scoring three poses were retained and investigated
for complementarity in shape, hydrogen bonding characteristics, elec-
trostatics and hydrophobicity between ligand and binding pocket.

4.6.3. Molecular dynamics simulations
As we clearly stated in our previous publication, all molecular dy-
namics simulations were performed using the Desmond tool [38].

4.7. Statistical analysis

Statistical analysis was performed using Graphpad Prism 9. Statisti-
cal differences were evaluated with one-way ANOVA followed by the
Tukey test. The results were represented as mean + standard deviation
(SD).

Support Information

The 'H, '3C NMR and MS spectra of synthesized compounds and
viability (%)-log concentration (uM) curves for the cytotoxic effects and
ICsq curves of tyrosinase inhibition are given in Support Information.
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