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Abstract: A series of nine novel 1,2,4-triazole based compounds were synthesized through a multistep
reaction pathway and their structures were scrutinized by using spectral methods such as FTIR,
LC-MS, 1H NMR, and 13C NMR. The synthesized derivatives were screened for inhibitory activity
against the mushroom tyrosinase and we found that all the synthesized compounds demonstrated
decent inhibitory activity against tyrosinase. However, among the series of compounds, N-(4-
fluorophenyl)-2-(5-(2-fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio) acetamide exhibited
more prominent activity when accompanied with the standard drug kojic acid. Furthermore, the
molecular docking studies identified the interaction profile of all synthesized derivatives at the active
site of tyrosinase. Based on these results, N-(4-fluorophenyl)-2-(5-(2-fluorophenyl)-4-(4-fluorophenyl)-
4H-1,2,4-triazol-3-ylthio) acetamide could be used as a novel scaffold to design some new drugs
against melanogenesis.

Keywords: triazole; tyrosinase inhibitors; enzyme inhibition; kinetic mechanism; molecular docking

1. Introduction

Melanogenesis is a process by which melanin is produced by melanocytes [1,2].
Melanocytes are present in the skin’s epidermis and hair follicles, where they are involved
in melanin pigment synthesis. The skin melanocytes are surrounded by approximately
36 keratinocytes [3,4], highly specialized epithelial cells to which they transfer their synthe-
sized melanin [5]. The melanin pigments possess anti-oxidative and photo-screening effects,
therefore, they help in skin protection and wound healing [6]. However, excess production
of melanin pigments can cause skin problems such as freckles, age spots, post-inflammatory
hyperpigmentation, lentigo maligna, and melanoma. Ultraviolet (UV) radiation, which
stimulates melanin synthesis, is reported to cause gene mutations, DNA damage, weaken-
ing of the immune system, and cancer [7]. Pigmentation in metastatic melanoma patients
results in short overall and disease-free survival [7]. Melanin content is correlated with
higher disease stage and seems to protect malignant melanocytes from chemo-, radio- and
photodynamic therapy. Therefore, inhibition of melanogenesis could be a rational approach
for controlling metastatic melanoma, abnormal skin pigmentation, and related disorders
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such as albinism, melasma, and vitiligo, respectively [7]. To overcome melanogenic skin
related problems, medicinal chemists have been trying to synthesize new compounds by
targeting the tyrosinase enzyme.

Tyrosinase is a key enzyme showing the rate-limiting effect in melanin biosynthesis.
In the cytosol, L-phenylalanine may be converted to tyrosine by phenylalanine hydrox-
ylase (PAH) to serve as the substrate for tyrosinase [8]. Tyrosinase also catalyzes the
hydroxylation of L-tyrosine to 3,4-dihydroxyphenylalanine (L-DOPA) and L-DOPA to
dopaquinones [9], which under unregulated conditions result in abnormal accumulation of
melanin pigments [10,11]. Therefore, inhibition of tyrosinase is the simplest approach and
tyrosinase inhibitors may be attractive targets to achieve depigmentation.

For melanin inhibition, potent tyrosinase inhibitors are always desirable. They can be
obtained from a variety of sources, however, safety concerns pose a big challenge for their
commercialization. There are several tyrosinase inhibitors, hydroquinone and kojic acid,
and potent antioxidants, tert-butyl hydroxy anisole (BHA) and tert-butyl hydroxytoluene
(BHT), which may show undesirable side effects, and cytotoxicity, dermatitis, and skin
cancer [12–16]. Therefore, undoubtedly, there is an urgent need to develop more efficient
and safer anti-melanogenic inhibitors using tyrosinase as target molecule. Keeping in
mind the necessity and importance of inhibitory activity of triazole derivatives against
tyrosinase [17], we synthesized a series of nine novel 1,2,4-triazole based compounds to
explore the inhibitory potential against tyrosinase based on their functional groups attached
with the parent molecule. The enzyme inhibitory kinetics of the most potent compounds
was determined by Lineweaver–Burk plots and Dixon plots. Furthermore, computational
molecular docking studies of the synthesized compounds against target protein PDBID
2Y9X were performed to predict the binding sites of these compounds in the target protein.

2. Results and Discussion
2.1. Synthesis

The synthesis route for the intermediates 2(a–c), 3(a–c), 5(a–c), 6(a–c), halogen-substituted/
unsubstituted 2-chloro-N-phenyl acetamide derivatives 8(a–c) and for target 1,2,4-triazole
analogues 9(a–i) are delineated in Scheme 1. The compounds were synthesized by fol-
lowing our previously published method [17,18]. The target compound was synthesized
by the coupling of 3-, 4-, and 5-substituted 1,2,4-triazole-3-thiol derivative 6(a–c) with
different 2-chloro-N-phenyl acetamide derivatives 8(a–c) under the basic condition with a
good yield. Initially, benzoic acid 1a, 2-fluoro benzoic acid 1b, and 4-fluoro benzoic acid
1c were used for the synthesis of corresponding ester derivatives 2a–2c. The synthesis of
the ester derivatives was carried out under acidic condition. Later, aromatic ethyl ben-
zoate functionality 2(a–c) was changed to aromatic hydrazide 3(a–c) by the nucleophilic
substitution reaction with hydrazine hydrate in ethanol at reflux condition. Afterward,
the 1,2,4-triazole scaffold was synthesized in two steps: in the first step, the subsequent
hydrazide derivatives 3(a–c) were condensed with 4-fluoro isothiocyanate to form the open
ring intermediates 5(a–c) under a nitrogen atmosphere with satisfactory yield. In the second
step, the open ring intermediate derivatives 5(a–c) were cyclized under the basic condition
to form imperative key intermediates labelled as 1,2,4-triazole-3-thiol 6(a–c). Furthermore,
another crucial intermediate was synthesized using diverse sub/unsubstituted aniline
derivatives 7(a–c) with 2-chloroacetyl chloride (2CAC) under the basic condition to form
corresponding 2-chloro-N-halogen sub/unsubstituted phenyl acetamide derivatives 8(a–c).
Finally, carbon–sulfur bond formation was carried between 1,2,4-triazole-3-thiol derivatives
6(a–c) and 2-chloro-N-halogen sub/unsubstituted phenyl acetamide derivative 8(a–c). The
coupling reaction was carried by using a weak base (potassium carbonate) under an inert
atmosphere to form a corresponding target compound 9(a–i) with a respectable yield. The
synthesized target compounds were purified by using column chromatography techniques.
The structural elucidation of the target compounds was conducted using the LC-MS, 1H
NMR,13C NMR, and FTIR methods. The overall characteristic structure of the triazole
derivatives is shown in Figures 1–3.
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In Vitro Tyrosinase Activity and Structural Activity Relationship (SAR)

To continue our previously published research, we designed and synthesized nine
novel 1,2,4-triazole derivatives through multistep reaction pathway. The synthesized target
compounds were screened for the mushroom tyrosinase inhibition study. The synthesized
derivatives 9(a–i) were modified by following our previously published work [17] to study
the effect of varying substituents on a 1,2,4-triazole core on tyrosinase inhibitory activity.
Our results demonstrate that the IC50 values for target compounds (9a, 9d, 9e, 9f, 9g, 9h)
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ranged from 0.098 ± 0.009 to 0.379 ± 0.193 µM. However, compounds 9b, 9c and 9i did
not show any response against mushroom tyrosinase inhibition, as revealed in Table 1.
In general, the obtained inhibitory activity in a molecule is always proportional to the
contribution of the whole structure, however, the provisional SAR review was simplified
by the inclusion of distinct substituents in the respective target substances. This provides
more possibilities to alter the inhibitory activity of the 1,2,4-triazole analogous due to the
presence of the various interaction patterns with the tyrosinase enzyme, which is reviewed
and differentiated below by the SAR survey.
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Table 1. Target compounds and IC50 values for tyrosinase activity (SEM = standard error of the mean;
values are expressed in mean ± SEM).

Compounds Tyrosinase Activity
IC50 ± SEM (µM)

9a 0.124 ± 0.077

9b N. D

9c N. D

9d 0.219 ± 0.081

9e 0.379 ± 0.193

9f 0.142 ± 0.068

9g 0.111 ± 0.021

9h 0.098 ± 0.009

9i N. D

Kojic acid (standard) 16.832 ± 1.161

As displayed in Figures 1–3, all target compounds 9(a–i) were the analogues of the
1,2,4-triazole core in which the 4-position of the 1,2,4-triazole derivatives was substituted
with the 4-fluoro phenyl group, which was constant throughout the series. In the case of
the 5-position, it was the same only for compound 9(a–c), but for target compound 9(d–f)
and 9(g–i), the 4-fluoro phenyl group switched to the phenyl group and 2-fluoro phenyl
group, respectively.

As shown in Figure 1, compounds 9a, 9b, and 9c possessed identical substituents at
the 4- and 5-positions, respectively. However, the para position of the N-phenyl acetamide
functionality was substituted with different substituents (–H, –F or –Br etc.). In addition,
all of these derivatives were screened against the mushroom tyrosinase enzyme. The
acquired findings demonstrate that compound 9a (IC50 = 0.124 ± 0.077 µM) exhibited
good inhibitory activity, however, other derivatives (9b, 9c) demonstrated an ineffective
counter response to mushroom tyrosinase enzyme. Therefore, the in vitro results indicate
that unsubstituted N-phenyl acetamide functionality presents an exceptional outcome
compared to para substitution. The target compounds 9b and 9c comprise a halogen group
(–F and –Br) at a para position, which causes no further interaction with the enzyme, a
result not detected in inhibitory activity whereas in the case of compound 9a, which does



Molecules 2022, 27, 1731 5 of 14

not contain any substitution with respect to N-phenyl acetamide functionality, causing
good interaction with the enzyme, and thus showing good inhibitory activity.

Additionally, in compounds 9d, 9e, and 9f, the 5-position was replaced with the phenyl
group, whereas the para position of the N-phenyl acetamide functionality was altered
from unsubstituted 9d (IC50 = 0.219 ± 0.081 µM) to halogen-substituted groups, in which
compound 9e (IC50 = 0.379 ± 0.193 µM) and 9f (IC50 = 0.142 ± 0.068 µM) possessed fluoro
and bromo substitution correspondingly. Moreover, these derivatives 9(d–f) were subjected
to screening for tyrosinase inhibition, where the findings show that all the compounds
exhibited good inhibitory properties when compared with the standard drug kojic acid
(IC50 = 16.832 ± 1.161 µM). The in vitro results suggest that when the 5-position of the 1,2,4-
triazole ring was substituted with unsubstituted phenyl group 9(d–f), the outcomes were
more satisfactory in comparison with the para fluoro-phenyl group 9(a–c). This suggests
that all of these compounds 9(d–f) exhibit excellent interaction with the enzyme.

Furthermore, the 4- and 5-position of the 1,2,4-triazole scaffold were substituted with
4-fluoro phenyl and 2-fluoro phenyl groups in compounds 9g, 9h, and 9i, respectively,
which is shown in Figure 3. Additionally, the para position of the N-phenyl acetamide
functionality found in the target compounds was unsubstituted in 9g, whereas in 9h and
9i, it was substituted with fluoro and bromo groups. Herewith, a compound that does not
bear any substituent at the para position w.r.t N-phenyl acetamide functional exhibits good
inhibitory activity (i.e., 9g (IC50 = 0.111 ± 0.021 µM)). Additionally, when the para position
of the N-phenyl acetamide functionality is replaced with the fluoro substituent such as
in the case of compound 9h (IC50 = 0.098 ± 0.009 µM), it leads to excellent inhibitory
activity. Similarly, to observe the effect of inhibitory activity of compound 9i, we replaced
the fluoro groups in 9h with a bromo group in 9i, but the observed results were totally
different. Therefore, from the in vitro results, it could be observed that the activity trend
was satisfactory up to the fluoro group.

Finally, from the structure activity relationship (SAR) valuation, it was observed that
many compounds displayed very good tyrosinase inhibitory activity compared to the
standard drug kojic acid, except for 9b, 9c, and 9i, respectively. From the results, when
the 5-position of the triazole core were substituted with only the phenyl cluster and the
N-phenyl acetamide functionality does not contain any substituent at the para position,
such compounds showed favorable interaction pattern with the enzyme. However, when
the para position of the N-phenyl acetamide functional group was exchanged with several
halogens such as fluoro and bromo, then the activity trend was acceptable only up to the
fluoro group, but afterward, it displayed irregularity in the inhibitory activity. The in vitro
results of the synthesized derivatives were organized as per their effective interaction
pattern, for instance, 9h > 9g > 9a > 9f > 9e > 9d (IC50 values are shown in Table 1 and
Figures 2–4).
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2.2. Kinetic Analysis

To understand the inhibitory mechanism of synthetic compounds on tyrosinase, an
inhibition kinetic study was performed. Based on our IC50 results, we selected our most
potent compound, 9h, to determine its inhibition type and inhibition constant. The kinetic
results of the enzyme expressed by the Lineweaver–Burk plot of 1/V versus 1/[S] for
different inhibitor concentrations provided a series of straight lines. The result of the
Lineweaver–Burk plot for compound 9h showed that Vmax remained the same without
significantly affecting the slopes. Additionally, the Km value increased with increasing
the concentration of the inhibitor. This demonstrates that compound 9h competitively
inhibits the enzyme tyrosinase, as shown in Figure 4A, and in the second plot in Figure 4B
of the slope against the concentration of 9h. The inhibition constant Ki was computed from
Figure 4. B was found to be 0.018 µM.

2.3. Computational Analysis
2.3.1. Mushroom Tyrosinase Structural Assessment

Mushroom tyrosinase, a copper-containing enzyme comprises 391 residues. The
detailed structural analysis of the target protein showed that it consists of 39% of α-helices,
14% of β-sheets, and 46% of coil. The X-ray diffraction study confirmed its resolution
as 2.78 Å, R-value 0.238, and unit cell crystal dimensions such as coordinate length and
angles. The Ramachandran plots and values indicated that 95.90% of protein residues
were present in the favored region and 100.0% residues were located in the allowed region
(Figure S37, supplementary materials). The Ramachandran graph values showed the good
accuracy of phi (ϕ) and psi (ψ) angles among the coordinates of the receptor and most of
the residues were plunged in the acceptable region.

2.3.2. Chemo-Informatic Properties and Lipinski’s Rule of Five (RO5) Based Evaluation
of Ligands

The designed ligands were analyzed computationally to predict their biological prop-
erties and RO5 validity (Table 2). The predicted chemo-informatic properties such as
molecular weight (g/mol) HBD, HBA, LogP, polar surface area (PSA), molar volume and
a drug-likeness score of ligand molecules were obtained. It has been confirmed from
previous research data that the standard value for molecular weight is (≤500 g/mol) [19].
The computational results showed that our compounds possessed good molecular weight
compared to the standard value (500 g/mol). Research data revealed that poor permeation
is more likely to be observed when the HBA and HBD values exceed 10 and 5, respec-
tively [20]. The chemo-informatics analysis showed that all of the designed compounds
possessed HBA < 10 and HBD < 5. Moreover, the logP value of all compounds was also
comparable with the standard value (5). All of the synthetic compounds fully obeyed
the RO5. However, there are plenty of examples available for RO5 violation amongst the
existing drugs [21,22].

Furthermore, the polar surface area (PSA) or total polar surface area is also known
as an important parameter for drug development. The PSA parameter is commonly used
for the optimization of the drug’s ability to permeate cells. Prior research data showed the
standard value of PSA (<89 A2) [23]. Our analysis showed that our compounds possessed
comparable PSA values. The blood–brain barrier (BBB) is also a significant parameter to
interpret the activity of newly synthesized compounds. The prior reports showed that BBB
values ranged (from high to low values) in the 6.0–0.0 interval, respectively. The generated
results showed that all compounds possessed BBB values comparable to the standard ones.
Drug-likeness is an amalgam of a complex balance of various molecular properties such as
hydrophobicity, electronic distribution, hydrogen bonding characteristics, molecule size
and flexibility, and the presence of various pharmacophoric features. The computational
predicted results showed that most of the synthesized ligands possessed positive drug
likeness values whereas ligands 9c, 9f, 9i, 9j, and 9l exhibited negative drug likeness
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values. The positive and negative values prediction results showed the lead like behavior
of chemical compounds and vice versa (Table 2).

Table 2. Chemo-informatics analysis of the designed chemical compounds 9(a–i).

Ligands Mol. Wt.
(g/mol) No. HBA No. HBD Mol. LogP

(mg/L)
PSA
(A2)

Mol. Vol
(A3) BBB Score Drug-Likeness Score

9a 422 4 1 4.74 47 372 3.57 0.23
9b 440 4 1 5.00 47 378 3.56 0.27
9c 500 4 1 5.77 47 394 3.62 −0.01
9d 404 4 1 4.56 47 366 3.59 0.10
9e 422 4 1 4.81 47 372 3.57 0.09
9f 482 4 1 5.59 47 388 3.65 −0.17
9g 422 4 1 4.44 47 371 3.57 0.20
9h 440 4 1 4.70 47 377 3.56 0.16
9i 500 4 1 5.47 47 393 3.62 −0.07
9j 416 5 1 4.31 55 391 3.22 −0.47
9k 434 5 1 4.57 55 397 3.21 0.01
9l 494 5 1 5.34 55 413 3.32 −0.18

Abbreviation: HBA = number of hydrogen bond acceptors, HBD = number of hydrogen bond donors,
LogP = lipophilicity of partition coefficient, PSA = polar surface area.

2.3.3. Molecular Docking Analyses

Molecular docking is a good approach to explore the binding conformation of ligands
within the active site against target proteins [16,24–26]. The docked complexes of synthe-
sized compounds (9a–i) with tyrosinase were analyzed based on the lowest binding energy
values (kcal/mol) and the hydrogen/hydrophobic interaction pattern. Results showed that
all the ligands (9a–i) exhibited comparable docking energy values compared to standard
kojic acid −5.4 kcal/mol [27] and showed interaction with active site residues against
mushroom tyrosinase (Figure 5). The docking energy values of all the docking complexes
were calculated by using Equation (1).

∆G binding = ∆Ggauss + ∆Grepulsion + ∆Ghbond + ∆Ghydrophobic + ∆Gtors (1)

where ∆Ggauss is the attractive term for dispersion of two Gaussian functions; ∆Grepulsion
is the square of the distance if closer than a threshold value; ∆Ghbond is a ramp function
also used for interactions with metal ions; ∆Ghydrophobic is a ramp function; ∆Gtors
is the torsional term proportional to the number of rotatable bonds. The standard error
for AutoDock is reported as 2.5 kcal/mol (http://autodock.scripps.edu/, accessed on
10 February 2022). The designed molecules possessed a unique chemical skeleton with
different functional group. Therefore, the synthesized ligands exhibited similar docking
energy values and there was not a large energy fluctuation difference (>−2.5 Kcal/mol)
among all compounds. In comparison with standard kojic values, all compounds showed
good docking energy values.

Tyrosinase Binding Pocket Analysis and Ligand Binding Conformations

The binding pocket analysis showed that all ligands were confined in the active region
of the target protein nearby Cu2+ metal ion. The docked complexes were superimposed
to check the binding configuration of all ligands in the active region of the target protein.
Results showed that the synthesized ligands bound in the binding pocket had a similar
conformational pattern except for 9e and 9l. The 9e and 9l compounds bound in the upper
and right side of the binding pocket, however, the most potent was bound within the
active site of the target protein. All ligands showed little deviation around their axis in
configuration shape and binds inside the target protein whereas the presence of different
incorporated functional moieties showed their attachment inside the binding pocket near
the copper metal. Most of the ligands were bound at the same position, which justified the
reliability of our docking results (Figure 6A,B). In the most active ligand (9h), a couple of
fluoro-benzene rings attached with a triazole ring showed their presence at the opening

http://autodock.scripps.edu/
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region of the binding pocket whereas other fluoro-benzene rings showed their penetration
inside the binding pocket with twisted symmetry. Therefore, the result of the incorporated
moiety may result in suitable configurations and conformations to ligands to be fitted
inside the binding pocket of mushroom tyrosinase.
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Figure 6. (A) Binding conformation of 9a–i, (B) Closed graphical depiction of 9h in the active region of
the target protein. The receptor molecule is highlighted in a green color in the surface format whereas
the red color represents the binding pocket of tyrosinase. The most potent ligand is highlighted in
yellow, and their embedded moieties such as fluorine, amino group, and oxygen are shown in light
green, blue, and red, respectively.

Hydrogen and Hydrophobic Binding Interaction

The binding interaction showed that 9h directly binds with active region residues of
mushroom tyrosinase. Binding analysis showed that 9h forms a single hydrogen bond with
His263, which provides stability to the docking complex. The fluorine atom of the fluoro-
benzene ring forms a hydrogen bond (halogen) with copper bonded residue His263 with a
binding distance of 3.17 Å. The aromatic His263 is a metal bonded residue that may have a
significant role in the activation and functionality of tyrosinase. Our incorporated functional
moiety directly indulges functional residues of the target protein, which strongly correlates
with the in vitro results. The literature study suggests that binding pocket residues are
significant in downstream signaling pathways [14,16,28]. The graphical depiction of the
9h docking complex is shown in Figure 7A,B, and all other complexes in Supplementary
materials Figures S38–S46.
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3. Materials and Methods
3.1. Chemistry

All oof the chemicals required for the synthesis of intermediate as well as target com-
pounds were procured from Sigma-Aldrich (Munich, Germany) and Samchun Chemicals
(Daejeon, South Korea) and used without purification. 13C NMR and 1H NMR spectra
were taken in DMSO-d6 using a Bruker Avance II (Germany) NMR spectrophotometer at
126 and 500 MHz, respectively. The mass analysis (LC-MS) was recorded on a 2795/ZQ2000
(waters) spectrometer. The IR spectra were recorded on a Frontier FTIR spectrophotometer
(PerkinElmer, Greenville, SC, USA). The progress of the chemical reactions was scruti-
nized by a thin layer chromatography (TLC) system. The physical factors (such as melting
points) of the nine compounds denoted as 9(a–i) were determined by using Fisher Scientific
(Waltham, MA 02451, USA) melting point apparatus and were uncorrected. The coupling
constant and chemical shift values were measured in ppm and Hz, respectively. Electro-
spray ionization (ESI) was used to produce ions for FTIR, LC-MS, 1H NMR, and 13C NMR
spectral studies.

3.1.1. General Synthetic Procedure for the Key Compounds 2(a–c), 3(a–c), 5(a–c), 6(a–c),
8(a–c), and 9(a–i)

The synthesis of the intermediate compounds 2(a–c), 3(a–c), 5(a–c), 6(a–c), 8(a–c), and
9(a–i) was performed by using our previously published method [29].

3.1.2. 2-(4,5-Bis(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-phenylacetamide (9a)

White solid; isolated yield: 89.2%; M.P: 185.6 ◦C; (ESI, Figure S1): 1H NMR data:
(500 MHz, DMSO-d6) δ 10.35 (s, 1H), 7.55 (ddd, J = 10.1, 9.3, 5.5 Hz, 4H), 7.46–7.37 (m,
4H), 7.37–7.27 (m, 2H), 7.28–7.16 (m, 2H), 7.11–7.01 (m, 1H), 4.19 (s, 2H); (ESI, Figure S2):
13C NMR (126 MHz, DMSO-d6) δ 165.3, 130.3, 130.2, 130.1, 130.0, 128.7, 123.4, 118.9, 117.0,
116.8, 115.7, 115.6, 36.86; (ESI, Figure S3): IR (KBr): 3064, 1734, 1669, 1601, 1228, 1158, 843,
755 cm−1; (ESI, Figure S4): LC-MS (m/z): calculated (422.45), found (423.2, M + 1).

3.1.3. 2-(4,5-Bis(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-(4-fluorophenyl)
Acetamide (9b)

Light grey solid; isolated yield: 86.8%; M.P: 195.3 ◦C; (ESI, Figure S5):1H NMR
(500 MHz, DMSO-d6) δ 10.42 (s, 1H), 7.65–7.57 (m, 2H), 7.56–7.49 (m, 2H), 7.46–7.37 (m,
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4H), 7.28–7.20 (m, 2H), 7.20–7.11 (m, 2H), 4.18 (s, 2H); (ESI, Figure S6): 13C NMR (126 MHz,
DMSO-d6) δ 165.2, 153.6, 151.5, 135.0, 130.3, 130.3, 130.1, 130.0, 122.9, 120.8, 120.7, 117.0,
116.8, 115.7, 115.6, 115.3, 115.2, 36.7; (ESI, Figure S7): IR (KBr): 3632, 3250, 3062, 1744, 1667,
1608, 1509, 1447, 1231, 1158, 835, 822 cm−1; (ESI, Figure S8): LC-MS (m/z): calculated
(440.44) found (441.2, M + 1).

3.1.4. 2-(4,5-Bis(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-(4-bromophenyl)
Acetamide (9c)

Dark grey solid; isolated yield: 83.1%; M.P: 219.3 ◦C; (ESI, Figure S9): 1H NMR
(500 MHz, DMSO-d6) δ 10.50 (s, 1H), 7.58–7.47 (m, 6H), 7.41 (ddd, J = 12.2, 5.6, 2.7 Hz, 4H),
7.27–7.20 (m, 2H), 4.19 (s, 2H); (ESI, Figure S10): 13C NMR (126 MHz, DMSO-d6) δ 165.7,
153.6, 151.5, 138.0, 131.5, 130.3, 130.3, 130.1, 130.0, 122.9, 120.9, 117.0, 116.8, 115.7, 115.6,
115.0, 36.7; (ESI, Figure S11): IR (KBr): 3246, 3144, 3061, 1715.33, 1667, 1607, 1510, 447, 1228,
1098, 834 and 735 cm−1; (ESI, Figure S12): LC-MS (m/z): calculated (501.35), found (501.2 &
503.2, M + 1 and M + 3).

3.1.5. 2-(4-(4-Fluorophenyl)-5-phenyl-4H-1,2,4-triazol-3-ylthio)-N-phenylacetamide (9d)

Brown solid; isolated yield: 94.4%; M.P: 206.0 ◦C; (ESI, Figure S13): 1H NMR (500 MHz,
DMSO-d6) δ 10.36 (s, 1H), 7.57 (d, J = 8.0 Hz, 2H), 7.53 (dd, J = 7.8, 5.9 Hz, 2H), 7.39 (ddd,
J = 14.4, 9.2, 4.0 Hz, 7H), 7.32 (t, J = 7.9 Hz, 2H), 7.07 (t, J = 7.3 Hz, 1H), 4.20 (s, 2H); (ESI,
Figure S14): 13C NMR (126 MHz, DMSO-d6) δ 165.3, 154.3, 151.5, 138.6, 130.1, 130.0, 129.7,
128.7, 128.5, 127.8, 126.3, 123.4, 118.9, 116.9, 116.7, 36.8; (ESI, Figure S15): IR (KBr): 3076,
1670, 1554, 1510, 1225, 840, 751 and 693 cm−1; (ESI, Figure S16): LC-MS (m/z): calculated
(404.46), found (405.3, M + 1).

3.1.6. N-(4-fluorophenyl)-2-(4-(4-fluorophenyl)-5-phenyl-4H-1,2,4-triazol-3-ylthio)
Acetamide (9e)

White solid; isolated yield: 92.1%; M.P: 220.1 ◦C; (ESI, Figure S17): 1H NMR (500 MHz,
DMSO-d6) δ 10.42 (s, 1H), 7.64–7.56 (m, 2H), 7.56–7.49 (m, 2H), 7.45–7.38 (m, 3H), 7.37
(d, J = 4.3 Hz, 4H), 7.21–7.11 (m, 2H), 4.18 (s, 2H); (ESI, Figure S18): 13C NMR (126 MHz,
DMSO-d6) δ 165.8, 154.9, 152.1, 130.6, 130.6, 130.3, 129.1, 128.4, 121.3, 121.3, 117.5, 117.3,
115.9, 115.8, 37.3; (ESI, Figure S19): IR (KBr): 3201, 3092, 1666, 1508, 1456, 1212, 834, 774 and
697cm−1; (ESI, Figure S20): LC-MS (m/z): calculated (422.45), found (423.2, M + 1).

3.1.7. N-(4-bromophenyl)-2-(4-(4-fluorophenyl)-5-phenyl-4H-1,2,4-triazol-3-ylthio)
Acetamide (9f)

Off-white solid; isolated yield: 90%; M.P: 247.9 ◦C; (ESI, Figure S21): 1H NMR
(500 MHz, DMSO-d6) δ 10.50 (s, 1H), 7.58–7.48 (m, 6H), 7.40 (ddd, J = 8.7, 6.7, 2.2 Hz,
3H), 7.36 (d, J = 4.3 Hz, 4H), 4.19 (s, 2H); (ESI, Figure S22): 13C NMR (126 MHz, DMSO-d6)
δ 166.1, 154.9, 152.0, 143.8, 138.6, 132.1, 130.6, 130.6, 130.5, 130.5, 130.4, 130.3, 129.1, 128.4,
121.5, 117.5, 117.3, 37.4; (ESI, Figure S23): IR (KBr): 3177, 3034, 1899, 1669, 1601, 1509, 1235,
1073, 842, 774 and 695 cm−1; Figure (ESI, Figure S24): LC-MS (m/z): calculated (483.36),
found (485.2, M + 2).

3.1.8. 2-(5-(2-Fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-
phenylacetamide (9g)

Grey solid; isolated yield: 85%; M.P: 195.1 ◦C; (ESI, Figure S25): 1H NMR (500 MHz,
DMSO-d6) δ 10.37 (s, 1H), 7.63–7.48 (m, 4H), 7.47–7.39 (m, 2H), 7.38–7.30 (m, 4H), 7.28 (t,
J = 7.6 Hz, 1H), 7.25–7.18 (m, 1H), 7.07 (t, J = 7.4 Hz, 1H), 4.24 (s, 2H); (ESI, Figure S26):
13C NMR (126 MHz, DMSO-d6) δ 165.8, 161.7, 152.0, 151.1, 139.2, 133.4, 132.5, 129.8, 129.8,
129.3, 125.3, 124.0, 119.5, 117.2, 117.0, 116.4, 116.3, 37.4; (ESI, Figure S27): IR (KBr): 3022,
1682, 1601, 1510, 1395, 1192, 1118, 903, 755 and 690 cm−1; (ESI, Figure S28): LC-MS (m/z):
calculated (422.45), found (423.2, M + 1).
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3.1.9. N-(4-fluorophenyl)-2-(5-(2-fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-
ylthio) Acetamide (9h)

Dark brown solid; isolated yield: 84.2%; M.P: 217.6 ◦C; (ESI, Figure S29): 1H NMR
(500 MHz, DMSO-d6) δ 10.43 (s, 1H), 7.59 (dd, J = 9.0, 5.0 Hz, 2H), 7.52 (ddd, J = 15.1, 14.1,
7.4 Hz, 2H), 7.43 (dd, J = 8.8, 4.8 Hz, 2H), 7.33 (dd, J = 14.6, 5.9 Hz, 2H), 7.28 (t, J = 7.6 Hz,
1H), 7.25–7.19 (m, 1H), 7.17 (t, J = 8.9 Hz, 2H), 4.22 (s, 2H); (ESI, Figure S30): 13C NMR
(126 MHz, DMSO-d6) δ 165.8, 152.0, 151.1, 135.6, 133.4, 133.3, 132.5, 129.8, 125.2, 121.4, 121.3,
117.2, 117.0, 116.4, 116.3, 115.9, 115.8, 37.3; (ESI, Figure S31): IR (KBr): 3262, 3214, 3070, 1683,
1624, 1562, 1506, 1335, 1210, 1133, 966, 841 and 689 cm−1; (ESI, Figure S32): LC-MS (m/z):
calculated 440.44, found 441.2 (M + 1).

3.1.10. N-(4-bromophenyl)-2-(5-(2-fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-
ylthio) Acetamide (9i)

White solid; isolated yield: 81%; M.P: 248.9 ◦C; (ESI, Figure S33): 1H NMR (500 MHz,
DMSO-d6) δ 10.51 (s, 1H), 7.59–7.49 (m, 6H), 7.43 (dd, J = 8.8, 4.8 Hz, 2H), 7.33 (t, J = 8.7 Hz,
2H), 7.28 (t, J = 7.6 Hz, 1H), 7.21 (dd, J = 22.7, 13.6 Hz, 1H), 4.23 (s, 2H); (ESI, Figure S34):
13C NMR (126 MHz, DMSO-d6) δ 166.1, 158.5, 151.9, 151.1, 133.4, 132.5, 132.2, 132.1, 129.8,
129.7, 125.3, 121.5, 117.2, 117.0, 116.4, 116.3, 115.6, 37.4; (ESI, Figure S35): IR (KBr): 3240,
3179, 3047, 1678, 1624, 1512, 1395, 1331, 1118, 903, 757 and 682 cm−1; (ESI, Figure S36):
LC-MS (m/z): calculated (501.35), found (501.2 and 503.2, M and M + 2).

3.2. In Vitro Methodology
3.2.1. Tyrosinase Assay

The inhibition of mushroom tyrosinase was determined by an alteration of the dopachrome
technique using L-DOPA as a substrate [30]. The mushroom tyrosinase (EC-232-653-4) was
purchased from Sigma Korea. In a detail, 140 µL of phosphate buffer (20 mM, pH 6.8), 20 µL
of mushroom tyrosinase (30 U/mL), and 20 µL of the inhibitor solution were placed in the
wells of a 96-well microplate. After pre-incubation for 10 min at room temperature, 20 µL
of L-DOPA (3,4-dihydroxyphenylalanine, Sigma Chemical, USA) (0.85 mM) was added and
the assay plate was further incubated at 25 ◦C for 20 min. After the incubation time, the
absorbance was measured at 475 nm using a microplate reader (SpectraMax ABS, Molecular
Devices, California, CA, USA) and the inhibition percentage was calculated in relation
to the control. Phosphate buffer and kojic acid were tested under the same conditions
as negative and positive controls, correspondingly. The amount of inhibition by the test
compounds was expressed as the percentage of concentration necessary to achieve 50%
inhibition (IC50). Each concentration was scrutinized in three independent experiments.
IC50 values were calculated by non-linear regression using GraphPad Prism 5.0.

The % inhibition of tyrosinase was calculated as follows:

Inhibition (%) = [(B−S)/B] ×100

where the B and S are the absorbances of the blank control and normal samples, respectively.

3.2.2. Kinetic Analysis

Based on IC50, we elected the most potent compound 9h (N-(4-fluorophenyl)-2-(5-
(2-fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio) acetamide) for the kinetic
studies. A series of experiments were performed to regulate the inhibition kinetics of 9h by
following the already reported methods [14,31]. The inhibitor concentrations for 9h were
0.00, 0.049, 0.098, and 0.196 µM. Substrate (L-DOPA) concentrations were between 0.0625
to 2 mM in all kinetic studies. Pre-incubation and measurement time were the same as
discussed in the mushroom tyrosinase inhibition assay protocol. Maximal initial velocity
was obtained from the initial linear portion of absorbance up to five minutes after the
addition of enzyme at the 30 s interval. The inhibition type of the enzyme was assayed by
Lineweaver–Burk plots of the inverse of velocities (1/V) versus the inverse of substrate
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concentration 1/[S] mM−1. The enzyme inhibition dissociation constant Ki was determined
by the secondary plot of 1/V versus the inhibitor concentrations.

3.3. Computational Methodology
3.3.1. Preparation of Target Protein

The crystal structure of mushroom tyrosinase with PDB ID code 2Y9X was accessed
from the Protein Data Bank (PDB) (http://www.rcsb.org, accessed on 10 February 2022).
The retrieved protein structure was minimized by using the conjugate gradient algorithm
and AMBER force field with UCSF Chimera 1.10.1 [32]. The stereochemical properties,
Ramachandran plot, and values of torsional angles [33] of mushroom tyrosinase were
assessed by Molprobity server [34], while the Ramachandran graph was generated by
Discovery Studio 2.1 Client [35]. The protein architecture and statistical percentage values
of helices, beta-sheets, coils, and turns were assessed by the VADAR 1.8 protein structure
validation web server [36].

3.3.2. In Silico Design of Synthesized Compounds

The synthesized ligands 9(a–i) were sketched by using the ACD/ChemSketch drawing
package and further minimized by visualizing software UCSF Chimera 1.10.1. Molsoft
(http://www.molsoft.com/, accessed on 10 February 2022) was used to predict the drug-
likeness and biological properties of the designed candidate molecules. The number of
hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD) was also confirmed by
PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 10 February 2022). Moreover,
all the chemical compounds were validated by Lipinski’s rule of five (RO5) [37].

3.3.3. Molecular Docking

The synthesized ligands were sketched in the ACD/ChemSketch tool and accessed
in mol format. Furthermore, UCSF Chimera 1.10.1 tool was employed to perform energy
minimization for each ligand separately using the default parameters of steepest descent
steps 100 with step size 0.02 (Å), conjugate gradient steps 100 with step size 0.02 (Å),
and update interval was fixed at 10. Finally, Gasteiger charges were added using Dock
Prep in the ligand structure to obtain good structure conformation. A molecular docking
experiment was employed on all of the synthesized ligands against α-glucosidase by using
the PyRx virtual screening tool with the AutoDock VINA Wizard approach [38]. The
grid box center values were adjusted as for X = −2.4528, Y = 21.4728 and Z = −31.9954,
respectively. We adjusted the sufficient grid box size so it was big enough in binding pocket
residues to allow the ligand to move freely in the search space. The default exhaustiveness
value = 8 was adjusted in both dockings to maximize the binding conformational analysis.
In all docked complexes, the ligands’ conformational poses were keenly observed to obtain
the best docking results. The docked complexes were evaluated on the lowest binding
energy (Kcal/mol) values and structure activity relationship analyses. The graphical
depictions of all the docking complexes were carried out using Discovery Studio (2.1.0).

4. Conclusions

In summary, we well synthesized and characterized novel 1,2,4-triazole derivatives
and screened against mushroom tyrosinase through enzyme inhibition and docking studies.
The inhibition results showed that synthesized compounds possessed good inhibitory
profile against mushroom tyrosinase except for 9b, 9c, and 9i. Intriguingly, among all
compounds, 9h (IC50 = 0.098 ± 0.009 µM) exhibited promising tyrosinase inhibition activity
compared to the standard drug kojic acid (IC50 = 16.832 ± 1.161 µM). The structure activity
relationship studies revealed that 9h, bearing the fluoro-substituent, inhibited tyrosinase ef-
fectively. Additionally, molecular docking results ascertained the good binding relationship
between the mushroom tyrosinase and triazole derivatives. It was also been noted that 9h
actively binds inside the active region of mushroom tyrosinase and forms a hydrogen bond
with appropriate bond length. In conclusion, 9h has good therapeutic potential against

http://www.rcsb.org
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https://pubchem.ncbi.nlm.nih.gov/


Molecules 2022, 27, 1731 13 of 14

mushroom tyrosinase. Furthermore, it can also be exploited as a potential chemical scaffold
to design new drugs against melanogenesis and for clinical studies in the future.

Supplementary Materials: The following supporting information can be downloaded online.

Author Contributions: M.H. and B.D.V. equally contributed to this manuscript. Conceptualization,
M.H. and B.D.V.; Methodology, K.-Y.S., H.R. and S.S.; Writing original draft preparation, M.H. and
B.D.V.; K.H.L. and A.K. read and agreed to the published version of the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) funded by
the Korean Government (MEST) (2020R1I1A3069699). AK acknowledges the financial support from
NSF grant DBI 1661391, and NIH grants R01GM127701, and R01HG012117.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge The Kongju National University, South Korea for providing us
with the lab facility to conduct this research work. MH acknowledges the Ohio State University for
providing the “President’s Postdoctoral Scholars Program (PPSP)” award for financial support to
complete this computational research.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Bonaventure, J.; Domingues, M.J.; Larue, L. Cellular and molecular mechanisms controlling the migration of melanocytes and

melanoma cells. Pigment Cell Melanoma Res. 2013, 26, 316–325. [CrossRef] [PubMed]
2. Borovansky, J.; Riley, P.A. Melanins and Melanosomes: Biosynthesis, Structure, Physiological and Pathological Functions; John Wiley &

Sons: Hoboken, NJ, USA, 2011; ISBN 978-3-527-32892-5.
3. Seiberg, M. Keratinocyte–melanocyte interactions during melanosome transfer. Pigment Cell Res. 2001, 14, 236–242. [CrossRef]

[PubMed]
4. Lin, J.Y.; Fisher, D.E. Melanocyte biology and skin pigmentation. Nature 2007, 445, 843–850. [CrossRef] [PubMed]
5. Delevoye, C. Melanin transfer: The keratinocytes are more than gluttons. J. Investig. Dermatol. 2014, 134, 877–879. [CrossRef]
6. Meredith, P.; Riesz, J. Radiative Relaxation Quantum Yields for Synthetic Eumelanin. Photochem. Photobiol. 2004, 79, 211–216.

[CrossRef]
7. Vandamme, M.; Robert, E.; Pesnel, S.; Barbosa, E.; Dozias, S.; Sobilo, J.; Lerondel, S.; Le Pape, A.; Pouvesle, J.M. Antitumor effect

of plasma treatment on U87 glioma xenografts: Preliminary results. Plasma. Process Polym. 2010, 7, 264–273. [CrossRef]
8. Videira, I.F.d.S.; Moura, D.F.L.; Magina, S. Mechanisms regulating melanogenesis. An. Bras. Dermatol. 2013, 88, 76–83. [CrossRef]
9. Cooksey, C.J.; Garratt, P.J.; Land, E.J.; Pavel, S.; Ramsden, C.A.; Riley, P.A.; Smit, N.P. Evidence of the indirect formation of the

catecholic intermediate substrate responsible for the autoactivation kinetics of tyrosinase. J. Biol. Chem. 1997, 272, 26226–26235.
[CrossRef]

10. Hearing, V.J.; Jiménez, M. Analysis of mammalian pigmentation at the molecular level. Pigment Cell Res. 1989, 2, 75–85. [CrossRef]
11. Fairhead, M.; Thöny-Meyer, L. Bacterial tyrosinases: Old enzymes with new relevance to biotechnology. N. Biotechnol. 2012, 29,

183–191. [CrossRef]
12. Zolghadri, S.; Bahrami, A.; Hassan Khan, M.T.; Munoz-Munoz, J.; Garcia-Molina, F.; Garcia-Canovas, F.; Saboury, A.A. A

comprehensive review on tyrosinase inhibitors. J. Enzyme Inhib. Med. Chem. 2019, 34, 279–309. [CrossRef]
13. Ashraf, Z.; Rasool, R.; Hassan, M.; Ahsan, H.; Afzal, S.; Afzal, K.; Cho, H.; Kim, S.J. Synthesis, bioevaluation and molecular

dynamic simulation studies of dexibuprofen–antioxidant mutual prodrugs. Int. J. Mol. Sci. 2016, 17, 2151. [CrossRef]
14. Larik, F.A.; Saeed, A.; Channar, P.A.; Muqadar, U.; Abbas, Q.; Hassan, M.; Seo, S.-Y.; Bolte, M. Design, synthesis, kinetic

mechanism and molecular docking studies of novel 1-pentanoyl-3-arylthioureas as inhibitors of mushroom tyrosinase and free
radical scavengers. Eur. J. Med. Chem. 2017, 141, 273–281. [CrossRef]

15. Saeed, A.; Mahesar, P.A.; Channar, P.A.; Abbas, Q.; Larik, F.A.; Hassan, M.; Raza, H.; Seo, S.-Y. Synthesis, molecular docking
studies of coumarinyl-pyrazolinyl substituted thiazoles as non-competitive inhibitors of mushroom tyrosinase. Bioorg. Chem.
2017, 74, 187–196. [CrossRef]

16. Hassan, M.; Ashraf, Z.; Abbas, Q.; Raza, H.; Seo, S.-Y. Exploration of novel human tyrosinase inhibitors by molecular modeling,
docking and simulation studies. Interdiscip. Sci. 2018, 10, 68–80. [CrossRef]

http://doi.org/10.1111/pcmr.12080
http://www.ncbi.nlm.nih.gov/pubmed/23433358
http://doi.org/10.1034/j.1600-0749.2001.140402.x
http://www.ncbi.nlm.nih.gov/pubmed/11549105
http://doi.org/10.1038/nature05660
http://www.ncbi.nlm.nih.gov/pubmed/17314970
http://doi.org/10.1038/jid.2013.487
http://doi.org/10.1562/0031-8655(2004)079&lt;0211:RCRQYF&gt;2.0.CO;2
http://doi.org/10.1002/ppap.200900080
http://doi.org/10.1590/S0365-05962013000100009
http://doi.org/10.1074/jbc.272.42.26226
http://doi.org/10.1111/j.1600-0749.1989.tb00166.x
http://doi.org/10.1016/j.nbt.2011.05.007
http://doi.org/10.1080/14756366.2018.1545767
http://doi.org/10.3390/ijms17122151
http://doi.org/10.1016/j.ejmech.2017.09.059
http://doi.org/10.1016/j.bioorg.2017.08.002
http://doi.org/10.1007/s12539-016-0171-x


Molecules 2022, 27, 1731 14 of 14

17. Demir, E.A.; Colak, A.; Kalfa, A.; Yasar, A.; Bekircan, O.; Akatin, M.Y. Investigation of tyrosinase inhibition by some 1, 2, 4 triazole
derivative compounds: In vitro and in silico mechanisms. Turkish J. Biochem. 2019, 44, 473–481. [CrossRef]

18. Vanjare, B.D.; Mahajan, P.G.; Dige, N.C.; Raza, H.; Hassan, M.; Han, Y.; Kim, S.J.; Seo, S.-Y.; Lee, K.H. Novel 1,2,4-triazole
analogues as mushroom tyrosinase inhibitors: Synthesis, kinetic mechanism, cytotoxicity and computational studies. Mol. Divers.
2021, 25, 2089–2106. [CrossRef]

19. Qamar, R.; Saeed, A.; Larik, F.A.; Abbas, Q.; Hassan, M.; Raza, H.; Seo, S.Y. Novel 1,3-oxazine-tetrazole hybrids as mushroom
tyrosinase inhibitors and free radical scavengers: Synthesis, kinetic mechanism, and molecular docking studies. Chem. Biol. Drug
Des. 2019, 93, 123–131. [CrossRef]

20. Kadam, R.; Roy, N. Recent trends in drug-likeness prediction: A comprehensive review of in silico methods. Indian J. Pharm. Sci.
2007, 69, 609.

21. Bakht, M.A.; Yar, M.S.; Abdel-Hamid, S.G.; Al Qasoumi, S.I.; Samad, A. Molecular properties prediction, synthesis and antimicro-
bial activity of some newer oxadiazole derivatives. Eur. J. Med. Chem. 2010, 45, 5862–5869. [CrossRef]

22. Jadhav, P.B.; Yadav, A.R.; Gore, M.G. Concept of drug likeness in pharmaceutical research. Int. J. Pharm. Biol. Sci. 2015, 6, 142–154.
23. Ghose, A.K.; Herbertz, T.; Hudkins, R.L.; Dorsey, B.D.; Mallamo, J.P. Knowledge-based, central nervous system (CNS) lead

selection and lead optimization for CNS drug discovery. ACS Chem. Neurosci. 2012, 3, 50–68. [CrossRef]
24. Walters, W.P.; Murcko, A.A.; Murcko, M.A. Recognizing molecules with drug-like properties. Curr. Opin. Chem. Biol. 1999, 3,

384–387. [CrossRef]
25. Hassan, M.; Shahzadi, S.; Seo, S.Y.; Alashwal, H.; Zaki, N.; Moustafa, A.A. Molecular docking and dynamic simulation of

AZD3293 and solanezumab effects against BACE1 to treat Alzheimer’s disease. Front. Comput. Neurosci. 2018, 12, 34. [CrossRef]
26. Hassan, M.; Abbasi, M.A.; Siddiqui, S.Z.; Shahzadi, S.; Raza, H.; Hussain, G.; Shah, S.A.A.; Ashraf, M.; Shahid, M.; Seo, S.-Y.

Designing of promising medicinal scaffolds for Alzheimer’s disease through enzyme inhibition, lead optimization, molecular
docking and dynamic simulation approaches. Bioorg. Chem. 2019, 91, 103138. [CrossRef]

27. Yun, H.Y.; Kim, D.H.; Son, S.; Ullah, S.; Kim, S.J.; Kim, Y.; Yoo, J.; Jung, Y.; Chun, P.; Moon, H.R. Design, synthesis, and
anti-melanogenic effects of (E)-2-benzoyl-3-(substituted phenyl)acrylonitriles. Drug Des. Dev. Ther. 2015, 9, 4259–4268.

28. Hassan, M.; Raza, H.; Abbasi, M.A.; Moustafa, A.A.; Seo, S.-Y. The exploration of novel Alzheimer’s therapeutic agents from
the pool of FDA approved medicines using drug repositioning, enzyme inhibition and kinetic mechanism approaches. Biomed.
Pharmacother. 2019, 109, 2513–2526. [CrossRef] [PubMed]

29. Hassan, M.; Abbas, Q.; Ashraf, Z.; Moustafa, A.A.; Seo, S.-Y. Pharmacoinformatics exploration of polyphenol oxidases leading to
novel inhibitors by virtual screening and molecular dynamic simulation study. Comput. Biol. Chem. 2017, 68, 131–142. [CrossRef]
[PubMed]

30. Dige, N.C.; Mahajan, P.G.; Raza, H.; Hassan, M.; Vanjare, B.D.; Hong, H.; Lee, K.H.; Seo, S.-Y. Ultrasound mediated efficient
synthesis of new 4-oxoquinazolin-3(4H)-yl) furan-2-carboxamides as potent tyrosinase inhibitors: Mechanistic approach through
chemoinformatics and molecular docking studies. Bioorg. Chem. 2019, 92, 103201. [CrossRef] [PubMed]

31. Abbas, Q.; Ashraf, Z.; Hassan, M.; Nadeem, H.; Latif, M.; Afzal, S.; Seo, S.-Y. Development of highly potent melanogenesis
inhibitor by in vitro, in vivo and computational studies. Drug Des. Dev. 2017, 11, 2029. [CrossRef]

32. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef]

33. Lovell, S.C.; Davis, I.W.; Arendall, W.B., III; De Bakker, P.I.; Word, J.M.; Prisant, M.G.; Richardson, J.S.; Richardson, D.C. Structure
validation by Cα geometry: φ, ψ and Cβ deviation. Proteins Struct. Funct. Genet. 2003, 50, 437–450. [CrossRef]

34. Davis, I.W.; Leaver-Fay, A.; Chen, V.B.; Block, J.N.; Kapral, G.J.; Wang, X.; Murray, L.W.; Arendall, W.B., III; Snoeyink, J.;
Richardson, J.S. MolProbity: All-atom contacts and structure validation for proteins and nucleic acids. Nucleic. Acids. Res. 2007,
35, W375–W383. [CrossRef]

35. Discovery Studio, Version 2.1; Accelrys: San Diego, CA, USA, 2008.
36. Willard, L.; Ranjan, A.; Zhang, H.; Monzavi, H.; Boyko, R.F.; Sykes, B.D.; Wishart, D.S. VADAR: A web server for quantitative

evaluation of protein structure quality. Nucleic. Acids Res. 2003, 31, 3316–3319. [CrossRef]
37. Lipinski, C.A. Lead- and drug-like compounds: The rule-of-five revolution. Drug Discov. Today Technol. 2004, 1, 337–341.

[CrossRef]
38. Dallakyan, S.; Olson, A.J. Small-molecule library screening by docking with PyRx. Methods Mol. Biol. 2015, 1263, 243–350.

http://doi.org/10.1515/tjb-2018-0273
http://doi.org/10.1007/s11030-020-10102-5
http://doi.org/10.1111/cbdd.13352
http://doi.org/10.1016/j.ejmech.2010.07.069
http://doi.org/10.1021/cn200100h
http://doi.org/10.1016/S1367-5931(99)80058-1
http://doi.org/10.3389/fncom.2018.00034
http://doi.org/10.1016/j.bioorg.2019.103138
http://doi.org/10.1016/j.biopha.2018.11.115
http://www.ncbi.nlm.nih.gov/pubmed/30551512
http://doi.org/10.1016/j.compbiolchem.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28340400
http://doi.org/10.1016/j.bioorg.2019.103201
http://www.ncbi.nlm.nih.gov/pubmed/31445195
http://doi.org/10.2147/DDDT.S137550
http://doi.org/10.1002/jcc.20084
http://doi.org/10.1002/prot.10286
http://doi.org/10.1093/nar/gkm216
http://doi.org/10.1093/nar/gkg565
http://doi.org/10.1016/j.ddtec.2004.11.007

	Introduction 
	Results and Discussion 
	Synthesis 
	Kinetic Analysis 
	Computational Analysis 
	Mushroom Tyrosinase Structural Assessment 
	Chemo-Informatic Properties and Lipinski’s Rule of Five (RO5) Based Evaluation of Ligands 
	Molecular Docking Analyses 


	Materials and Methods 
	Chemistry 
	General Synthetic Procedure for the Key Compounds 2(a–c), 3(a–c), 5(a–c), 6(a–c), 8(a–c), and 9(a–i) 
	2-(4,5-Bis(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-phenylacetamide (9a) 
	2-(4,5-Bis(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-(4-fluorophenyl) Acetamide (9b) 
	2-(4,5-Bis(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-(4-bromophenyl) Acetamide (9c) 
	2-(4-(4-Fluorophenyl)-5-phenyl-4H-1,2,4-triazol-3-ylthio)-N-phenylacetamide (9d) 
	N-(4-fluorophenyl)-2-(4-(4-fluorophenyl)-5-phenyl-4H-1,2,4-triazol-3-ylthio) Acetamide (9e) 
	N-(4-bromophenyl)-2-(4-(4-fluorophenyl)-5-phenyl-4H-1,2,4-triazol-3-ylthio) Acetamide (9f) 
	2-(5-(2-Fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio)-N-phenylacetamide (9g) 
	N-(4-fluorophenyl)-2-(5-(2-fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio) Acetamide (9h) 
	N-(4-bromophenyl)-2-(5-(2-fluorophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-ylthio) Acetamide (9i) 

	In Vitro Methodology 
	Tyrosinase Assay 
	Kinetic Analysis 

	Computational Methodology 
	Preparation of Target Protein 
	In Silico Design of Synthesized Compounds 
	Molecular Docking 


	Conclusions 
	References

