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Abstract

In this study, eight QSAR models were constructed to develop novel compounds as tyrosinase inhibitors. The decision
tables, Bagging, and Random Committee methods showed the best predictive abilities (q> > 0.5) among the models.
Based on these models, twelve new kojic acid derivatives were synthesized. Tyrosinase inhibition was determined using
a spectrophotometric method with L-DOPA as the substrate. Molecular docking studies were conducted to provide
insights into the tyrosinase-inhibiting mechanisms of the compounds. Cytotoxic effects on the B16F10 melanoma cell
line were investigated using the SRB assay. A melanogenesis assay was also performed to detect the inhibition of melanin
production. Compounds 41, 4j, and 4b exhibited better tyrosinase inhibitory effects than the positive control, kojic acid
(218.8 uM), with ICs, values of 138.1, 159.0, and 208.9 uM, respectively. Compound 4j showed the best anti-melanogen-
esis effect among the compounds tested. These findings demonstrate the potential of the compounds developed as novel

tyrosinase inhibitors for clinical and cosmetic applications.
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1. Introduction

Melanin pigment gives color to the skin and can be
found in various living organisms, such as animals, plants,
fungi, and bacteria.! Its primary function is to protect the
skin from harmful radiation such as UV light, free radi-
cals, environmental pollutants, toxic drugs, and chemicals.
However, excessive production or uneven distribution of
melanin can lead to hyperpigmentation disorders, includ-
ing malignant melanoma, melasma, postinflammatory
melanoderma, freckles, lentigo, acne scars, and age spots.
Recent studies have also shown that melanin plays a cru-
cial role in the treatment of Parkinson's disease and other
neurodegenerative disorders.>™ In the agricultural indus-
try, enzymatic darkening caused by excessive melanin pro-
duction leads to the disposal of loads of fruits and vegeta-
bles.> Additionally, skin-whitening products that inhibit
melanin production have great economic value in the cos-

metics industry.® Thus, there is a high demand for melano-
genesis inhibitors.

Tyrosinase (EC 1.14.18.1) is a copper-containing
monooxygenase enzyme in the melanogenesis pathway,
and responsible for the formation of the pigment mela-
nin.””® Agents that prevent melanogenesis by inhibiting
tyrosinase gene expression or protein degradation are lim-
ited by their off-target effects, such as irritation as direct
tyrosinase inhibitors reduce melanogenesis without dam-
aging the cells.® Tyrosinase is thus the most often used tar-
get for inhibiting melanogenesis.

Kojic acid  (5-hydroxy-2-(hydroxymethyl)-4H-
pyran-4-one), a tyrosinase inhibitor that can be generated
from secondary fungal metabolites (such as Aspergillus spp.
and Penicillium ssp.) prevents enzymatic browning on
many organisms including human, animals, and plants.®71
By modifying the hydroxypyranone ring, researchers have
synthesized a range of derivatives that show promising re-
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sults as tyrosinase inhibitors.!*-!* However, only a few of
them have demonstrated acceptable potency and safety,
making them suitable for practical use in the industry. So,
new developments in this area are still needed.

Computer-aided drug design (CADD) has been a
great asset to drug development and discovery. It is used
extensively to design new drugs through various ap-
proaches, including structure-based drug design, such as
molecular docking, and ligand-based drug design, such as
quantitative structure-activity relationship (QSAR).!> Ma-
chine learning programs include algorithms that have
been implemented in several areas of pharmaceutical re-
search, including drug design, target identification and
validation, and the prediction of pharmacokinetic param-
eters and toxicity.!*1” The use of QSAR studies employing
machine learning considerably increases the likelihood of
identifying valuable drug candidates, thereby reducing
drug discovery time and costs.!®

In our laboratory, Mannich bases synthesized from
kojic acid have been found to possess a broad range of bi-
ological activities including antibacterial, antifungal, anti-
viral, anticonvulsant, and anti-tyrosinase properties.!9-2*
As secondary amine groups substituted phenyl/benzyl
piperazine, piperidine or pyridines were used. These com-
pounds exhibited potent bioactivities while being not toxic
to healthy cells. As it is well known, piperidine is an im-
portant synthetic medicinal block for drugs design and is
used in a wide range of pharmaceuticals including anti-
cancer agents.”> So herein, based on our findings, we de-
veloped QSAR predictive models to create new kojic acid
derivatives as tyrosinase inhibitors using several machine
learning algorithms. Through our previous methods and
in line with the current literature data supporting this, we
introduced piperidine derivatives to the 6™ position of
four different Mannich base groups. Compounds with the
structure of 2-(4-substituted piperazine-1-yl)methyl-3-hy-
droxy-6-(piperidine/3-methyl piperidine/4-methyl pip-
eridine)methyl-4H-pyran-4-one were synthesized. The
structures were elucidated using IR, 'H NMR, 3C NMR,
mass spectroscopy, and elemental analysis. The inhibition
of tyrosinase was assessed through a spectrophotometric
approach utilizing L-3,4-dihydroxyphenylalanine (L-DO-
PA) as the substrate. Molecular docking studies were con-
ducted to gain insight into the mechanism of inhibition.
Cytotoxicity was evaluated within BI6F10 mouse melano-
ma cell lines via the SRB assay, while melanogenesis was
analyzed to detect any inhibition of melanin production.

2. Materials and Methods
2. 1. Chemistry

All the chemicals used for the synthesis of the com-
pounds were supplied by Merck (Darmstadt, Germany)
and Aldrich Chemical Co. (Steinheim, Germany). Melting
points were determined by a Thomas Hoover Capillary

Melting Point Apparatus (Philadelphia, PA, USA) and pre-
sented as uncorrected. IR spectra were recorded on a Per-
kin Elmer FT-IR 420 System, Spectrum BX spectrometer.
'H and 3C NMR spectra were obtained with a Varian
Mercury 400 MHz spectrophotometer in deutorochloro-
form (CDCl;) and dimethylsulphoxide (DMSO-dg). Te-
tramethylsilane (TMS) was used as an internal standard
(chemical shift in §, ppm). Mass analysis was carried out
with a Micromass ZQ LCMS with Masslynx Software Ver-
sion 4.1 by using the electrospray ionization (ESI+) meth-
od and HPLC with Waters Alliance by using C18 columns.
Elementary analyses were performed with a Leco
CHNS-932 analyzer (Leco, St. Joseph, MI, USA) in the
Central Laboratory of Ankara University, Faculty of Phar-
macy. The purity of the compounds was assessed by thin
layer chromatography (TLC) on Kieselgel 60 F254 (Merck,
Darmstadt, Germany) chromatoplates.

Synthesis of 3-hydroxy-6-chloromethyl-2-substituted-
4H-pyran-4-one derivatives (Mannich bases): The first
step of the synthesis pathway was obtaining the chloroko-
jic acid via the chlorination of kojic acid by using thionyl
chloride. Phenyl piperazine derivatives, as amines and
37% formaldehyde solution, were added to MeOH.
Chlorokojic acid was added to the mixture and stirred for
20 min. The solid product, as Mannich bases, was collected
by filtration and washed with cold MeOH.

Synthesis of 2-((4-(substituted phenyl)piperazine-1-yl)
methyl)-3-hydroxy-6-substituted piperidinyl-4H-
pyran-4-one derivatives

Piperidine and its derivatives were dissolved in dimethyl-
formamide (DMF). An appropriate Mannich base and
K,CO; were added to the solution, respectively. The reac-
tion mixture was stirred for 24-36 h. The progress of the
reaction was followed by TLC. After the completion of the
reaction, the mixture was poured into iced water and ex-
tracted using dichloromethane. The organic phase was
evaporated to dryness which were further purified by
recrystallization in ethyl acetate.

2-((4-Phenylpiperazine-1-yl)methyl)-3-hydroxy-6-(pip-
eridine-1-ylmethyl)-4H-pyran-4-one (4a): C,,H,oN;0;.
M.W.: 383.484 g/mol; Yield: 49%; mp: 167-169 °C; %CHN
Found (Calculated): C 68.63 (68.90), H 7.57 (7.62), N
10.88 (10.96); IR v (cm™): 1620 (C=O0, st), 1503, 1455
(C=C, st), 2935 (C-H, st, aliphatic), 1597 (C-C (in-ring),
st), 1239, 1200 (C-N, st) 1010 (C-O, st); 'H NMR (CDCl,,
400 MHz) 8 ppm: 1.44 (2H; m; piperidine-H?), 1.60 (4H;
m; piperidine-H>°), 2.46 (4H; t; ] = 4.2; piperidine-H?>9),
2.77 (4H; t; ] = 5.2; piperazine-H?9), 3.22 (4H; t; ] = 5.2;
piperazine-H>%), 3.38 (2H; s; pyran-CH,-piperidine), 3.74
(2H; s; pyran-CH,-piperazine), 6.50 (1H; s; pyran-H°),
6.86 (1H; t; ] = 7.2; Ar-H%), 6.91 (2H; d; ] = 7.2; Ar-H?9),
7.26 (2H; m; Ar-H>°); 13C NMR (CDCl;, 100 MHz) 8§
ppm: 23.89-25.87 (piperidine-C>%%), 49.11-52.90 (pipera-
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zine-C?>%>9), 54.56 (piperidine-C>°), 54.99 (piperazine-C),
60.23 (piperidine-C), 111.36 (pyran-C°), 116.22, 119.97,
129.13 (benzene-C>3%56), 143.86 (pyran-C?), 145.36
(pyran-C?), 151.08 (benzene-C'), 165.80 (pyran-C°),
173.96 (pyran-C“); ESI*-MS  (m/z): 163(100%),
384(M*+H).

2-((4-(4-Fluorophenyl)piperazine-1-yl)methyl)-3-hy-
droxy-6-(piperidine-1-ylmethyl) -4H-pyran-4-one (4b):
CaH,6FN;05. M.W:: 401.474 g/mol; Yield: 43%; mp: 160—
162 °C; %CHN Found (Calculated): C 65.40 (65.82), H
7.09 (7.03), N 10.38 (10.47); IR v (cm™): 1618 (C=0, st),
1509, 1455 (C=C, st), 2938 (C-H, st, aliphatic), 1598 (C-C
(in-ring), st), 1238, 1198 (C-N, st) 1010 (C-O, st); 'H
NMR (CDCl;, 400 MHz) § ppm: 1.43 (2H; m; piperi-
dine-H?), 1.58 (4H; m; piperidine-H>?), 2.45 (4H; t; ] = 4.2;
piperidine-H?>9), 2.75 (4H; t; ] = 5.2; piperazine-H?), 3.13
(4H; t; J = 5.2; piperazine-H*>%), 3.36 (2H; s; piperi-
dine-CH,-pyran), 3.72 (2H; s; pyran-CH,-piperazine),
6.48 (1H; s; pyran-H°), 6.83 (H; dd; J;=2.4; J,= 7.2, Ar-H?),
6.85 (H; dd; J, = 2.4; ], = 6.8, Ar-H®), 6.94 (2H; m; Ar-H>5);
13C NMR (CDCl;, 100 MHz) & ppm: 23.90, 25.88 (piperi-
dine- C**°), 50.10, 52.87 (piperazine-C?3>6), 54.57 (pip-
eridine-C?9), 54.86 (piperazine-C), 60.28 (piperidine-C),
111.27 (pyran-C°), 115.53 (d, ] = 20, 4-florobenzen-C>%),
117.97 (d, J =10, 4-fluorobenzene-C>9), 143.83 (pyran-C?),
145.36 (pyran-C?), 147.74 (d, ] = 1, 4-florobenzen-C?),
157.27 (d, ] = 250, 4-fluorobenzene-C?), 165.92 (pyran-C?),
173.96 (pyran-C%); ESI-MS (m/z): 181 (100%), 402
(M*+H).

2-((4-(4-Chlorophenyl)piperazine-1-yl)methyl)-3-hy-
droxy-6-(piperidine-1-ylmethyl)-4H-pyran-4-one (4c):
CyyHpsCIN;O3. MUW.: 417.929 g/mol; Yield: 19%; mp:
154-155°C; %CHN Found (Calculated): C 62.78 (63.22),
H 6.72 (6.75), N 9.98 (10.05); IR v (cm™): 1618 (C=0, st),
1495, 1454 (C=C, st), 2936 (C-H, st, aliphatic), 1597 (C-C
(in-ring), st), 1236, 1199 (C-N, st) 1010 (C-O, st) ; 'H
NMR (CDCl;, 400 MHz) § ppm: 1.43 (2H; m; piperi-
dine-H?), 1.58 (4H; m; piperidine-H>?), 2.45 (4H; t; ] = 5.2;
piperidine-H?>9), 2.74 (4H; t; ] = 4.2; piperazine-H?>%), 3.18
(4H; t; J = 4.2; piperazine-H>%), 3.36 (2H; s; piperi-
dine-CH,-pyran), 3.72 (2H; s; pyran-CH,-piperazine);
6.49 (1H; s; pyran-H°), 6.81 (2H; dd; J; = 2.4; ], = 6.8;
Ar-H29),7.19 (2H; dd; ], = 2.4; ], = 6.8 Ar-H>3); *C NMR
(CDCl;, 100 MHz) 8 ppm: 23.90, 25.88 (piperidine-C3%°),
49.09, 52.73 (piperazine-C*%>9), 54,59 (piperidine-C>°),
54.81 (piperazine-C), 60.30 (piperidine-C), 111.20
(pyran-C°), 117.36, 124.77, 128.97 (4-chloroben-
zene-C>3456), 143.80 (pyran-C?), 145.27 (pyran-C3),
149.70 (4-chlorobenzene-C'), 165.99 (pyran-C°), 173.93
(pyran-C?%); ESI-MS (m/z): 418 (100%, M*+H), 420
(M*+H+2).

2-((4-(3,4-Dichlorophenyl)piperazine-1-yl)methyl)-3-
hydroxy-6-(piperidine-1-ylmethyl)-4H-pyran-4-one

(4d): Cp,H,,ClLN;05.M.W.: 452.374 g/mol; Yield: 18%;
mp: 156-158 °C; %CHN Found (Calculated): C 57.98
(58.41), H 6.13 (6.02), N 9.30 (9.29); IR v (cm-1): 1620
(C=0, st), 1484, 1454 (C=C, st), 2938 (C-H, st, aliphatic),
1596 (C-C (in-ring), st), 1240, 1202 (C-N, st), 1010 (C-0O,
st); 'H NMR (CDCl;, 400 MHz) 8 ppm: 1.43 (2H; m; pip-
eridine-H?), 1.58 (4H; m; piperidine-H>°), 2.45 (4H; t; ] =
5,6; piperidine-H?9), 2.72 (4H; t; ] = 5,2; piperazine-H*9),
3.18 (4H; t; ] = 5,2; piperazine-H3’5), 3.36 (2H; s; piperi-
dine-CH,-pyran), 3.71 (2H; s; pyran-CH,-piperazine),
6.49 (1H; s; pyran-H°), 6.71 (1H; dd; J; = 2.8; ] ,= 9.2;
Ar-H®), 6.93 (1H; d; ] = 2.4; Ar-H?), 7.25 (1H; d; ] = 8;
Ar-H®); 3C NMR (CDCl;, 100 MHz) 8 ppm: 23.88 and
25.85 (piperidine-C3%4°), 48.57, 52.52 (piperazine-C»%%°),
54.57 (piperidine-C?°), 54.60 (piperazine-C), 60.30 (pip-
eridine-C), 111.20 (pyran-C°), 115.40, 117.34, 122.36,
130.44, 132.78 (3,4-dichlorobenzene-C?3%>%), 143.81
(pyran-C?), 145.30 (3,4-dichlorobenzene-C'), 150.46
(pyran-C?), 166.00 (pyran-C°), 173.96 (pyran-C*); ESI-MS
(m/z): 222 (100%), 452 (M*+H), 454 (M*+H+2), 456
(M*+H+4).

2-((4-Phenylpiperazine-1-yl)methyl)-3-hydroxy-6-(3-
methylpiperidine-1-ylmethyl)-4H-pyran-4-one  (4e):
Cy3H31N30;. MUW.: 397.511 g/mol; Yield: 47%; mp: 149-
150 °C; %CHN Found (Calculated): C 69.50 (69.49), H
7.72 (7.86), N 10.56 (10.57); IR v (cm™'): 1620 (C=0, st),
1503, 1455 (C=C, st), 2928 (C-H, st, aliphatic), 1597 (C-C
(in-ring), st), 1238, 1200 (C-N, st), 1003 (C-O, st); 'H
NMR (CDCl,, 400 MHz) § ppm: 0.85 (3H; d; ] = 6; -CH,),
1.57-1.76 (5H; m; piperidine-H>%°), 2.04 (1H; td; ] = 3.2; ]
= 10.8; piperidine-H°), 2.75-2.82 (7H; m; piperidine-H>¢',
piperazine-H>%), 3.22 (4H; t; ] = 4.2; piperazine-H>®), 3.39
(2H; s; piran-CH,-piperidine), 3.74 (2H; s; pyran-CH,-pip-
erazine), 6.50 (1H; s; pyran-H°), 6.86 (1H; t; ], = 7.2; ], =
14.4; Ar-H%), 6.91 (2H; d; ] = 8; Ar-H>%), 7.26 2H; t; J; =
6.4; J, = 10; Ar-H>%); 13C NMR (CDCl;, 100 MHz) § ppm:
19.53 (CH3), 25.39, 31.11, 32.47 (piperidine-C>*°), 49.12,
52.90 (piperazine-C»%4°), 54.02 (piperidine- C°), 54.99
(piperazine-C), 59.97 (piperidine-C), 61.83 (piperi-
dine-C?), 111.33 (pyran-C®), 116.22, 119.97, 129.13 (ben-
zene-C>3%56), 143.86 (pyran-C?), 145.35 (pyran-C3),
151.08 (benzene-C!), 165.81 (pyran-C%), 173.96
(pyran-C%); ESI-MS (m/z): 163 (100%), 398 M*+H).

2-((4-(4-Fluorophenyl)piperazine-1-yl)methyl)-3-hy-
droxy-6-(3-methylpiperidine-1-ylmethyl)-4H-pyran-4-
one (4f): C,3H30FN;05.1/2 CH;OH. M.W.: 415.501 g/mol;
Yield: 27%; mp: 130-131 °C; %CHN Found (Calculated):
C 65.88 (65.76), H 7.25 (7.41), N 10.05 (9.86); IR v (cm™!):
1627 (C=0, st), 1510, 1455 (C=C, st), 2937 (C-H, st, ali-
phatic), 1244, 1199 (C-N, st), 1003 (C-O, st); 'H NMR
(CDCl;, 400 MHz) 8 ppm: 0.85 (3H; d; ] = 6.4; -CH3),
1.57-1.76 (5H; m; piperidine-H>%9), 2.03 (1H; td; J, = 3.2; J,
= 11.8 piperidine-H°), 2.75-2.82 (7H; m; piperidine-H?¢,
piperazin-H>9), 3.12 (4H; t; ] = 5,2; piperazine-H>"), 3.38
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(2H;s; pyran-CH,-piperidine), 3.72 (2H; s; pyran-CH,-pip-
erazine), 6.49 (1H; s; pyran-H°), 6.86 (2H; m; Ar-H?>9),
6.95 (2H; m; Ar-H>%); 1*C NMR (CDCl;, 100 MHz) 8
ppm: 19.51 (CHj3), 25.36, 31.08, 32.46 (piperidine-C>%5),
50.10, 52.88 (piperazine-CY**%), 54.02 (piperidine-C®),
54.88 (piperazine-C), 59.99 (piperidine-C), 61.83 (piperi-
dine-C?), 111.34 (pyran-C°), 115.54 (d, ] = 20, 4-fluoroben-
zene-C>°), 118.00 (d, J = 10, 4-fluorobenzene-C>°), 143.82
(pyran-C?), 145.27 (pyran-C?), 147.74 (d, ] = 1, 4-fluoro-
benzene-C!), 157.29 (d, J = 250, 4-fluorobenzene-C?),
165.79 (pyran-C®), 173.95 (pyran-C?); ESI-MS (m/z): 416
(100%, M*+H).

2-((4-(4-Chlorophenyl)piperazine-1-yl)methyl)-3-hy-
droxy-6-(3-methylpiperidine-1-ylmethyl)-4H-pyran-4-
one (4g): C,;H,,CIN;0,.1/2 CH;OH. M.W.: 431.956 g/
mol; Yield: 34%; mp: 142-143°C; %CHN Found (Calculat-
ed): C 62.86 (63.01), H 6.89 (7.20), N 9.57 (9.38); IR v
(cm™): 1626 (C=0, st), 1497, 1455 (C=C, st), 2931 (C-H,
st, aliphatic), 1598 (C-C (in-ring), st), 1244, 1201 (C-N,
st), 1000 (C-O, st); 'H NMR (CDCl;, 400 MHz) § ppm: )
0.86-0.84 (3H; d; ] = 6; -CHj3), 1.57-1.73 (5H; m; piperi-
dine-H*%%),2.02 (1H; td; ], = 3.2; J, = 11.2; piperidine-H°),
2.74-2.82 (7H; m; piperidine-H?% , piperazine-H?°), 3.18
(4H; t; ] = 5.2; piperazine- H>?), 3.38 (2H; s; pyran-CH,-pip-
eridine), 3.73 (2H; s; pyran-CH,-piperazine), 6.50 (1H; s;
pyran-H5), 6.82 (2H; dd; J, = 2; J, = 7.2; Ar-H?5), 7.19 (2H;
dd; J,=2; J,=7.2; Ar-H>3); 3C NMR (CDCls, 100 MHz) §
ppm: 19.51 (-CH3), 25.36, 31.08, 32.46 (piperidine-C3%4°),
49.10, 52.73 (piperazine-C">%°), 54.03 (piperidine-C®),
54.82 (piperazine-C), 59.98 (piperidine-C), 61.83 (piperi-
dine-C?), 111.27 (pyran-C°), 117.37, 124.78, 128.97
(4-chlorobenzene-C*>%), 143.82 (pyran-C?), 145.27
(4-chlorobenzene-C!),  149.69  (pyran-C%), 165.86
(pyran-C%), 173.93 (pyran-C?); ESI-MS (m/z): 217 (%
100), 432 (M*+H), 434 (M*+H+2).

2-((4-(3,4-Dichlorophenyl)piperazine-1-yl)methyl)-3-
hydroxy-6-(3-methyl piperidine-1-ylmethyl)-4H-pyran
-4-one (4h): C,3H,oCL,N;0; .1/2 CH;OH. M.W.:: 466.401
g/mol; Yield: 77%; mp: 169-171 °C; %CHN Found (Calcu-
lated): C 58.37 (58.51), H 6.18 (6.48), N 8.98 (8.71); IR v
(cm™): 1628 (C=0, st), 1485, 1453 (C=C, st), 2932 (C-H,
st, aliphatic), 1596 (C-C (in-ring), st), 1237, 1199 (C-N,
st), 1000 (C-0O, st); 'H NMR (CDCls, 400 MHz) § ppm:
0.85 (3H; d; ] = 6; -CH3), 1.60-1.74 (5H; m; piperi-
dine-H*%°),2.03 (1H; td; J; = 3.2; J, = 10.8; piperidine-H°),
2.72-2.82 (7H; m; piperidine-H>%, piperazine-H>°), 3.19
(4H; t; ] = 5.2; piperazine- H>?), 3.39 (2H; s; pyran-CH,-pip-
eridine), 3.72 (2H; s; pyran-CH,-piperazine), 6.50 (1H; s;
pyran-H%), 6.71 (1H; dd; ] = 2.4; ] = 8.8; Ar-H°), 6.93 (1H;
d; ] = 2.4; Ar-H?), 7.25 (1H; d; ] = 2.4; Ar-H®); 1>*C NMR
(CDCl,, 100 MHz) § ppm: 19.51 (CH;), 25.33, 31.07, 32.43
(piperidine-C3%4°), 48.60, 52.53 (piperazine-C%%4°), 54.30
(piperidine-C®), 54.66 (piperazine-C), 59.98 (piperi-
dine-C), 61.82 (piperidine-C?), 111.24 (pyran- C°), 115.40,

117.35, 122.38, 130.45, 132.80 (3,4-dichloroben-
zene-C>3456) 14380 (pyran-C?), 14524 (3,4-di-
chlorobenzene-C!), 150.46 (pyran-C?), 165.88 (pyran-C°),
173.90 (pyran-C%); ESI-MS (m/z): 234 (100%), 466
(M*+H), 468 (M*+H+2), 470 (M*+H+4).

2-((4-Phenylpiperazine-1-yl)methyl)-3-hydroxy-6-(4-
methylpiperidine-1-ylmethyl)-4H-pyran-4-one  (4i):
Cy3H3 N30, M.W.: 397.511 g/mol; Yield: 44%; mp: 148-
149 °C; %CHN Found (Calculated): C 69.11 (69.49), H
7.75 (7.86), N 10.48 (10.57); IR v (cm™): 1617 (C=0, st),
1503, 1455 (C=C, st), 2915 (C-H, st, aliphatic), 1597 (C-C
(in-ring), st), 1240, 1201 (C-N, st), 1001 (C-O, st); 'H
NMR (CDCl;, 400 MHz) § ppm: 0.92 (3H; d; ] = 6; -CH3),
1.21-1.37 (3H; m; piperidine-H>*7), 1.62 (2H; d; ] = 12;
piperidine-H3**), 2.11 (2H; t; ] = 11.2; piperidine-H>9),
2.77 (4H; t; ] = 5.2; piperazine-H>%), 2.85 (2H; d; ] = 11.2;
piperidine- H?%), 3.22 (4H; t; ] = 5.2; piperazine-H>°),
340 (2H; s; pyran-CH,-piperidine), 3.74 (2H; s;
pyran-CH,-piperazine), 6.49 (1H; s; pyran-H), 6.87 (1H;
t; ] = 6.8; Ar-H?), 6.92 (2H; d; ] = 8.4; Ar-H?9), 7.26 2H; t;
J = 9.2; Ar-H*?); BC NMR (CDCl;, 100 MHz) § ppm:
21.76 (-CH3), 30.36, 34.16 (piperidine-C>*°), 49.11, 52.89
(piperazine-C1>%°), 53,98 (piperidine-C?9), 55.02 (pipera-
zine-C), 59.87 (piperidine-C), 111.39 (pyran-C°), 116.22,
119.98, 129.13 (benzene-C?3%43°), 143.86 (pyran-C?),
14530 (pyran-C%), 151.07 (benzene-C!), 165.78
(pyran-C®), 173.93 (pyran-C?); ESI-MS (m/z): 163 (%
100), 398 (M*+H).

2-((4-(4-Fluorophenyl)piperazine-1-yl)methyl)-3-hy-
droxy-6-(4-methylpiperidine-1-ylmethyl)-4H-pyran-4-
one (4j): C,3H;3FN;05. M. W.: 415.501 g/mol; Yield: 33%;
mp: 161-163 °C; %CHN Found (Calculated): C 66.10
(66.49), H 7.25 (7.28), N 10.01 (10.11); IR v (cm™): 1619
(C=0, st), 1509, 1455 (C=C, st), 2929 (C-H, st, aliphatic),
1597 (C-C (in-ring), st), 1240, 1200 (C-N, st), 999 (C-O,
st); 'TH NMR (CDCl;, 400 MHz) § ppm: 0.92 (3H; d; J = 6;
-CH;), 1.24-1.35 (3H; m; piperidine-H>#°), 1.61 2H; d; =
12.8; piperidine-H***), 2.10 (2H; t; ] = 9.6; piperidine- H>%),
2.76 (4H; t; ] = 4.2; piperazine-H>%), 2.85 2H; d; ] = 12;
piperidine-H?*%), 3.14 (4H; t; ] = 4.2; piperazine-H>°), 3.39
(2H; s; pyran-CH,-piperidine), 3.73 (2H; s; pyran-CH,-pip-
erazine), 6.49 (1H; s; pyran-H°), 6.84-6.87 (2H; m; Ar-H>9),
6.93-6.97 (2H; m; Ar-H>%); 3C NMR (CDCL,, 100 MHz) §
ppm: 21.76 (-CHj3), 30.37, 34.17 (piperidine-C>%°), 50.13,
52.88 (piperazine-C?*>%), 53.99 (piperidine-C>%), 54.94
(piperazine-C), 59.879 (piperidine-C), 111.362 (pyran-C°),
115.56 (d, J = 20, 4-fluorobenzene-C>°), 118.01 (d, J = 10,
4-fluorobenzene-C?°),  143.85  (pyran-C?),  145.29
(pyran-C%), 147.74 (d, ] = 1, 4-fluorobenzene-C'); 157.30
(d, ] = 250, 4-fluorobenzene-C%); 165.82 (pyran-C®), 173.93
(pyran-C%); ESI-MS (m/z): 416 (100%, M*+H).

2-((4-(4-Chlorophenyl)piperazine-1-yl)methyl)-3-hy-
droxy-6-(4-methylpiperidine-1-ylmethyl)-4H-pyran-4-
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one (4K): C,;HyCIN;05.1/2 CH;OH. M.W:: 431.956 g/
mol; Yield: 31%; mp: 161-163 °C; %CHN Found (Calcu-
lated): C 63.07 (63.01), H 6.89 (7.20), N 9.60 (9.38); IR v
(cm™): 1628 (C=0, st), 1497, 1455 (C=C, st), 2919 (C-H,
st, aliphatic), 1599 (C-C (in-ring), st), 1242, 1200 (C-N,
st), 1005 (C-0O, st); 'H NMR (CDCls, 400 MHz) § ppm:
091 (3H; d; ] = 6.4; -CH3), 1.22-1.34 (3H; m; piperi-
dine-H*%%), 1.61 (2H; d; J = 12.8; piperidine-H>*), 2.08
(2H; t; ] = 11.2; piperidine-H?9), 2.74 (4H; t; ] = 4.2; piper-
azine-H>9), 2.83 (2H; d; J = 12.8; piperidine-H?*), 3.17
(4H; t;] = 4.2; piperazine-H>7), 3.37 (2H; s; pyran-CH,-pip-
eridine), 3.72 (2H; s; pyran-CH,-piperazine), 6.48 (1H; s;
pyran-H°), 6.79-6.81 (2H; dd; ], = 2.4; ], = 6.8; Ar-H>),
7.18 (2H; dd; J, = 2; J, = 4.4; Ar-H*%); 3C NMR (CDCl,,
100 MHz) § ppm: 21.75 (-CHj), 30.374, 34,18 (piperi-
dine-C3%°), 49.07, 52.72 (piperazine-C>>>9), 54.01 (pip-
eridine-C?%), 54.78 (piperazine-C), 59.97 (piperidine-C),
111.26 (pyran-C°), 117.35, 124.51, 128.96 (4-chloroben-
zene-C>3456) 143.83 (pyran-C?), 145.31 (4-chloroben-
zene-C'), 149.69 (pyran-C%), 165.95 (pyran-C°), 173.95
(pyran-C?); ESI-MS 432 (100%, M*+H), 434 (M*+2).

2-((4-(3,4-Dichlorophenyl)piperazine-1-yl)methyl)-3-
hydroxy-6-(4-methylpiperidine-1-ylmethyl)-4H-pyran-
4-one (41): C,3H,9Cl,N;0;3.CH;OH. M.W.: 466.401 g/mol;
Yield: 66%; mp: 154-155 °C; %CHN Found (Calculated):
C 57.96 (57.83), H 6.29 (6.67), N 8.87 (8.43); IR v (cm™):
1631 (C=0, st), 1485, 1453 (C=C, st), 2916 (C-H, st, ali-
phatic), 1631 (C=0, st), 1596 (C-C (in-ring), st), 1237,
1198 (C-N, st), 1001 (C-0O, st); 'H NMR (CDCl;, 400
MHz) 6 ppm: 0.91 (3H; d; ] = 6.4; -CHj3), 1.22-1.34 (3H; m;
piperidine-H>%%), 1.60 (2H; d; ] = 13.2; piperidine-H>*%),
2.08 (2H; td; J, = 11.6; J, = 2.4; piperidine-H2), 2.72 (4H;
t; ] = 5.2; piperazine-H%9), 2.83 (2H; d; J = 12.4; piperi-
dine-H?*%), 3.18 (4H; t; ] = 5,2 piperazine-H>®), 3.37 (2H;
s; pyran-CH,-piperidine), 3.71 (2H; s; pyran-CH,-pipera-
zine), 6.48 (1H; s; pyran-H°), 6.71 (1H; dd; J, = 3.2; J,=9.2;
Ar-HS), 6.93 (1H; d; ] = 2.8; Ar-H?), 7.24 (1H; d; ] = 9.2;
Ar-H°); 3C NMR (CDCl;, 100 MHz) § ppm: 21.75 (-CH3),
30.38, 34.18 (piperidine-C3+%), 48.58, 52.52 (pipera-
zine-Ch24°), 54,01 (piperidine-C>%), 54.61 (piperazine-C),
59.97 (piperidine-C), 111.20 (pyran-C°), 115.40, 117.34,
122.35, 130.44, 132.78 (3,4-dichlorobenzene-C?3%59),
143.80 (pyran-C?), 14526 (3,4-dichlorobenzene-C?),
150.46 (pyran-C?), 166.05 (pyran-C®), 173.93 (pyran-C?);
ESI-MS (m/z): 466 (100%, M*+H), 468 (M*+H+2), 470
(M*+H+4).

2. 2. Biochemistry

2. 2. 1. Cell culture

The B16F10 mus musculus skin melanoma cell line
(ATCC® CRL-6475™) was purchased from the American
Type Culture Collection (ATCC). Cells were routinely
maintained in RPMI-1640 medium containing 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine,

100 U/mL penicillin/streptomycin (Gibco) in a humidi-
fied incubator (Panasonic MCO-18 AC-PE) with 5% CO,
at 37 °C.

2. 2. 2. Tyrosinase Inhibition of Compounds

To determine the mushroom tyrosinase inhibitory
potential of the newly synthesized compounds, the oxida-
tion rate of L-DOPA was measured spectrophotometrical-
1y?¢ and compared with the inhibition of KA. Briefly, the
reaction mixture contained 100 uL 50 mM phosphate bufter
(pH 6.8), 10 uL of inhibitor/ dimethyl sulfoxide (DMSO),
and 10 uL of mushroom tyrosinase (Sigma, T3824). The
samples containing DMSO were considered control groups.
Kojic acid, a strong inhibitor of mushroom tyrosinase, was
used as a positive control. The reaction mixture was prein-
cubated for 20 min at 37 °C and the reaction was initiated
with the addition of 30 uL of 5 mM L-DOPA (Sigma,
D9628). Following 20 min of incubation at 37 °C, the ab-
sorbance values of the samples were obtained at 492 nm us-
ing an ELISA Plate Reader (BioTek PowerWave). By sub-
tracting the values recorded by DMSO addition only, the %
inhibition was calculated. Increasing concentrations of each
compound (8-2000 pM) were tested in quadruplicates and
the ICs, values were determined by constructing a nonline-
ar regression curve. The ICs, value of mushroom tyrosinase
inhibition for each compound is presented in Table 2.

2. 2. 3. Cytotoxicity Assay

To determine the cytotoxicity of newly synthesized
compounds and Dacarbazine in the B16F10 cell line, the
Sulforhodamine B (SRB) assay was performed. According
to the colorimetric end-point method described by Vichai
and Kirtikara?’, cells were first inoculated in 96-well plates
at 2x10° cells/well density. At confluency, increasing con-
centrations of the compounds and Dacarbazine were ap-
plied for 48 hours. 10% (w/v) trichloroacetic acid (TCA,
Sigma-Aldrich, USA) was used to fix the cells for 2 hours
at 4 °C. Cells were washed several times with dH,O, then
0.06% (w/v) SRB dye (Santa Cruz Biotechnology, USA)
was applied for 30 minutes at room temperature and the
excess dye was removed with 1% (v/v) acetic acid (Sig-
ma-Aldrich). Finally, the samples were resuspended in 200
uL Tris base (10 mM, pH 10.5), and the optical density
(OD) was measured at 510 nm using a microplate reader
(PowerWave XS, Biotek). Untreated cells were regarded as
a control and were 100% viable. OD values obtained from
treated wells were compared to the control, cytotoxicity
percentage, and the ICs, values were calculated for each
cell line.

2. 2. 4. Melanogenesis Inhibition Assay

B16F10 mus musculus skin melanoma cells were
seeded in 6-well plates at 5x10° cells/well density.?* At 90%
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confluency, Kojic acid and selected compounds having ty-
rosinase inhibition potential were applied at their ICs,
doses and incubated for 48 hours. Collected cells were ly-
sed and sonicated 5 times at 30% amplitude for 10 seconds
each. Cells were centrifuged at 12000 rpm, at 37 °C, for 5
min. 10% TCA and 75% EtOH were used to wash the
pellets, and 0.25 N NaOH containing 2.5 % DMSO was
added. The samples were then incubated for 1 hour at 80
°C in a water bath. Samples were measured spectrophoto-
metrically at 470 nm, where the absorbance of the untreat-
ed sample was designated as the control group. The sam-
ples were run in triplicate and the results were calculated
as % of the melanin content.

2. 3. Statistical Analysis

GraphPad Prism 5.03 software was used to evaluate
all statistical analyses. A non-linear regression model was
used to calculate the ICs, values of the compound and Da-
carbazine in B16F10 cells. Mann-Whitney U test was used
to compare all data to their related control. All p-values
were based on the two-sided statistical analysis, and p <
0.05 was considered to be statistically significant. All ex-
periments were carried out at least in triplicate.

2. 4. Molecular Docking Analysis

The crystal structure of mushroom tyrosinase en-
zyme with PDB ID of 2X9Y was used for molecular mod-
eling assays. The binding site was defined based on previ-
ously reported active site residues, as described*® and
confirmed by literature data regarding the catalytic site of
the enzyme. Therefore, the docking was performed in the
active site region.

Docking studies were performed for the most active
three compounds, 4b, 4j, and 41, against the mushroom
tyrosinase enzyme. Grid parameters for AutoDock Vina
were set to cover the catalytic pocket of the enzyme, where
the oxidation of phenolic substrates typically occurs. Lig-
ands were prepared by using Biovia Discovery Studio Vis-
ualizer and MGLTools software. The ionization ratios of
the compounds at physiological pH were evaluated, and
the 1% atoms of piperidine and piperazine rings were pre-
pared as positively charged. As the 4™ atom of the pipera-
zine ring is substituted with a phenyl ring, it was kept neu-
tral. AutoDock Vina docking tool was used to predict the
possible binding modes of the selected compounds. Bind-
ing conformations of each of the three were evaluated with
Biovia Discovery Studio Visualizer.

2. 5. Preparation of Test, Prediction, and
Validation Sets
The chemical structures of compounds were pre-

pared as mol files using ChemDraw and converted to sdf
format using Openbabbel software. For each of the test,

prediction, and validation sets, the structures of the com-
pounds were merged into a single SDF file using Data
Warrior. The molecular descriptors for each set were cal-
culated using the CDK calculator. All the descriptors avail-
able in the software package were selected, including hy-
brid, constitutional, topological, electronic, and geometric
descriptors.

2. 6. Computer-Aided Drug Design using
Weka

QSAR models were constructed using Weka soft-
ware.?8 The calculated molecular descriptors of the test set
and the tyrosine activity (ICs,) values were imported into
the program. The Classifier module was used to construct
the prediction models. The models that showed the best
performance were selected for the design of new com-
pounds. The molecular descriptors of the prediction set
were imported into Weka, and the selected models were
used to predict the tyrosinase activities of the compounds.
Compounds that were predicted to have good activities
were selected for synthesis.

3. Results and Discussion
3. 1. Chemistry

To construct prediction models for tyrosine inhibi-
tory action, descriptors were generated using the CDK
software. A total of 287 descriptors were calculated, of
which 171 were selected for model construction. Next, the
Weka software package was used to construct the predic-
tion models. This software package introduces base mod-
els using confusion matrices.”® Regression involves the
construction of a model that uses mathematical functions
to correlate between instances labeled with continuous
variables that are defined by a set of selected attributes.'®
The test set included 25 compounds with previously re-
ported anti-tyrosinase activities.?® Table 1 shows the re-
sults of the eight models developed using WEKA. All
models performed well on the test set, with correlations
(r?) ranging from 0.753 to 1. Accordingly, we designed
twelve 2-(4-(substituted phenyl) piperazine-1-yl) meth-

Table 1. Performances and predictive abilities of eight QSAR mod-
els

Method r? q?
1 Multilayer perceptron 1 0.12
2 IBK 1 0.20
3 Additive regression 1 0.19
4 Bagging 0.71 0.50
5  Random committee 1 0.50
6  Random SubSpace 0.81 0.20
7 Regression By Discretization 0.75 0.45
8  Decision table 0.98 0.56
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yl-3-hydroxy-6-(piperidin/3-methylpiperidin/4-methyl
piperidin) methyl-4H-pyran-4-one derivatives. Using the
same molecular descriptors, the activities of the newly de-
signed compounds were predicted by applying eight mod-
els using WEKA software.

The program predicted that all the compounds had
good tyrosinase inhibitory activity. Therefore, all twelve
novel compounds were synthesized according to the pro-
cedure shown in Figure 1. Structural modifications of the
compound were made in two positions of the main hy-
droxypyranone skeleton. The 2" position of the ring was
modified by the Mannich reaction with appropriate phe-
nylpiperazine moieties. Also, piperidine derivatives were
substituted in the 6™ position in the basic medium with
piperidine derivatives.

Firstly, chlorokojic acid (2) was synthesized via the
chlorination of commercially available kojic acid (1). Addi-
tionally, four different Mannich bases were gained by react-
ing the obtained chlorokojic acid with phenyl piperazine
groups containing various halogen groups. Further, the
chlorine atom at position 6 of the Mannich bases was sub-
stituted with piperidine derivatives in the basic medium,
resulting in the synthesis of twelve new compounds. These
compounds were identified as 2-(4-(substituted phenyl)

0 O o
OH | OH ) OH
| | —IEC] | | I Cl | I N N 25
HO - o *: O \ ; .

1 2

R'.

piperazin-1-yl)methyl-3-hydroxy-6-(piperidine/3-meth-
ylpiperidine/4-methylpiperidine)methyl-4H-pyran-4-one.

The structures of the novel compounds were verified
by using spectroscopic techniques and elemental analysis
results. The yields of the reactions and melting points were
given in monographs. The IR spectra selected diagnostic
bands provided useful information to identify the hy-
droxypyrone skeleton. Two hydrogen bondings, both in-
tra- and intermolecular, were observed in the hydroxyme-
thyl moiety. The stretching of C=0 (pyranone) gave signals
at 1631-1618 cm™!. In the IR spectra of all compounds, the
stretching (st) bands associated with C=C and C-O were
observed at about 1484-1455, and 999-1010 cm™}, respec-
tively. When examining the 'H NMR spectra of com-
pounds obtained in CDCl,, the integral values confirm the
presence of protons. The values of the hydrogens belong-
ing to the hydroxypyrone nucleus, which is the common
structure in all compounds, match each other in the 'H
NMR spectrum. The hydrogen attached to the carbon at
position 5 of the ring is seen as a singlet in the range of
6.48-6.50 ppm. However, the OH peak in the pyrone ring
was not observed in any of the compounds. This is because
the hydrogens attached to the heteroatom are easily ex-
changeable with the deuterium atom in the solvent. In all

R

3
lii

N N =i
N /. N\ /
-

H
3-CH,
4-CH,

Figure 1. General synthesis of compounds 4a-1. Reagents, and conditions: i: SOCl,, ii: HCHO, phenylpiperazine derivatives, in MeOH, rt; iii: piperi-

dine derivatives, K,CO3;, DMF, 0°C
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compounds, the peaks belonging to hydrogens attached to
the carbons of the piperazine ring close to the pyrone ring
were observed to peak in the range of 2.72-2.82 ppm,
while hydrogens farther away gave peaks in the range of
3.12-3.72 ppm due to the decrease in the shielding effect
in their chemical environment. Aromatic hydrogens of
phenyl rings were at 6.71-7.26 ppm with suitable integral
values. The 1*C NMR signals of compounds were in good
agreement with the proposed structures. The carbon atom
linked to the hydroxyl group on the third position of the
pyranone ring (=C-OH) exhibited signals at 145-150
ppm. Carbonyl carbons of the 4H-pyran-4-one ring were
found at 174 ppm. The mass spectra displayed molecular
ion peaks and M*+23 (Na) peaks, indicating similar frag-
mentation patterns among the compounds.

3. 2. Mushroom Tyrosinase Inhibition

Two methods are commonly used to evaluate the ty-
rosinase inhibitory activity of compounds: in vitro mush-
room tyrosinase assays and cell-based assays. During the
in vitro test, a commercially available enzyme is employed
as a model. As the enzyme can be easily used, it is exten-
sively employed in the in vitro mushroom tyrosinase test.
It also results in accurate data and enables scientists to fo-
cus on enzymological aspects. Most notably, the tyrosinase
enzyme extracted from A. bisporus mushroom species is
extremely similar to human ones; therefore, it is widely
used for in vitro testing of melanogenesis.?

The kinetic analysis of suppression of mushroom ty-
rosinase activity is substrate-specific. The method outlined
by Chen?®® was used to evaluate the compounds' tyrosinase
inhibitory activity with minor modifications. Each of the
compounds was tested using a method that uses L-DOPA
as the substrate. Kojic acid was employed as a positive con-
trol and also as a starting material for the synthesis process
in this work. The examined inhibitory mechanism was
based on tyrosinase's o-diphenolase activity. The ICs, val-
ues and standard deviations were calculated using the
GraphPad Prism 5.03 program. The ICs, values of the
compounds are shown in Table 2.

The effects of substitutions at positions 2 and 6 of the
hydroxypyranone core on the antityrosinase activity of the
synthesized compounds were investigated. In Mannich
bases derived from position 2, the aromatic phenyl pipera-
zine group is common and the phenyl ring is modified.

Nonsubstituted, a single halogen substituent at posi-
tion 4 or 3,4-disubstituted derivatives were studied. When
we divide the derivatives from the 6 position into three
subgroups, the effects of methyl substitution on piperidine
on antityrosinase activity can be interpreted.

We observed that the most effective compound
among the synthesized compounds is 41, which carries a
3,4-dichloro group and nonsubstituted piperidine struc-
tures with an ICs, value of 138.1 pM. Furthermore, its
4-fluoro analog 4j was found to be the second most active

compound, having an ICs, value of 159.0 uM. 4b is the
third most effective compound indicating that 4-fluoro
substitution increases the tyrosinase inhibitory activity.
These three molecules have higher inhibition values than
the starting compounds used in synthesis and the control
compound kojic acid (ICsy = 218 pM.). Dose-response
curve for mushroom tyrosinase inhibitory activity of com-
pound 4j is given in Figure 2.

No correlation was found between the activity and
adding halogens to the structure. However, in all three sub-
groups, the activity was significantly enhanced by the addi-
tion of the fluorine atom to the structure. This increase was
particularly pronounced for the nonsubstituted piperidine
and 4-methylpiperidine derivatives. Regarding the effect of
the derivatization obtained from position 6, it can be in-
ferred that the most effective group is the 4-methylpiperi-
dine groups as they contain the two most active derivatives.
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Figure 2. Dose-response curve for mushroom tyrosinase inhibitory
activity of compound 4;j.

3. 3. Cytotoxicity of Compounds in B16F10
Cells

B16F10 mus musculus skin melanoma cells are suit-
able models for studying cytotoxicity due to their high
metastatic potential. Unlike other melanoma cell lines,
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Figure 3. Dose-response curve for cytotoxicity of compound 4j on
B16F10 cells
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they lack the BRAF mutation and maintain functional
wild-type p53. The results showing the IC5, values of all
tested compounds are shown in Table 2, and the dose-re-
sponse curve for compound 4j is shown in Figure 3.
When the cytotoxic effects on BI6F10 melanoma cells
were evaluated, it was observed that compound 4c (19.35
(M), having a non-substituted piperidine and a 4-chlorophe-
nyl group, had the lowest ICs, value. According to the de-
creasing activity, it is ranked as 4j, 4e, and 4b. It is noteworthy

and important that the ICs; values of eight compounds, in-
cluding the starting materials and intermediates, were lower
than the control compound dacarbazine (IC5, = 110.8 uM).

3. 4. Melanogenesis Assay in B16F10 Cells

Excessive melanin production can cause hyperpig-
mentation, leading to skin imperfections, spots, freckles,
and even skin cancers. The melanin responsible for the

Table 2. Molecular formulas, structure, ICs, values of mushroom tyrosinase inhibition and cytotoxicity

on B16F10 cells (ICs as pM).

o
OH
Comp. . (] —\
R 5 N N-R
R R

Tyrosinase inhibition Cytotoxicity
4a §—® 1140 87.7
4b §—©—F 208.9 78.9
(O

4c g_@c‘ 1378 19.35

Cl
4d %—@m nd 503.9
4e §—© 1282 61.2
4f H,C %—@—F 1106 193.1

O

4g %—Oc\ 1870 nd

Cl
4h % :( nd nd

Cl
4i §—© nd 98.2
4j . 159.0 60.8
O

4k §_©_m nd nd

Cl
4l § :( 138.1 nd

Cl

KA 218.8 98.8
CKA 296.6 71.7
DAC - 110.8

*KA: Kojic acid; CKA: Chlorokojic acid; DAC: Dacarbazine
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pigmentation of the skin and hair in humans is located at
the basal layer of the epidermis. As a result, it is crucial to
reverse hyperpigmentation by suppressing melanin pro-
duction to treat these conditions. Tyrosinase inhibitors
play a critical role in treating complications that arise from
melanogenesis. Although Kojic acid is cytotoxic, it has
limited effectiveness against melanogenesis on its own.
Thus, it is essential to develop effective and less cytotoxic
tyrosinase inhibitors. To quantify the impact of selected
compounds and kojic acid on melanin formation in
B16F10 cells, we measured the relative melanin content
using spectrophotometry as described in the methods sec-
tion. Due to their high melanocyte content, B16F10 mouse
melanoma cells are an ideal model for studying melano-
genesis. As discussed previously, compounds 4b and 4j
were selected to evaluate melanogenesis suppression. Ad-
ditionally, 4c was chosen due to its cytotoxic behavior over
B16F10 cells. Results showed that 4j (82.8% inhibition)
was significantly (p < 0.01) more effective than kojic acid
(26.7% inhibition) in decreasing melanogenesis. Com-
pounds 4b (24.7%) and 4c¢ (49.1%) showed effects compa-
rable to kojic acid. All assays were carried out in triplicate
and the results were statistically analyzed. Given its an-
ti-tyrosinase activity and cytotoxicity, 4j showed the high-
est anti-melanogenesis effect.
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Figure 4. Effects of some compounds and kojic acid on melanogen-
esis on BI6F10 cells. The melanin content was determined spectro-
photometrically as described in the experimental section. Data
(n=3) represent + mean SD.

3. 5. QSAR Analysis

A validation set that included the eight active com-
pounds from the present study was constructed. The mo-
lecular descriptors were calculated using the CDK soft-
ware and using the prediction models in Table 1 to validate
them. Although all models showed good performance on
the test set with correlations (r?) ranging from 0.753 to 1,

the majority of the models showed poor predictabilities
when reapplied on the test. The best predictability was
shown by the Decision tables method, which showed a 2
value of 0.563, followed by the Bagging and Random Com-
mittee methods with g2 values of 0.5. This implies these
three methods are the most promising for the construction
of models with excellent prediction performance. Howev-
er, four compounds were falsely predicted to have activity
using these models. This limitation in the performance of
these models can be attributed to the small number of
compounds that were used to construct them. Although
the performance of these models can be considered satis-
factory, better models can be constructed using larger da-
tasets. Moreover, a multi-model approach can be applied
in future datasets using ensemble learning with all three
models. Such models will hopefully show better predicta-
bilities, which will help in the design and development of
tyrosine inhibitors for cosmetic and clinical applications.

3. 6. Molecular Docking Analysis

Computer-aided modeling studies were conducted
to put more molecular insight into the tyrosinase inhibito-
ry activity of the compounds 4b, 4j, and 41. In this concept,
docking calculations were run considering the literature
published.?? As docking studies were performed in the
presence of copper ions, histidine amino acid residues that
bind to copper ions were designated as OHD1 forms. In
consideration of the ionization states of the ligands, 1% at-
oms of piperidine and piperazine rings were kept positive-
ly charged. Conformations of the compounds 4b, 4j, and
4] in the tyrosinase enzyme inhibition pocket were evalu-
ated. Binding conformations of the compounds 4b, 4j, and
4l in tyrosinase enzyme are presented in Figures 5-7.

As shown in Figure 5, the 3-hydroxy-4H-pyran-4-
one ring interacts with Phe264 to form a n—n stacked in-
teraction. The piperidine ring of compound 4b formed
several alkyl and m-alkyl interactions with His61, His85,
Val283, and Ala286 amino acid residues. The piperidine
ring also formed a carbon-hydrogen bond interaction with
Ala260. The hydrogen atom of the protonated piperidine
ring formed a m-cation interaction with His263. In addi-
tion, the 4-fluorophenyl substituent of compound 4b
makes carbon-hydrogen bond interaction with Asn81 and
m-anion interaction with Glu322 amino acid residues. The
fluro group in the phenyl ring forms halogen interaction
with Ala323.

The conformation of compound 4j in the tyrosinase
enzyme pocket is presented in Figure 6. First, the 3-hy-
droxy-4H-pyran-4-one ring forms a conventional hydro-
gen bond with Asn260. The fluorine atom of the 4-fluoro-
phenyl substituent of compound 4j formed a carbon-hy-
drogen bond interaction with Asn81 amino acid. The
fluoro group also interacts with Ala323. Carbon-hydrogen
bond interactions were formed between the phenyl ring
and Asn8l1, as well as between the piperazine ring and
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His85. Protonated nitrogen atoms of piperidine and piper-
azine rings formed a m-cation interaction with His263 and
an ionic interaction with Glu322, respectively. The methyl
group at the 4™ position of the piperidine ring forms hy-
drophobic interactions with His61, His85, Ala286, and
Phe292 amino acids. m-sigma interactions can be seen be-
tween related methyl groups and His263 residue, addition-
ally.

Figure 7 shows possible interactions between com-
pound 41 and tyrosinase enzyme. As the hydrogen atom of
protonated piperidine ring forms a hydrogen bond with
Asn260, the 4-methyl substitution of the piperidine ring
makes m-alkyl interactions with His61, His259, His263,
and Val283 amino acid residues.

Val283 interacts with 3-hydroxy-4H-pyran-4-one
ring as well. The protonated nitrogen atom of the pipera-

ALA
A:286

ALA
A:323

Figure 5. Molecular interactions between compound 4b and tyrosinase enzyme in 3D (a) and 2D (b). Compound 4b is shown as an orange ball and

stick form.

VAL
b A:248

b L2
R .Aw HIS A:283
Ai323 8 A:85

Figure 6. Molecular interactions between compound 4j and tyrosinase enzyme in 3D (a) and 2D (b). Compound 4j is represented as a green ball and

stick form.

a

HIS
A6l

Figure 7. Molecular interactions between compound 4l and tyrosinase enzyme in 3D (a) and 2D (b). Compound 4l is represented as a pink ball and

stick form.

Karakaya et al.: Antityrosinase and Antimelanogenic Effects of Structurally ...

689



690

Acta Chim. Slov. 2025, 72, 679-691

zine ring makes cation-anion interaction with Glu322
amino acid. Glu322 also makes m-anion interaction with
the phenyl ring. Piperazine ring makes carbon-hydrogen
bond interaction with His85.

Consequently, possible interactions between tyrosi-
nase protein and potential tyrosinase inhibitor compounds
4b, 4j, and 41 are visualized in the current study. Modeling
studies have shown that compounds having the 3-hydroxy-
4H-pyran-4-one ring in the core structure can be oriented
differently in the active site of the tyrosinase enzyme de-
pending on the substitutions on this heterocyclic ring. Addi-
tionally, considering the ionization states, it can be suggested
that heterocyclic piperidine and piperazine ring substitution
on the structure may enhance inhibitory activity.

Val283 interacts with 3-hydroxy-4H-pyran-4-one
ring as well. The protonated nitrogen atom of the pipera-
zine ring makes cation-anion interaction with Glu322
amino acid. Glu322 also makes m-anion interaction with
the phenyl ring. Piperazine ring makes carbon-hydrogen
bond interaction with His85.

Consequently, possible interactions between tyrosi-
nase protein and potential tyrosinase inhibitor compounds
4b, 4j, and 41 are visualized in the current study. Modeling
studies have shown that compounds having the 3-hy-
droxy-4H-pyran-4-one ring in the core structure can be
oriented differently in the active site of the tyrosinase en-
zyme depending on the substitutions on this heterocyclic
ring. Additionally, considering the ionization states, it can
be suggested that heterocyclic piperidine and piperazine
ring substitution on the structure may enhance inhibitory
activity.

4. Conclusion

The objective of this research was to design and syn-
thesize novel kojic acid derivatives bearing piperidine
fragments possessing tyrosinase inhibitory activity with
antimelanogenesis effect, using eight QSAR models. Also,
their cytotoxic effects were aimed to investigate on B16F10
melanoma cells. In conclusion, compounds 4b and 4j were
found to be the most active tyrosinase inhibitors, with
compound 4j showing higher inhibitory activity on mel-
anogenesis than kojic acid. Compound 4c exhibited the
highest cytotoxicity to BL6F10 melanoma cells, surpassing
the clinically used control agent, dacarbazine. The findings
of this study will shed light on the development of further
candidates interacting directly with the active site of the
enzyme, and as a convenient building block to achieve su-
perior molecules.

Supporting Information

The Supporting information contains characteriza-
tion of all compounds (FT-IR, 'H NMR, and *C NMR
spectra).
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