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Tyrosinase is a vital enzyme in the biosynthesis of melanin, which has a significant role in skin protection.
Due to the importance of the tyrosinase enzyme in the cosmetics and health industries, studies to
design new tyrosinase inhibitors have been expanded. In this study, the design and synthesis of 3-
dihydroxypyridine-4-one derivatives containing benzo hydrazide groups with different substitutions were
carried out, and their antioxidant and anti-tyrosinase activities were also evaluated. The proposed
compounds showed tyrosinase inhibitory effects (ICso) in the 25.29 to 64.13 uM range. Among all
compounds, 6i showed potent anti-tyrosinase activity with an 1Csg = 25.29 puM. Also, the antioxidant
activity of derivatives by using DPPH radical scavenging indicates an ECso value between 0.039 and
0.389 mM. Molecular docking studies were performed to reveal the position and interactions of 6i as the

most potent inhibitor within the tyrosinase active site. The results showed that 6i binds well to the

iii:gti_% 2130:?] %eftt;;r;t:ezrozz(%23 proposed binding site and forms a stable complex with the target protein. Furthermore, the
physicochemical profiles of the tested compounds indicated drug-like and bioavailability properties. The

DOI: 10.1039/d3ra06490e kinetic assay revealed that 6i acts as a competitive inhibitor. Also, for the estimation of the reactivity of
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1. Introduction

Tyrosinase is a copper-containing enzyme that plays an
important role in melanin formation via mono- and di-
phenolase reactions." Melanin can prevent ultraviolet skin
damage; on the other hand, excessive gathering of melanin
leads to different skin discomforts, such as age spots, malig-
nant melanoma, and melisma.” Tyrosinase is responsible for
the undesirable enzymatic browning of fruits and vegetables.?
Various tyrosinase inhibitors have been established today, but
due to the different side effects of available tyrosine inhibitor
agents, drug design and studies on this enzyme are necessary.*
So far, several natural and synthetic inhibitors for tyrosinase
enzymes have been identified.>® The studies showed that the
compounds can inhibit tyrosinase enzyme in several different
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the best compound (6i), the density functional theory (DFT) was performed at the B3LYP/6-31+G**.

ways, including reduction of dopaquinone to dopa (ascorbic
acid), reduction of the amount of dopaquinone (thiol
analogs)," and much greater affinity to tyrosinase enzyme
compared to the main substrate (phenolic compounds).** Also,
the alteration in the shape of the active site of the enzyme, such
as compounds with acidic or basic properties,*” the inactivation
of the enzyme through the covalent bond with the enzyme, and
irreversible inhibition of the enzyme," and finally, the occu-
pation of the active site and reversible inhibition of the
enzyme™ are the other mechanisms of tyrosinase inhibition. In
recent years, researchers have focused more on synthesizing
compounds with a phenolic group,” which showed more
affinity to the tyrosinase enzyme than dopaquinone and
inhibited melanin formation." One of the scaffolds that has
received much attention from researchers is hydroxypyridine
(HP). The HPs are N-heterocycles bearing a hydroxyl and
a ketone group. These scaffolds included three subgroups: 1, 2-
HP, 3, 2-HP, and 3, 4-HP.'® Due to their chelating properties, the
3,4-HP scaffolds were the more basic, and some of their deriv-
atives are used in the clinic, such as diferiprone.” The deriva-
tives of HPs can be easily synthesized and functionalized in
different positions. Based on this fact, the hydroxypyridinone-
like scaffolds (HPOs) were extensively used for research with
various biological activities such as antiproliferative,'® chelating
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Fig.1 The design approach of synthesized compounds.

agents,' antimicrobial,>** monoamine oxidase,*” and cytotoxic
agents.” Due to their copper chelation ability, they were used as
tyrosinase enzyme inhibitors.>*¢ In a recent study to search the
possible application of hydroxypyridine (HP) as a tyrosinase
inhibitor, some novel hydroxy pyridinone (compound I and II)
was reported as tyrosinase inhibitors with IC5y = 1.95 uM and
2.79 uM against tyrosinase in diphenolase activity, respec-
tively.”” In 2016, hydroxypyridinone derivatives containing an
oxime ether moiety (compound III and IV) were found to be
another potent inhibitor with an ICs, value of 2.04 uM and 1.60
uM against monophenolase activity*® (Fig. 1). On the other
hand, in previous studies, the benzyl hydrazide group deriva-
tives were synthesized with proper tyrosinase inhibitory poten-
tial (compounds V and VI) (Fig. 1).> Given the critical tyrosinase
activities of 3-hydroxypyridine-4-one and benzyl hydrazide as
tyrosinase inhibitors, we followed fragment-based hybridiza-
tion of 3-hydroxypyridine-4-one and benzyl hydrazide groups to
design a new series of tyrosinase inhibitors.

In the present work, the synthesis of some 3-hydroxypyridine-
4-one benzyl hydrazide derivatives was assigned. The activity of
these compounds as tyrosinase inhibitors was evaluated, and also
antioxidant activity was examined. In addition, molecular dock-
ing studies were applied to understand the binding poses and
interactions of compounds in the active site of the enzyme. The
physicochemical properties of these compounds were also
determined. As well as DFT calculations were applied to investi-
gate the electronic structure of molecules.

2. Results and discussion
2.1 Chemistry

Synthesis of 3-hydroxypyridine-4-one benzyl-hydrazide deriva-
tives was executed in four steps according to our previously
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VI: IC50:
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reported procedure.* In this process, maltol (1) was used as the
starting material that reacted with 3-aminobenzoic acid (2) to
drive the compound (3). In the next step, the reaction of
compound (3) with methanol in the presence of CDI as coupling
agent and DMAP led to compound (4) in the form of an ester.
Subsequently, the reaction proceeded to the desired interme-
diate with the acyl hydrazide motif (5) from the reaction of
hydrazine hydrate and the compound (4). Eventually, the
compound (5) was condensed with different aldehydes to yield
the final products (6a-6j) through a Schiff base reaction (Fig. 2).

2.1.1 Spectra data

2.1.1.1 Synthesis of methyl 3-(3-hydroxy-2-methyl-4-oxopyr-
idin-1(4H)-yl)benzoate (4). Yield: 42.6%; m.p. 258 °C; IR
(KBr, cm ™ !): 3424, 3080, 3050, 1720, 1626, 1574,1115, 1099; 'H-
NMR (300 MHz, DMSO-d;) 65 (ppm): 8.13 (s, 1H); 8.00 (s, 1H);
7.73-7.82 (m, 3H); 6.6 (d, 1H); 3.87 (s, 3H); 2 (s, 3H).

2.1.1.2 Synthesis of  3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)benzohydrazide (5). Yield: 84%; m.p. 249 °C; IR
(KBr, cm%): 3329, 3219, 3050, 3020, 1666, 1632, 1576, 1524,
1206, 1096; '"H-NMR (300 MHz, DMSO-d,) é;; (ppm): 9.9 (s, 1H);
7.95 (s, 1H); 7.8 (s, 1H); 7.62 (s, 2H); 7.575 (d, 1H); 6.215 (d, 1H);
4.6 (s, 2H); 1.96 (s, 3H).

2.1.1.3 Synthesis of  3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)-N'-(2-nitrobenzylidene)benzohydrazide (6a). Yield: 75%;
m.p. 235 °C; IR (KBr, cm '): 3335, 3200, 3057, 3009, 1693, 1639,
1578, 1549; *"H-NMR (300 MHz, DMSO-d¢) 6y (ppm):12.35 (brs.
1H, NH), 8.90 (s, 1H), 8.20-8.14 (m, 3H), 8.06 (s, 1H), 7.89 (t, ] =
6 Hz, 1H), 7.80-7.79 (m, 2H), 7.69-7.75 (m, 2H), 6.31 (d, J =
6 Hz, 1H), 3.83 (brs, 1H), 2.06 (s, 3H); "*C NMR (75 MHz, DMSO-
de) 6c (ppm): 173.25, 162.40, 148.74, 145.57, 144.02, 142.04,
138.41, 134.73, 134.29, 131.33, 131.10, 130.50, 129.07, 128.49,
126.56, 125.19, 111.51, 13.91; MS m/z (%): 392.2 (100).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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6a R: 2-nitrobenzene

6b R:4-flourobenzen

6¢ R:4-cyanobenzene

6d (30)

6e R:4-isopropylbenzene

6f R:3-methoxy-2-nitrobenzene
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6h R:2-chloro-5-nitrobenzene
6i R: 5-bromo-2-hydroxy benzene

6j R: S-nitrothiophen 6
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Fig. 2 Outline for the synthesis of 3-hydroxypyridin-4-one derivatives (6a—6j).

2.1.1.4 Synthesis  of  3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)-N'-(4-fluorobenzylidene)benzohydrazide ~ (6b).  Yield:
67%; m.p. 265 °C; IR (KBr, cm*): 3354, 3213, 3063, 3038, 1665,
1628, 1603, 1578, 1300; "H-NMR (300 MHz, DMSO-d) 6y; (ppm):
12.04 (s, 1H), 8.56 (s, 1H), 8.14-8.12 (m, 1H), 8.03 (s, 1H), 7.84-
7.88 (m, 2H), 7.78 (d,J = 6 Hz, 2H), 7.69 (d,J = 9 Hz, 1H), 7.37 (t,
J =9 Hz, 2H), 6.32 (d, ] = 6 Hz, 1H), 3.82 (brs, 1H), 2.06 (s, 3H);
3C NMR (75 MHz, DMSO-dg) d¢ (ppm): 170.26, 164.92, 145.62,
142.05, 141.98, 138.53, 138.40, 135.15, 130.30, 130.12, 129.09,
128.11, 125.83, 123.89, 122.90, 116.65, 116.29, 111.56, 13.84; MS
m/z (%): 199.1 (97), 365.3 (100).

2.1.1.5 Synthesis of  3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)-N'-(4-cyanobenzylidene)benzohydrazide  (6c).  Yield:
82.6%; m.p. 205 °C; IR (KBr, cm ™ %): 3196, 2226, 1670; ‘H-NMR
(300 MHz, DMSO-d¢) 6y (ppm): 12.26 (brs, NH); 8.52 (s, 1H);
8.09 (s, 1H); 7.93 (m, 5H); 7.72 (s, 3H); 7.60 (s, 1H), 6.23 (s, 1H);
1.98 (s, 3H); "*C NMR (75 MHz, DMSO-dg) d¢ (ppm): 170.25,
164.92, 162.42, 146.80, 145.63, 142.04, 139.05, 138.40, 135.18,
134.85, 133.27, 130.53, 130.20, 129.17, 128.19, 126.54, 119.11,
112.52, 111.53, 13.91; MS m/z (%): 372.2 (80); 244 (26); 226 (36);
199 (100); 154 (17); 128 (44) (100); 77.1 (44); 55.1 (64).

2.1.1.6 Synthesis of 3-(3-hydroxy-2-methyl-4-oxopyridin-1(4H)-
YI)-N'-(4-methylbenzylidene)benzohydrazide (6d). M.p. 330 °C; ref. 30.

2.1.1.7 Synthesis of  3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)-N'-(4-isopropylbenzylidene)benzohydrazide (6e). Yield:
74.3%; m.p. 135 °C; 'H-NMR (300 MHz, DMSO-dg) 6y (ppm):
1.26-1.28 (m, 6H); 2.06 (s, 3H); 2.98 (m, 1H); 6.32 (d, J = 9 Hz,
1H); 7.33-7.49 (m, 3H); 7.71-7.87 (m, 4H); 8.03-8.18 (m, 2H);
8.47 (s, 1H); 11.94 (s, 1H); "*C NMR (75 MHz, DMSO-d,) dc
(ppm): 170.24, 164.91, 162.07, 153.37, 148.84, 142.62, 142.01,
138.40, 135.23, 135.16, 130.29, 130.12, 129.12, 129.09, 128.12,
127.76, 127.34, 126.42, 125.83, 111.52, 33.87, 24.14, 13.85; MS
m/z (%): 389.2 (49); 355 (18); 292 (13); 249 (28); 221 (33); 149
(100); 105 (62); 71 (43); 43 (68).

© 2023 The Author(s). Published by the Royal Society of Chemistry

2.1.1.8 Synthesis of 3-(3-hydroxy-2-methyl-4-oxopyridine-1(4H)-
yI)-N'-(3-methoxy-2-nitrobenzylidene)benzohydrazide (6f). Yield:
80%; m.p. 189 °C; IR (KBr, cm™"): 3210, 3094, 2990, 2930, 1682,
1630, 1574, 1555, 1533, 1377, 1302, 1202, 1076; ‘H-NMR (300
MHz, DMSO-dg) 6y (ppm): 12.14 (s, 1H); 8.36 (s, 1H); 8.07 (s, 1H);
7.97 (s, 1H); 7.59-7.78 (m, 5H); 7.43 (d, ] = 9 Hz, 1H); 6.22 (d, ] =
9 Hz, 1H); 3.93 (s, 3H); 2.00 (s, 3H); "*C NMR (75 MHz, DMSO-d)
¢ (ppm): 170.25, 162.18, 150.85, 145.62, 142.05, 141.45, 140.23,
138.39, 134.64, 132.36, 131.18, 130.53, 129.08, 126.52, 118.79,
115.34, 111.54, 57.31, 56.49, 19.02, 13.89; MS m/z (%): 422.2
(47.9); 244.1 (15); 228.1 (27.4); 200.1 (100); 76.1 (21.3).

2.1.1.9 Synthesis of 3-(3-hydroxy-2-methyl-4-oxopyridin-1(4H)-
YI)-N'-(2,4-dichlorobenzylidene)benzohydrazide (6g). Yield: 55%; m.p.
200 °C; IR (KBr, cm™*): 3300, 3208, 3067, 2924, 1668, 1626, 1433;
'H-NMR (300 MHz, DMSO-d) 6y (ppm): 12.21 (s, 1H), 8.80 (s, 1H),
8.1-8.09 (m, 1H), 8.06-8.03 (m, 1H), 8.00 (s, 1H), 7.75-7.74 (m, 2H),
7.64 (d, 1H, J = 9 Hz), 7.56-7.54 (m, 1H), 6.25 (s, 1H), 2.01 (s, 3H);
13C NMR (75 MHz, DMSO-d¢) d¢ (ppm): 170.27, 162.24, 145.71,
145.35, 142.55, 142.06, 138.39, 135.75, 134.81, 134.42, 131.11,
131.08, 131.01, 130.52, 129.90, 129.04, 128.60, 126.51, 111.52,
13.90; MS m/z (%): 415.1 (55), 228.1 (30), 199.1 (100), 154.1 (15).

2.1.1.10 Synthesis of 3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)-N'-(2-chloro-5-nitrobenzylidene)benzohydrazide (6h).
Yield: 70%; m.p. 316 °C; IR (KBr, cm™%): 3366, 3210, 3050, 1674,
1632, 1611, 1564, 1526, 1342, 1302, 1198, 1045; 'H-NMR (300
MHz, DMSO-d¢) 0y (ppm):12.38 (s, 1H); 8.83 (s, 1H); 8.695 (s, 1H);
8.23 (dd,J = 15 Hz,J = 3 Hz, 1H); 8.11 (s, 1H); 8.02 (s, 1H); 7.82 (d,
1HJ =15 Hz); 7.76 (s, 2H); 7.65 (d, 1HJ = 6 Hz); 6.28 (d, 1H,/ =9
Hz); 2.02 (s, 3H); "*C NMR (75 MHz, DMSO-d,) d¢ (ppm): 170.25,
162.04, 156.34, 146.01, 145.60, 142.04, 141.66, 138.42, 134.58,
134.24, 131.07, 130.43, 129.12, 126.49, 121.88, 119.14, 111.57,
111.00, 13.93; MS m/z (%): 331.1 (13.3); 244.1 (81.3); 226.1 (20);
199.1 (42.6); 163.1 (100); 133.1 (14.6); 90.1 (37.3).
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2.1.1.11 Synthesis of 3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)-N'-(5-bromo-2-hydroxybenzylidene)benzohydrazide (6i).
Yield: 32%; m.p. 310 °C; IR (KBr, cm ™ '): 3356, 3213, 3073, 2932,
1684, 1630; "H-NMR (300 MHz, DMSO-d) 0y (ppm): 12.22 (s,
1H), 8.62 (s, 1H), 8.1 (t, J = 3 Hz, 1H), 8.00 (s, 1H), 7.83 (d, J =
2.6 Hz, 1H), 7.74 (d, J = 3 Hz, 2H), 7.64 (d, ] = 9 Hz, 1H), 7.44
(dd,J = 9 Hz,J = 3 Hz, 1H) 6.91 (d,J = 9 Hz, 1H), 6.26 (d, ] =
9 Hz, 1H), 2.01 (s, 3H); "*C NMR (75 MHz, DMSO-d,) ¢ (ppm):
170.23, 162.03, 156.86, 146.07, 145.62, 142.04, 138.41, 134.58,
134.22, 131.05, 130.52, 129.21, 129.07, 126.48, 121.87, 119.14,
111.58, 110.99, 109.30, 13.91; MS m/z (%): 441.1 (10), 227.1
(100), 201.1 (70), 170.1 (11), 76.1 (12.5).

2.1.1.12 Synthesis of 3-(3-hydroxy-2-methyl-4-oxopyridin-
1(4H)yl)-N*-((5-nitrothiophen-2-yl)methylene)benzohydrazide  (6j).
Yield: 53%; m.p. 248 °C; *H-NMR (300 MHz, DMSO-dg) 6;; (ppm):
12.4 (s, 1H), 8.69 (s, 1H), 8.26-7.98 (m, 4H), 7.62-7.45 (m, 3H),
6.26 (s, 1H), 3.60 (s, 1H), 2.00 (s, 1H). "*C NMR (75 MHz, DMSO-
ds) ¢ (ppm): 186.5,162.5,151.5,146.9, 146.8, 145.6, 142.1, 138.4,
136.2, 134.6, 131.2, 130.9, 130.6, 130.5, 129.1, 126.6, 111.6, 13.9.
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activity, just as the introduction of the electron-withdrawing
group (NO,) in the ortho position showed good activity with an
ICso = 28.57 puM. Compounds 6b and 6e bearing fluoro and
isopropyl groups at C, of the phenyl ring also showed appropriate
tyrosinase inhibitory activity. Finally, the presence of the cyanide
group led to diminished activity (ICs, > 100 uM). In the case of di-
substitution (6f-6i), compound 6i (R =OH, Br) had the best anti-
tyrosinase potency with an ICs, = 64.13 pM. The substitution of
chloro at the meta and ortho positions led to significantly
decreased activity in compound 6g. In general, it can be seen that
most of the multi-substitution compounds such as 6f, 6h bearing
R = 2-NO,, 3-OCH; and R = 2-Cl, 5-NO, had weak inhibitory
activity, and compound 6j containing 2-nitro thiol ring also had
low potential. Taken together, mono-substituted compounds had
better diphenolase inhibitory properties than multi-substitution
series (6f-6i). The SAR study indicated that positioning methyl
at a phenyl ring, such as compound 6d, led to an increase in
activity in series 1, and concerning series 2, placing the brome
and hydroxyl groups at 2, 5 positions caused improved activity
compared to other compounds.

2.2 Inhibitory effect of analogs on the activity of mushroom (0]

tyrosinase OH

The tyrosinase inhibitory activity of all synthesized compounds is ||

shown in Table 1. Seven derivatives present an appropriate N

inhibitory effect with an ICs, range of 25.29-64.13 uM compared

to kojic acid as the positive control. The compounds 6i and 6d g ~R

revealed the highest activity on tyrosinase inhibition with ICs, N

values of 25.29 and 26.36 uM. In the assessment of the mono- O

substituted group (6a-6e), it can be stated that the presence of (6a-6j)

an electron-donating group, such as methyl, at the para position

of the phenyl moiety, can improve the tyrosinase inhibitor

Table 1 1Csg values for tyrosinase inhibition activity of studied compounds and kojic acid

ID R Inhibition%® + SEM? IC5¢° (UM) ID R Inhibition%® + SEM? IC5o° (UM)

O,N O,N  OCH;,

6a @ 46.07 & 8.21 28.57 6f M»@ 34.83 £ 3.83 >100
Cl

6b F 43.08 & 3.41 33.41 6g WOCI 28.14 + 3.97 43.65
Cl

6¢ 30.84 £ 2.85 >100 6h 11.38 £ 2.59 >100

NO,

HOQ

6d 49.04 + 7.51 26.36 6i 49.63 + 12.63 25.29

Br
CH; S
6e ““@—< 41.69 + 4.07 34.27 6j | )—No, 40.35 + 5.00 64.13
CH;,
Kojic acid — 62.67 + 7.88 16.68

“ Values for tested compounds and kojic acid were measured at 50 uM. ? Values for 3 repetitions of the experiment. ° 50% inhibitory concentration (ICs).
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Fig. 3 Lineweaver—Burk plot for tyrosinase enzyme inhibition by
different concentrations of 6i in the presence of L-Dopa (double
reciprocal plot, n = 3).

2.3 Determination of the inhibition type

The inhibition type on tyrosinase enzyme was determined for
the compound 6i as the best antityrosinase. For consideration
of the inhibition type, Lineweaver-Burk plots (plot of 1/V versus
1/[S]) were drawn with several concentrations of 6i (as the
inhibitor) and 1-Dopa (as the substrate).** The results showed
that the K,, value was increased along with increasing the
concentration of inhibitor while V,,x was not affected by the
concentration. According to the obtained results, it can be
concluded that compound 6i acts as the competitive inhibitor of
tyrosinase enzyme. It can be assumed that the structural

View Article Online
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similarity of compound 6i and the substrate of the mushroom
tyrosinase enzyme (L-Dopa), especially the presence of the
phenolic group, has caused competition with the substrate to
bind to the active site of the enzyme (Fig. 3).*

2.4 Free radical scavenging activity

The radical scavenging activity toward DPPH was represented in
Table 2 in ECs, values. The analogs (6a, 6b, and 6e) having 2-
NO,, 4-F, and 4-iso-propyl moiety were found to have excellent
radical scavenging potential with ECs, = 0.032, 0.012, and
0.014 mM, respectively. Further investigations demonstrated
that the presence of cyanide, methyl, and multi-substitution
groups also led to a decrease in activity. The structure-activity
relationship revealed that the presence of an electron-donating
group, such as isopropyl, and an electron-withdrawing group,
such as a fluorine atom, on the phenyl ring caused an
improvement in activity, and the existence of a nitro group at
the ortho position of the phenyl ring increased the DPPH
activity.

2.5 Molecular docking study

Molecular docking was used to predict the binding mode and
interaction of potent compound (6i) in the active site of the
tyrosinase enzyme (PDB ID: 2y9x). In the binding pocket of the
tyrosinase enzyme, two copper atoms interacted with residues,
including His85, His61, and His94 in one subunit and His259,
His263, and His296 in another subunit.*® The copper atoms are

Table 2 ECsq value of synthesized compounds in comparison with quercetin

ID DPPH (%) ECso (mM) Compound DPPH (%) ECso (mM)
6a 77.15 0.032 £ 0.01 6f 43.67 0.168 £ 0.03
6b 71.42 0.012 £ 0.06 6g 39.11 0.191 £ 0.07
6¢c 43.67 0.216 £ 0.08 6h 31.91 >400
6d 39.13 0.369 £ 0.01 6i 42.64 0.185 £ 0.13
6e 61.44 0.014 £ 0.01 6j 42.74 0.383 £ 0.12
Quercetin 74.33 0.0089
MET
A2AT
HISBS
PHE
HIS244 pid

PHEZ64
.|

Fig. 4

© 2023 The Author(s). Published by the Royal Society of Chemistry

Interaction and binding mode of compound 6i in the active site of 2y9x.
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essential to the enzyme's catalytic activity.*® If synthesized
compounds interact with the residues of copper atoms, they can
inhibit the tyrosinase enzyme. The molecular docking results
on compound 6i showed that this compound involved His85
and His244 by hydrogen bonding, which were vital residues in
the binding pocket.** Also, the hydroxyl group in the 1,4-dihy-
droxypyridinone ring established a hydrogen bond with resi-
dues of Asn81 and Cys83. Another important interaction was
the T-shaped interaction with Phe264. The 2D and 3D interac-
tions for compound 6i are shown in Fig. 4.

2.6 DFT analysis

The DFT analysis calculated the compound 6i as the best anti-
tyrosinase activity and the compound 6 h as one of the
compounds with the lowest antityrosinase activity. This analysis
is valuable because it predicts the reactivity of compounds in
chemical reactions. One of the calculated parameters is the
homo, LUMO energies, and the energy gap between them,
which is shown for the compounds in Fig. 5. The HOMO-LUMO
gap for 6h and 6i was obtained at 2.56 ev and 2.99 ev, respec-
tively. As can be seen, the HOMO is on the 3-hydroxypyridine-4-
one ring and the LUMO is located on the rest of the molecules
for compounds of 6h and 6i. The electrostatic potential (ESP)
surface or map of compounds is shown in Fig. 6. The negative
and positive charge sites are indicated with red and blue colors,

}%:‘
% ]

LUMO (6h)

E;vnmo =-2.91 ev

HOMO (6h)

Egomo =-5.48 ev
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respectively. The thermochemical parameters were calculated
and are presented in Table 3. The results for the total energy (E),
enthalpy (H), and Gibbs free energy (G) showed that compound
6i is more thermodynamically stable than 6h. Also according to
theoretical calculations, IR spectra for both compounds are
depicted in Fig. 7. As it is clear from the spectra of the two
compounds, the obtained results confirm the structure of both
compounds, which is consistent with the laboratory results.

2.7 In silico ADME properties

The physicochemical properties of the studied compounds were
obtained using the online software SwissADME. The pharmaco-
kinetic properties of the tested compounds are given in Table 4.
For a compound to pass the drug-likeness test, five characteristics
of MW = 500 Da, logp < 5, nHBD = 5, nHBA = 10, and
TPSA =< 140 A must be stated in the range.** As observed in
Table 4, all compounds were within an acceptable range. In the
log K, parameter (skin permeability), the range of —1 to —8
indicates penetration into the skin, and for our compounds, the
values were obtained above —8. In the bioavailability radar shown
in the table, the colored zone indicates the suitable physico-
chemical space for oral bioavailability. It proved that all the
synthetic compounds were placed in a suitable space.’” The
results showed that the oral bioavailability of derivatives was
good and could be described as “drug-like”.

M
9 9

LUMO (6i)

E vmo =-2.05ev

HOMO (6i)

Enomo= -5.04 ev

Fig. 5 Calculated LUMO and HOMO for 6h and 6i at B3LYP/6-31+G** level of theory.
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Fig. 6 Electron density maps of 6h (left) and 6i (right) at B3LYP/6-31+G** level of theory.

Table 3 The chemical reactivity indices of 6h and 6i at B3LYP/6-31+G(d,p) level of theory

Entry Eeot H® G® st n° o? AC
6h —1816.215 —1816.214 ~1816.303 186.280 1.282 0.78 2.916
6i —3791.496 —3791.495 —3791.580 178.766 1.498 0.667 2.052

“ Hartree per particle. > cal mol™ K. “ ev.  ev !

IR Spectrum

2000

1500
51
g

£ 1000
(=]
2
<

500

0 st l
0 500 1000 1500 2000 2500 3000 3500

Frequency (cm')

Fig. 7 Calculated IR data for 6h (red) and 6i (blue) at B3LYP/6-31+G**
level of theory.

Table 4 Lipinski properties of (6a—6j) derivatives

3. Material and methods
3.1 Apparatus

All reagents and solvents were purchased from commercial
suppliers. Analytical thin layer chromatography (TLC) was per-
formed on MERCK-precoated silica gel 60-F254 (0.5 mm)
aluminum plates. Thin layer chromatography (TLC) was used to
control the progress of the reaction on MERCK precoated silica
gel 60-F254 (0.5 mm) aluminum plates. Melting points were
determined on a Kofler hot stage apparatus. The IR spectra were
obtained using Nicolet's FT-IR Magna 550 spectrometer (KBr
disks). 'H and "*C NMR spectra were recorded on a Bruker 300
MHz NMR instrument using CDCl; as solvent and TMS as an
internal standard. The chemical shifts (6) and coupling
constants (J) are expressed in parts per million (ppm) and hertz
(Hz), respectively.

ID M.W. nRB nHBA nHBD TPSA log p Lipinski rule/violation log k,
6a 392.36 6 6 2 129.51 0.71 0 —6.71
6b 365.36 5 5 2 83.69 2.05 0 —7.02
6¢ 372.38 5 5 2 107.48 1.02 0 —-7.33
6d 361.39 5 4 2 83.69 1.89 0 —6.64
6e 389.45 6 4 2 83.69 2.32 0 —6.27
6f 422.39 7 7 2 138.74 0.44 0 —6.91
6g 416.26 5 4 2 83.69 2.64 0 —5.84
6h 426.81 6 6 2 129.51 1.21 0 —6.47
6i 442.26 5 5 3 103.92 1.73 0 —6.65
6j 398.39 6 6 2 157.75 0.29 0 —6.49

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.2 Synthesis

3.2.1 General procedure for the synthesis of compound 3-
(3-hydroxy-2-methyl-4-oxopyridin-1(4H)-yl)-N'-benzohydrazide
(5). Firstly, maltol (50 mmol) (1) was reacted with 3-amino-
benzoic acid (50 mmol) (2) in a mixture of water and ethanol as
solvent at 100 °C for 72 h to obtain compound (3). The filtra-
tion method was applied to purify the pale-yellow precipitate
to give compound (3) (43 mmol) (86%, m.p. 265 °C MP).*®
Carbonyldiimidazole (CDI) (9 mmol) was added to the solu-
tion of compound (3) (5 mmol) in anhydrous acetone (15 mL)
and stirred for 1 hour at 25 °C. Then, dimethylaminopyridine
(DMAP) (0.5 mmol) was dissolved in 7 mL of anhydrous
methanol and added to the mixture, and the stirrer operation
continued overnight at room temperature. The completion of
the reaction was checked by TLC (5:1 chloroform/meth-
anol).** Consequently, the mixture was extracted with water
and dichloromethane and concentrated to yield the white-
colored intermediate* (1 mmol) (20%, m.p. 160 °C). The
compounds?® (0.5 mmol) and hydrazine hydrate (1 mmol) in
the presence of methanol (5 mL) were reacted under reflux at
90 °C for 24 h. The obtained precipitate was filtered off and
washed with cold methanol to furnish compound (5) (0.4
mmol) (80%, m.p.247 °C).

3.2.2 General procedure for the synthesis of benzohy-
drazide derivatives (6a-6j). The anhydrous ethanol (5 mL) and
a few drops of glacial acetic acid were poured into the flask
containing the mixture of different aldehydes (0.0005 mol), and
the mixture was stirred for 15 minutes at 25 °C. During the
stirrer, compound 5 (0.5 mmol) in anhydrous ethanol (5 mL)
was slowly added dropwise and refluxed at 90-100 °C until the
reaction was deemed complete by TLC (methanol/ethyl acetate
3:1). The crystalline products isolated by filtration were
recrystallized in a desired ratio of ethyl acetate and petroleum
ether to give the final products (6a-6j) (Fig. 2).

3.3 Enzymatic assay for measurement of tyrosinase
inhibition

The assessment of tyrosinase inhibition was measured using -
Dopa as the substrate according to previously reported
methods.* This method monitors the conversion of L-Dopa to
dopachrome at 475 nm. Firstly, the serial dilution of derivatives
was prepared and added to tyrosinase dissolved in phosphate
buffer (pH = 6.8) in 96-well microplates. Then r-Dopa was
added to the mixture after incubation for 20 min. The results
were compared to kojic acid as a reference compound. The
percentage of inhibition of the proposed compounds was
calculated as follows:

% Inhibition = (Acomrol - Asample/Aconlrol) x 100

3.4 Determination of the inhibition type

Kinetic analysis was performed on the best compound as anti-
tyrosinase activity, 6i. The concentrations of inhibitor were:
50.58, 25.29, 12.64, and 0 uM. Substrate (.-Dopa) concentrations
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were 0.5-10.0 mM in all kinetic studies. Determining the type of
tyrosinase inhibition was done according to the protocol re-
ported in previous studies. Maximum initial velocity was
determined from the initial linear portion of absorbance up to
10 min after the addition of t-Dopa with 1 min interval. The
Michaelis constant (K,,) and the maximal velocity (Vinax) of the
tyrosinase activity were determined by the Lineweavere-Burk
plot at various concentrations of 1-Dopa as a substrate. The
inhibition type of the enzyme was evaluated by Lineweavere-
Burk plots of the inverse of velocities (1/V) versus the inverse of
substrate concentrations 1/[S] mM .

3.5 Enzymatic assay for measurement of antioxidant

The antioxidant assay was evaluated using 1,1-diphenyl-2-picryl
hydrazine (DPPH) radical scavenging according to the previ-
ously reported method.** The decolorization of the DPPH
solution after adding the tested compounds as antioxidant
agents was measured at 517 nm. The percentage of DPPH
radical scavenging activity was calculated as follows:

DPPH radical scavenging, % = (4o — As/4) x 100 where 4, is
the absorbance of the DPPH solution and as is the absorbance
of the sample. The results were compared to ascorbic acid as
a positive control.

3.6 Molecular docking study

Molecular docking was conducted using AutoDock 4.2 and
AutoDock Tools 1.5.4 (ADT).** Firstly, the 3D crystal structure of
the tyrosinase enzyme complexed with tropolone was down-
loaded from the protein data bank (https://www.rcsb.org/) with
PDB ID: 2y9x.** Water, ions, and cocrystals were deleted to
prepare the receptor file; hydrogens were added; and
Gasteiger charges were computed. The designed structures
were drawn, minimized using ChemBio 3D, and converted to
pdbqt format. The grid box was set with dimensions of 40 x
40 x 40, and docking runs were set at 100. The interaction
and binding modes were visualized by the Discovery Studio
2016 client.

3.7 DFT analysis

The density functional theory (DFT) was performed by Gaussian
09 at the B3LYP/6-31+G** level of theory for the compounds of
6h and 6i. DFT analysis computed the HOMO and LUMO
energies, electron surface potential (ESP), FT-IR vibrational
frequencies, and the thermochemistry parameters with B3LYP/
6-31+G**,

3.8 In silico ADME profile measurement

The studied compounds’ pharmacokinetic properties,
including absorption, distribution, metabolism, and excretion,
were obtained using SWISSADME online software.** To deter-
mine drug-like and oral bioavailability, parameters of molecular
weight, number of hydrogen bonds of acceptors, number of
hydrogen bonds of donors, number of rotatable bonds, and
TPSA were considered.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

A series of novel 3-hydroxypyridine-4-ones containing benzyl
hydrazide with different substitutions were synthesized and
assayed as antityrosinase and antioxidant agents. Compound
6i, containing 5-hydroxyl and 2-bromobenzyl hydrazide
motives, had the best anti-tyrosinase activity among all
compounds. Also, compound 6b showed potent activity against
antioxidants. The SAR study showed that positioning methyl at
the phenyl ring and the brome and hydroxyl groups at the 2, 5
position of phenyl enhanced the activity. In addition, molecular
docking analysis revealed that the high tyrosinase inhibitory
activity of 6i may be due to the formation of strong interactions
with the critical residues in the active site of the tyrosinase
enzyme. The result of the kinetic assay showed a competitive
type of inhibition by 6i. The DFT analysis showed that the
HOMO is located on a 3-hydroxypyridin-4-one ring for the
studied compounds and also, the compound 6i as the best
antityrosinase compound was thermodynamically stable.
Finally, the ADME profile of the proposed compounds proved
suitable for bioavailability and drug-likeness. The synthesized
compounds can be considered promising leads in tyrosinase
studies.
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