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Abstract 

Several studies demonstrated that hyperpigmentation pathologies might be treated by using agents targeting 

the enzymatic metallo-protein tyrosinase. Therefore, we predicted the development of a series of small 

molecules able to inhibit diphenolase activity of tyrosinase from Agaricus bisporus. The designed compounds 

were readily synthesized by S-alkylation and the synthesized compounds were tested through biochemical 

screening, thus providing structure-affinity relationships for this class of 5-(pyridin-4-yl)-3-(alkylsulfanyl)-4H-

1,2,4-triazol-4-amine derivatives. In addition, docking simulations suggested the binding mode within the 

catalytic site of the targeted enzyme. 
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Introduction 

 

Skin and hair pigmentation varies based on age, body-region and ethnicity, as well as exposure to UV radiation. 

In terms of pigmentation, a multistep process produces both eumelanin and pheomelanin pigments in 

melanocytes in physiological conditions.1 However, an abnormal increase in the number of melanocytes or 

epidermal melanin biosynthesis is implicated as the cause for several hyperpigmentation diseases, including age 

spots, freckles, melasma and melanoma.2, 3To fight these pathologies a therapeutic approach might consist of 

the administration of drugs targeting the enzyme tyrosinase (TYR, EC 1.14.18.1) that is involved in the oxidation 

process of tyrosine amino acid, producing L-DOPA and dopaquinone, which can spontaneously polymerize or 

combine with peptides to form melanin pigments.2 Based on the knowledge of this enzymatic pathway, the 

targeting of tyrosinase inhibitors (TYRIs) has demonstrated efficacy in cosmetic and dermatology applications.4  

To address this issue, a large number of inhibitors from natural and synthetic sources have been reported 

in the literature;1, 5-7 they have generally been identified on the basis of their ability to inhibit tyrosinase from 

Agaricus bisporus (AbTYR), which represents a readily and cheap protocol to preliminarily screen TYRIs.8, 9 In 

turn, the best active AbTYR inhibitors were further studied using advanced biological methods, as well as human 

tyrosinase (hTYR) screening validation through cell-free crude extracts of tyrosinase-expressing cell lines and 

recombinant hTYR.  

Natural and (semi)-synthetic inhibitors of AbTYR include distinct chemical classes of compounds.9 They 

might display distinct mode of action as competitive, non-competitive, mixed and uncompetitive inhibitors on 

the basis of kinetic studies on diphenolase activity of AbTYR.  

There are several AbTYR inhibitors from different sources possessing significant differences in chemical 

structures; the collection of TYRIs includes cinnamic and kojic acid derived compounds (1, 1a and 2), flavonoids, 

polyphenolic compounds and coumarins, as well as heterocyclic compounds (e.g. compound 3) (see Figure 1).10-

12   

 

1a , IC 50 = 0.06 µM10

 3, IC 50 = 6.13 µM12

 

 2, IC 50 = 8.3 µM11

 Kojic acid, 1  IC50 = 17.76 M 

 
 

Figure 1. Chemical structures of 5-hydroxy-2-(hydroxymethyl)pyran-4-one (kojic acid, 1), 5-hydroxy-2-({4-

[(naphthalen-1-yloxy)methyl]-1H-1,2,3-triazol-1-yl}methyl)-4H-pyran-4-one (1a), (2-acetyl-5-methoxyphenyl) 

(E)-3-(4-fluorophenyl)prop-2-enoate (2) and 2-[(5-{[3-(trifluoromethyl)phenyl]carbamothioylamino}-1,3,4-

thiadiazol-2-yl)sulfanyl]acetic acid (3) as examples of well-known TYRIs from natural and synthetic sources. 
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Our previous research on TYRIs resulted in the identification of distinct series of compounds bearing 

aromatic/heteroaromatic systems linked to a 4-fluorobenzyl moiety, which has been identified as an optimal 

substituent to exert inhibitory effects toward AbTYR.13-19 Specifically, we explored the introduction of piperidine 

or piperazine groups as an amenable linking group to connect the two crucial aromatic fragments interacting 

within the AbTYR cavity. Docking and crystallographic studies allowed us to obtain structural information about 

the catalytic site of TYR, thus elucidating the binding mode within this catalytic site for the most active 

compounds.15, 16, 19 

Figure 2 displays the chemical structure of the 1-[4-(4-fluorobenzyl)piperazin-1-yl]-(3-chloro-2-nitro-

phenyl)methanone (4) as one of the most interesting AbTYR inhibitors (IC50 value of 0.18 M) able to exert 

antimelanogenic effects on B16F10 cells.18 

To improve our knowledge about the structure-affinity relationships of TYRIs and expand chemical 

variability, we report herein a further series of compounds inspired by prototype 4. Specifically, we focused on 

the three main fragments displayed in Figure 2: i) a substituted aromatic ring (A), ii) a piperazine linker (B), and 

iii) the 4-fluorobenzyl moiety (C).  

 

isosteric replacement introduction of various substituents installation of 
triazole system

 
 

Figure 2. Structural modifications on hit compound 4.  

 

Firstly, to explore the interactions on the rim of the enzyme active site, the aromatic ring “A” was replaced 

by isosteric pyridine system. Secondly, we considered the crucial role of the fluorine atom in the above reported 

derivative 4; therefore, we looked for further substituents with the same capability to establish profitable 

contacts in the deeper cavity of TYR and modified portion “C” by decorating the aromatic ring in different 

positions. Finally, the 1,2,4-triazol-4-amine heterocycle was adopted in place of the piperazine linking group 

(“B”). The 1,2,4-triazole moiety was selected based on the consideration that it represents a structural building 

block for many therapeutics, and has been shown to be involved in different biological activities, including 

anticancer, anticonvulsant antidepressant, antifungal, antibacterial, antiviral activity, and so on.20-22 The target 

compounds were synthesized, characterized, and preliminarily screened as potential inhibitors of AbTYR 

diphenolase activity.  

 

 

Results and Discussion 
 

To synthesize the designed compounds, we employed the commercially available 4-amino-5–(4-pyridinyl)-4H-

1,2,4-triazole-3-thiol (5), that was combined with an aromatic portion bearing different substituents. To gain 

additional information about structure-activity relationships (SARs) on AbTYR inhibition, we envisioned that an 

additional methylene in the linking group might be tolerated in the middle region of the enzymatic cavity. 
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Scheme 1 depicts the synthetic procedure to obtain the thirteen 5-(pyridin-4-yl)-3-(alkylsulfanyl)-4H-1,2,4-

triazol-4-amine derivatives 6-18 starting from 5, via S-alkylation with the suitable aryl halides in alkaline medium 

at room temperature. All compounds were readily prepared, carefully characterized, and their spectral data (1H-

NMR and 13C-NMR) agreed with the proposed structures. 

 

 Cpd    n      R

     6     1      H           

     7     1     3-F

     8     1     4-F

     9     1     3-Cl

   10     1     4-Cl

   11     1     3-CH
3

   12     1     4-CH
 3

   13     1     2,4-F
2

   14     1     3,4-F
2

   15     1     3,5-(CH
3
)
2
,4-F

   16     2      H

   17     2     4-F

   18     2     4-Cl 

 Reagents and conditions
 i) ArCH

2
X or Ar(CH

2
)
2
X with X =Cl or Br, NaOH, MeOH, 2.5 h, rt.

 i n

 5 6-18

 
 

Scheme 1. Synthesis of 5-(pyridin-4-yl)-3-(alkylsulfanyl)-4H-1,2,4-triazol-4-amine derivatives 6-18. 

 

All the synthesized compounds were assayed by means of the colorimetric method to test inhibitory effect 

toward AbTYR. Each experiment was carried out three times and the level of diphenolase activity inhibition was 

calculated at different concentrations (see experimental section). The results are collected in Table 1, in which 

we compared the activity with kojic acid (1) as well-known reference drug in the determination of inhibitory 

effects against AbTYR. The biological evaluation revealed that the newly synthesized compounds exhibited a 

different degree of inhibitory effects in a wide range of IC50 values. The SAR investigation involving the phenyl 

ring, as well as thioalkyl-linking group, is reported below. 

The introduction of a fluorine atom at position 4 of the phenyl ring improved the activity, so that compound 

8 (IC50 83.61 M) was more potent that the unsubstituted inactive compound 6, which stayed inactive up to 350 

M concentration. Notably, the introduction of the fluorine atom at position 3 of the phenyl ring did not affect 

the activity (IC50 > 350 M, compound 7). Replacement of the fluorine by a chlorine atom resulted in derivatives 

9 and 10 demonstrating weak activity. Interestingly, the introduction of methyl groups resulted in a drop in 

potency for compounds 11 and 12. Moreover, disubstituted compounds 13, 14 and 15 were generally less active 

than their mono-substituted analogs. Finally, it was found that when an additional methylene bridge was 

installed, the resulting compound 17 exhibited an improved potency with an IC50 value of 24.92 M, which was 

more than 3-fold higher than homologue 8. A similar improvement of inhibitory potency has been found for 

compounds 16 and 18 bearing a 2-carbon linker from the triazole moiety.  
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Table 1. Inhibitory effects toward diphenolase activity of AbTYR IC50 (M) measured for designed compounds 

6-18 and kojic acid (1)  

compound R n IC50 (M)a  SDb 

6  H 1 >350 

7  3-F 1 >350 

8  4-F 1 83.61 ± 15.65 

9 3-Cl 1 248.23 ± 10.63 

10 4-Cl 1 222.43 ± 24.02 

11 3-CH3 1 >350 

12 4-CH3 1 >350 

13 2,4-F2 1 69.80 ± 0.52 

14 3,4-F2 1 104.43 ± 4.01 

15 3,5-(CH3)2,4-F 1 >350 

16 H 2 255.48 ± 12.30 

17 4-F 2 24.92 ± 1.51 

18 4-Cl 2 125.55± 4.67 

kojic Acid, 1 - - 17.76 ± 0.18 

aIC50 values represent the concentration that caused 50% enzyme activity loss. All 

compounds were studied in a set of experiments performed in triplicate. bSD standard 

deviation  

 

 
A 

 
B C 

Figure 3. Top ranked poses of 17 (Panel A) and 8 (Panel B) and best score pose of the most populated cluster 

generated for 8 (Panel C), docked into the AbTYR binding site (PDB code 2Y9X)24 via GOLD software.23 

Compounds 17 and 8 are represented as green and brown sticks, respectively. The amino acid residues of the 

binding site are represented by cyan sticks, while copper ions are represented as orange spheres. Halogen bonds 

are highlighted as red dashed lines while H-bonds are represented as yellow dashed lines. White surfaces 

surround instead residues involved in hydrophobic or π- π interactions. The image was created by using PyMOL 

software (www.pymol.org) 

http://www.pymol.org/
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To hypothesize the binding mode for this newer series of inhibitors, docking studies were performed by 

using Gold software23 employing the crystal structure of TyM from A. bisporus (PDB 2Y9X).24 In particular, our 

interest was to predict the binding interaction for the most promising compound 17 (IC50 of 24.92 M); 

moreover, we analyzed its binding orientation in comparison with analog compound 8, which demonstrated 

less capability to bind catalytic site of AbTYR (IC50 of 83.61 M).  

Docking results for compound 17 identified the top ranked pose; the best one of the most populated cluster 

overlapped in only one pose (Figure 3A) showing a fitness score value of 68.05. Regarding compound 8, GOLD 

software identified two plausible binding-modes referred to (i) the highest scored pose (fitness score 65.09, 

Figure 3B ) and (ii) to the best pose of the most abundant cluster (fitness score 56.76, Figure 3C). The different 

fitness score values calculated for compounds 17 and 8 were consistent with their different degree of inhibitory 

effects measured against AbTYR enzymatic activity respectively (IC50 = 24.92 M vs IC50=83.61 M). 

Based on the analysis made by Discovery Studio Visualizer, we found that both inhibitors were able to 

establish productive contacts in the region located near the copper ions, so that no relevant differences in the 

number of interactions was found. In fact, the para-fluorobenzyl moiety were found to be oriented toward the 

copper ions as described for the hit compound 4.18 The models of interaction revealed more appreciable 

differences in the contacts made by the pyridine ring and 1,2,4-triazole core. The pyridine ring of compound 17 

reached a hydrophobic surface on the rim of the active site, establishing π – π interactions with His244. 

Furthermore, the binding orientation of derivative 17 ws also stabilized through a hydrogen bond interaction 

between the amine NH2 group of 1,2,4-triazole moiety and His244. The lack of the above-mentioned interactions 

in the poses evaluated for compound 8 might explain its lower potency to inhibit AbTYR. This could be addressed 

by the additional methylene group incorporated into the S-linking fragment of compound 17, which could 

permit the occupancy of a wider portion of the druggable space, apart from enhancing the molecule flexibility 

(see Figure 3A). 

To evaluate the stability of the predicted binding modes, we also performed an MM-GBSA free energy 

calculation of the poses evaluated through docking analysis (see Table 2). As confirmation of the best activity of 

17, its pose displayed a G binding affinity considerably higher compared to that of compound 8. 

 

Table 2. Binding-free energy values (kcal/mol) obtained by Prime MM–GBSA25 for the analyzed docking 

poses of derivatives 17 and 8  

Compound  Gbind (kcal/mol) 

Top ranked poses of 17 - 45.82 

Top ranked poses of 8 -12.94 

Best score poses of the most populated cluster generated for 8  - 32.93 

 

 

Conclusions 
 

In conclusion, guided by previously SAR information, a small series of thirteen 5-(pyridin-4-yl)-3-(alkylsulfanyl)-

4H-1,2,4-triazol-4-amine-based compounds were studied as inhibitors of AbTYR. Compound 17 proved to be an 

active inhibitor at micromolar concentrations. The binding mode was suggested by means of docking simulation; 

the ChemPLP score and MM-GBSA binding energy value calculated, and the results were in good agreement 

with the biological results. Taken together, these data provide additional information for further investigations 

of TYRIs from synthetic sources. 
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Experimental Section 
 

General. All reagents were used without further purification and bought from common commercial suppliers. 

Melting points were determined on a Buchi B-545 apparatus (BUCHI Labortechnik AG Flawil, Switzerland). By 

combustion analysis (C, H, N), carried out on a Carlo Erba Model 1106-Elemental Analyser, we determined the 

purity of synthesised compounds; the results confirmed a ± 95% purity. Merck Silica Gel 60 F254 plates were 

used for analytical TLC (Merck KGaA, Darmstadt, Germany). For detection, iodine vapour and UV light (254 nm) 

were used. 1H and 13C NMR spectra were recorded in DMSO-d6 with a Varian Gemini 500 spectrometer (Varian 

Inc. Palo Alto, California USA); chemical shifts (δ) and coupling constants (J) are given in ppm and hertz, 

respectively. For each designed compound, we evaluated the adherence to the Lipinski’s rule and the absence 

of PAINS in silico by using SwissADME (http://www.swissadme.ch) (see Supplementary Material). For 

compounds 6-8, 10-12 and 16 registered CAS numbers have been already assigned and are available at 

https://www.cas.org. Their synthetic pathway, chemical properties and structural characterization agree with 

what has already been reported in the literature.26, 27 

 

[    ]
n
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General procedure for the synthesis of 5-(pyridin-4-yl)-3-(alkylsulfanyl)-4H-1,2,4-triazol-4-amine derivatives 

9, 13-15, and 17-18. The 4-amino-5–(4-pyridinyl)-4H-1,2,4-triazole-3-thiol (5) (200 mg, 1.03 mmol) and NaOH 

(41 mg, 1.02 mmol) were dissolved in MeOH (8 mL); after complete dissolution, the suitable alkyl halide 

derivative (1.03 mmol) was added dropwise. We generally employed alkyl bromide derivatives to prepare 

designed compounds, except for desired compound 9 for which we used the suitable alkyl chloride derivative. 

The reaction mixture was stirred for 2.5 hours at room temperature. Upon completion of the reaction, the 

solvent was removed under reduced pressure and the solid residue was re-crystalized from diethyl 

ether/ethanol, providing the pure final pyridyl-triazole derivatives as a powder. The registered CAS number for 

compound 9 has been already assigned and is available at https://www.cas.org; however, its synthetic 

procedure, chemical and structural characterization are not available in literature. 

3-[(3-Chlorobenzyl)sulfanyl]-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (9). CAS number: 676335-85-6. Yield 

88%. Off-white solid. mp 183-185°C. 1H NMR (500 MHz, DMSO- d6): δH 4.46 (2H, s, CH2); 6.24 (2H, bs, NH2); 7.31-

7.37 (2H, m, ArH, H-5” and H-6”); 7.42-7.44 (1H, m, ArH, H-4”); 7.53 (1H, m, ArH, H-2”); 7.98-8.00 (2H, dd, J 4.5, 

1.7 Hz, pyridine, H-2” and H-6”); 8.72-8.73 (2H, dd, J 4.5, 1.6 Hz, pyridine, H-3” and H-5”). 13C NMR (126 MHz, 

DMSO- d6): δC 33.9 (CH2); 121.3 (C-2’ and C-6’, pyridine); 127.3 (C-2’’); 127.8 (C-4’’); 128.8 and 130.2 (C-5’’ and 

C-6”); 132.8 (C-3’’); 133.9 (C-1’, pyridine); 140.3 (C-1”); 150.1 (C-3’ and C-5’, pyridine); 152.1 and 154.3 (C-3 and 

C-5). Anal. Calcd for C14H12ClN5S (317.79): C, 52.91; H, 3.81; N, 22.04. Found: C, 52.86; H, 3.80; N, 21.97. 

3-[(2,4-Difluorobenzyl)sulfanyl]-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (13). Yield 100%. Yellowish solid. mp 

163-165°C. 1H NMR (500 MHz, DMSO- d6): δH 4.46 (2H, s, CH2); 6.30 (2H, s, NH2); 7.03-7.06 (1H, m, ArH, H-2”); 

7.23-7.27 (1H, m, ArH, H-6”); 7.57-7.62 (1H, m, ArH, H-5”); 8.05 (2H, d, J 5.9 Hz, pyridine, H-2” and H-6”); 8.74 

(2H, d, J 5.9 Hz, pyridine, H-3” and H-5”). 13C NMR (126 MHz, DMSO-d6): δC 28.5 (CH2); 104.3 (C-3”); 111.8 (C-5”); 

118.9 (C-1”); 121.9 and 121.9 (C-2’ and C-6’, pyridine); 132.9(C-6”); 134.7 (C-1’, pyridine); 150.1 and 150.2 (C-3’ 

http://www.swissadme.ch/
https://www.cas.org/
https://www.cas.org/
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and C-5’, pyridine); 152.5 and 154.5 (C-3 and C-5); 161.5 (C-2” and C2”, J= 240 Hz). Anal. Calcd for C14H11F2N5S 

(319.33): C, 52.66; H, 3.47; N, 21.93. Found: C, 52.88; H, 3.20; N, 22.10. 

3-[(3,4-Difluorobenzyl)sulfanyl]-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (14). Yield 100%. White solid. mp 

151-153°C. 1H NMR (500 MHz, DMSO-d6): δH 4.46 (2H, s, CH2); 6.31 (2H, s, NH2); 7.32-7.40 (2H, m, ArH, H-2” and 

H-5”); 7.53-7.57 (1H, m, ArH, H-6”); 8.02 (2H, d, J 5.8 Hz, pyridine, H-2” and H-6”); 8.72 (2H, d, J 5.8 Hz, pyridine, 

H-3” and H-5”). 13C NMR (126 MHz, DMSO-d6): δC 33.7; 117.3 and 118.0 (C-2” and C-5”); 121.3 (C-2’ and C-6’, 

pyridine); 126.0 (C-6”); 133.9 (C-1’, pyridine); 135.7 (C-1”); 147.7 and 149.8 (C-3” and C-4”); 150.1 (C-3’ and C-

5’, pyridine); 152.1 and 154.2 (C-3 and C-5). Anal. Calcd for C14H11F2N5S (319.33): C, 52.66; H, 3.47; N, 21.93. 

Found: C, 52.72; H, 3.40; N, 21.80. 

3-[(4-Fluoro-3,5-dimethylbenzyl)sulfanyl]-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (15). Yield 100%. Yellow 

solid. mp 175-177°C. 1H NMR (500 MHz, DMSO-d6): δH 2.18 (6H, s, 2CH3); 4.37 (2H, s, CH2); 6.25 (2H, s, NH2); 7.16 

(2H, d, J 7.09 Hz, ArH, H-2” and H-6”); 8.01 (2H, d, J 6.13 Hz, pyridine, H-2” and H-6”); 8.72 (2H, d, J 6.13 Hz, 

pyridine, H-3” and H-5”). 13C NMR (126 MHz, DMSO-d6): δC 14.2 (CH3); 14.3 (CH3); 34.5 (CH2); 121.3 and 121.5 

(C-2’ and C-6’, pyridine); 123.7 and 123.8 (C-3” and C-5”); 129.6 and 129.8 (C-2” and C-6”); 132.5 (C-1”); 133.9 

(C-1’, pyridine); 150.0 and 150.2 (C-3’ and C-5’, pyridine); 152.0 and 154.5 (C-3 and C-5); 158.8 (C-4”, d, JC-F 242 

Hz). Anal. Calcd for C16H16FN5S (329.39): C, 58.34; H, 4.90; N, 21.26. Found: C, 58.39; H, 4.82; N, 21.31.  

3-[(4-Fluorophenethyl)sulfanyl]-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (17). Yield 84%. Yellowish solid. mp 

128-130°C. 1H NMR (500 MHz, DMSO-d6): δH 3.04 (2H, t, J 7.3 Hz, CH2); 3.44 (2H, t, J 7.3 Hz, CH2); 6.24 (2H, s, 

NH2); 7.11-7.14 (2H, m, ArH, H-3” and H-5”); 7.32-7.35 (2H, m, ArH, H-3” and H-5”); 8.02 (2H, d, J 4.6 Hz, pyridine, 

H-2” and H-6”); 8.72 (2H, d, J 4.6 Hz, pyridine, H-3” and H-5”). 13C NMR (126 MHz, DMSO-d6): δC 32.4 (CH2); 34.2 

(CH2); 115.1 (C-3” and C-5”); 121.3 and 121.4 (C-2’ and C-6’, pyridine); 130.3 and 130.5 (C-2” and C-6”); 134.0 

(C-1’, pyridine); 135.9 (C-1”); 149.9 and 150.1 (C-3’ and C-5’, pyridine); 151.9 and 154.9 (C-3 and C-5); 161.4 (C-

4”, d, JC-F 241. Hz). Anal. Calcd for C15H14FN5S (315.36): C, 57.13; H, 4.47; N, 22.21. Found: C, 56.82; H, 4.75; N, 

22.56. 

3-[(4-Chlorophenethyl)sulfanyl]-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (18). Yield 100%. Off-white solid. mp 

162-164°C. 1H NMR (500 MHz, DMSO-d6): δH 3.04 (2H, t, J 7.3 Hz, CH2) 3.43 (2H, t, J 7.1 Hz, CH2); 6.24 (2H, s, 

NH2); 7.32-7.37 (4H, m, ArH); 8.01 (2H, d, J 4.5 Hz, pyridine, H-2” and H-6”); 8.72 (2H, d, J 4.5 Hz, pyridine, H-3” 

and H-5”). 13C NMR (126 MHz, DMSO-d6): δC 32.2 (CH2); 34.3 (CH2); 121.3 and 121.4 (C-2’ and C-6’, pyridine); 

128.2 and 128.4 (C-3” and C-5”); 130.4 and 130.7 (C-2” and C-6”); 131.0 (C-4”); 133.9 (C-1’, pyridine); 138.8 (C-

1”); 149.9 and 150.2 (C-3’ and C-5’, pyridine); 151.9 and 154.8 (C-3 and C-5). Anal. Calcd for C15H14ClN5S (331.82): 

C, 54.30; H, 4.25; N, 21.11. Found: C, 54.58; H, 4.22; N, 21.33. 

Mushroom tyrosinase inhibition assay 

Tyrosinase inhibition was assayed according to the method of Masamoto,28 with minor modifications.29 Briefly, 

aliquots (0.05 mL) of sample at various concentrations (5-350 μM) were mixed with 0.5 mL of L-DOPA solution 

(1.25 mM), 0.9 mL of sodium acetate buffer solution (0.05 M, pH 6.8) and preincubated at 25°C for 10 min. Then 

0.05 mL of an aqueous solution of mushroom tyrosinase (333 U/mL) was added last to the mixture. The linear 

increase in absorbance (Abs) at 475 nm was measured in the reaction mixture up to 5 minutes. The inhibitory 

activity of samples is expressed as inhibition percentage. The concentrations leading to 50% activity loss (IC50) 

were also calculated by interpolation of the dose-response curves. Kojic acid [5-hydroxy-2-(hydroxymethyl)-4H-

pyran-4-one, 1], a fungal secondary metabolite used as skin whitening agent, was employed as a positive 

standard (8-35 μM).  

Molecular Docking on AbTYR 

The crystal structure of tyrosinase from the mushroom Agaricus bisporus (AbTYR) in complex with the inhibitor 

tropolone was retrieved from the RCSB Protein Data Bank (PDB code 2Y9X).24 The ligand and water molecules 
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were discarded, and the hydrogen atoms were added to the protein by Discovery Studio 2020 

(https://www.3ds.com). The ligands were prepared using a protocol implemented in VEGA suite 3.2.1 which 

comprehended: calculation of charges and potential using SP4 forcefields and Gasteiger as charge calculation 

method; a first minimization of 1000 steps, a conformational search using systematic method; a second 

minimization of 1000 steps. All the other settings were left as default.30 The prepared ligands were docked into 

the corresponding protein by means of Gold software V 2020.2.0, keeping the protein rigid. The region of 

interest used by the Gold program was defined in order to contain the residues within 10 Å from the original 

position of the ligand in the X-ray structure. Atom types for the ligands and for the protein were also set by 

GOLD. ChemPLP was used as scoring function. The standard default settings were used in all calculations and 

the ligands were submitted to 100 genetic algorithm runs. The “allow early termination” command was 

deactivated. Results differing by less than 0.75 Å in ligand-all atom RMSD were clustered together. The highest 

score pose as well as the best score pose of the most populated cluster were then selected for analysis and 

submitted to MM-GBSA binding energy calculation on Prime using the default settings.25 Visualization and 

interaction analysis of the docking results were carried out by means of Discovery Studio 2020. 
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