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Abstract: Inhibition of activity and stability structure of mushroom tyrosinase (MT) is highly 

important, since it is a key enzyme of melanogenesis playing various roles in organisms. In this study, 

thermodynamic stability and diphenolase activities were investigated in the presence of 

quercetin-7-linoleate (ligand I) and quercetin-7-oleate (ligand II) on mushroom tyrosinase by 

experimental and computational methods. Kinetic analyses showed that the inhibition mechanism of 

these ligands is reversible and competitive manner. The inhibition constants values (KiI = 0.31 and KiII 

= 0.43 mM) and the half maximal inhibitory concentration (IC50 = 0.58 and 0.71 mM) were 

determined for ligand I and ligand II respectively. Thermal denaturation for the sole and modified 

enzyme were performed by using fluorescence spectroscopy to obtain the thermodynamic parameters 

of denaturation. Type of interactions and orientation of ligands were determined by molecular docking 

simulations. The binding affinities of the MT–ligand complexes during docking were calculated. In the 

computational studies performed using the MT (PDBID: 2Y9X) from which tropolone was removed, 

we showed that the ligands occupied different pockets in MT other than the active site. The best 

binding energies with values of −9 and −7.9 kcal/mol were calculated and the MolDock scores of the 

best poses with the lowest root mean square deviation (RMSD) were obtained as −172.70 and −165.75 

kcal/mol for complexes of MT–ligand I and MT–ligand II, respectively. Computational simulations and 

experimental analysis demonstrated that the ligands increased the mushroom tyrosinase stability by 

reducing the activity of enzyme. In this regard, ligand I showed the potent inhibitory and played an 

important role in enzyme stability. 
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1. Introduction  

Tyrosinase is a macromolecule in which catalysis perform a sequence of two reactions of 

melanin formation. It catalyzes the hydroxylation of monophenols to ortho-diphenols (cresolase 

acyivity) and oxidation of ortho-diphenols to the ortho-quinone derivative like dopaquinone (catecholase 

activity). Dopaquinone passes several reactions eventually to become melanin [1]. Tyrosinase 

enzyme is widespread available in organisms of plants, fungi, bacteria, insects, humans and 

mammals. One type of tyrosinase is mushroom tyrosinase (MT) that can be used as a model for 

human tyrosinase and therefore the best model to study melanogenesis [2]. The structure of this 

enzyme (PDBID: 2Y9X: X-ray crystallographic data) consists of two subunits of H and L. The H 

subunit indicates the copper ions attached that are active sites of the enzyme. The L subunit is a 

lectin-like fold, but its exact physiological function is unknown [3]. The binuclear copper in 

tyrosinase is known to be essential for catalytic activity and plays a crucial role in multicatalytic 

enzymatic reactions. In the MT active site, the copper ions are classified as oxy, deoxy and 

met-tyrosinase [4]. Monophenol substrates react only with oxy form, but dephenol substrates can 

react with both oxy and met-tyrosinase [5]. A number of molecular docking studies have revealed the 

existence of some possible non-specific binding sites on MT that can play a major role in activity of 

enzyme [6] and could help to explain the binding of effectors and kinetics of MT. The researchers 

studied tyrosinase inhibitory activity owing to its potential in the cosmetic industry and for medicinal 

purposes, as well as its agricultural applications [7,8]. For example, MT inhibitors can be considered 

a treatment for skin cancers and effective in the prevention of diseases such as senile, vitiligo and 

actinic damage [9]. In melanoma cells, inhibition of tyrosinase has been expressed as a target for 

melanoma therapy [10]. Therefore, activity and stability structure of MT are very important in 

medical, cosmetic and agricultural fields, and finding new stable and non-toxic inhibitors to inhibit 

this enzyme is particularly vital, and it can improve of the quality of life in humans and animals. For 

this purpose, many natural and synthetic inhibitors of MT have been developed [11] and researchers 

have been encouraged to find potential tyrosinase inhibitors by different computational methods such 

as molecular docking, molecular dynamic, and virtual screening.Inhibition of enzymes by natural 

and synthetic molecules can provide biophysics, biochemistry and medicinal chemistry as a valuable 

strategy in the discovery of effective drugs applied to the revolutionary medical science [12]. 

Monounsaturated and polyunsaturated fatty acids, particularly n-3-fatty acid (α-Linoleic acid), 

n-6-fatty acid (Linoleic acid) and n-9-fatty acid (Oleic acid) esterificated with flavonoids such as 

quercetin and chrysin can be applied as stronger inhibitors of MT [13]. In addition, different fatty 

acids may have harmful effects on the development or improvement of a disease [14]. 

Polyunsaturated fatty acids produced by plants and phytoplankton are important for all organisms, 

especially fish and mammals. Unsaturated fatty acids, namely n-3 and n-6 cannot be produced in the 

body and are useful in human nutrition [15]. The process of melanin production can be controlled by 

changing the intracellular composition of fatty acids that resulting abnormalities excessive 

production of melanin [16]. These changes can influence on the stability of enzymes, including 

enzymes tyrosinase [17]. The enzyme's dual response to an effector is a well-known phenomenon in 

https://dictionary.abadis.ir/entofa/w/widespread/


395 

AIMS Biophysics  Volume 7, Issue 4, 393–410. 

enzymology. In this study, we have investigated the structural features of quercetin fatty esters as 

new effectors and with lower side effects, could lead to positive effects on tyrosinase inhibition and 

its stability. Figure 1 shows the chemical structures of ligands, which both of them have a phenolic 

ring in their structures. In the literature reports that different hydroxyl groups of quercetin are 

responsible for various pharmacological activities [18]. 

 

Figure 1 The chemical structure of quercetin-7-Linoleate (ligand I) and 

quercetin-7-Oleate (ligand II). 

2. Materials and methods 

2.1. Materials 

Mushroom tyrosinase from Agaricus Bisporus (EC: 1.14.18.1) with the specific activity of 7164 

units/mg and the crystal structure of it (AbTYR; ID: 2Y9X) were chosen as in vitro and in silico 

protein models. Quercetin, L-dopa, linoleic acid, oleic acid and isopropanol as solvent of ligands 

were purchased from Sigma Chemical Co. Ligands were synthetized using the Fisher method with 

esterification of quercetin.Phosphate‐buffered saline (PBS: Na2HPO4/ NaH2PO4: 10 mM, PH = 6.8), 

and the corresponding salts were obtained from Merck.F-2700HITACHI Spectrofluorimeter, 

UV/VIS-4802 DOUBLE BEAM spectrophotometer and freshly prepared stock enzyme solutions 

were used for each set of measurements and all experiments performed at 25 ℃. AutoDock 

Tools-1.5.6 (ADT), Molegro Virtual Docker (MVD), Ligplot
+ 

, Discovery Studio4.5Visualizer 

software and an Intel-based Core i5 personal computer was employed for computational methods. 

2.2. Analysis of esterification by FT-IR 

Esterification of quercetin was performed using the Fischer method [19] in which unsaturated 

fatty acids reacts with phenol groups to form esters. In this study, an ester bound formed between 

ortho state of the quercetin and each fatty acid (Figure 2). The FT-IR data showed the shifting of 

the carbonyl (C=O) absorption bond from 1654 cm
-1

 in quercetin (Figure 2a) to 1617 cm
-1

 in fatty 

acids [20]. These results demonstrated that the functional group of PUFAs has been converted to 

(-COOC-) and confirmed the formation of ligands (Figure 2b). 
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Figure 2. FT-IR spectra comparison between before (a) and after (b) esterification. 

2.3. Assay of protein thermodynamic stability  

Spectrofluorimeter was carried out to measure the effect of ligands on the thermodynamic 

stability of enzyme. Thermal denaturation scan by intensity of fluorescence was performed at 

20–100 ℃ of 0.2 mg/ml solution enzyme in the absence and presence of 0.06 mM ligands. Emission 

spectra and conformational change of the MT were recorded from 280 to 400 nm with the excitation 

wavelength at 280 nm. The monitoring emission simultaneously at 280 and 400 nm and the 

maximum emission intensity wavelength was obtained at 330 nm and experimental data were fitted 

using the linear extrapolation method. The MT and its complexes were measured by exciting in 10 

mM PBS at pH = 6.8 and different temperature in 1ml semi-microquartz cuvettes with a 1cm 

excitation light path.  

 

 



397 

AIMS Biophysics  Volume 7, Issue 4, 393–410. 

2.4. Diphenolase activity assay  

Kinetic analyses diphenolase activity of tyrosinase was determined by following the increasing 

absorbance at 475 nm (dopachrome accumulation wavelength) accompanying the oxidation of the 

L-dopa with a molar absorption coefficient of 3700 M
-1

cm
-1

 by using a UV/VIS-4802 DOUBLE 

BEAM spectrophotometer at 298 K [21,22]. The diphenolase reactions of enzyme performed in10 

mM phosphate buffer (pH = 6.8) at 298 K with aliquot of 30 μL aqueous solution of 40 units/ml of 

enzyme and different concentrations of L-dopa (0.25, 0.5, 0.8 and 1 mM) as a substrate with absence 

and presence of (0, 0.02, 0.06 and 0.1 mM) inhibitors. The final volume was 1 mL. The incubation 

time of inhibitors and enzyme was 4 min and the measurements were performed in three replicates. The 

Lineweaver–Burk plots in absence of ligands were analyzed to obtain the apparent Michaelis constant ( app

mK ) 

and maximum velocity (Vmax) values.The inhibition constant (Ki) was obtained from the secondary 

plots of the Lineweaver–Burk [23]. Considering the inaccuracy of Lineweaver–Burk plots, non-linear 

regression of the Michaelis -Mentan Equation was used to validate the related constants obtained. 

2.5. Molecular docking simulation 

2.5.1. Docking analysis by AutoDock Vina  

Molecular docking was initially used to investigate interactions between bonding of ligands and 

MT by the AutoDock Vina program [24] owing to its automated docking capability for docking of a 

flexible ligand to a rigid protein. The structures of ligands were drew by the Chem3D15.0 software 

and optimized with hyperchem in terms of energy and saved in pdb format. The charge of partial 

atoms was calculated by the Gasteiger method. Nonpolar hydrogen was merged in the AutoDock 

Tools (ADT) package program used to prepare all input files by the Lamarckian genetic algorithm. 

pdb files was converted to Pdbqt format and saved. The three-dimensional crystalline structure of 

MT with the root mean square deviation (RMSD) value below 2 Å was obtained from RCSB Protein 

Data Bank (PDB IDs: 2Y9X) [25]. Molecules of water and tropolone ligands were removed using 

Discovery Studio Visualizer software [26] and saved in pdb. Polar hydrogen atoms with proper 

direction were added to protein functional groups, and partial atomic charges were assigned by 

Kollman-united charges method and saved in. pdbqt format. In the simulations, ligands were flexible, 

and the protein was held rigid regardless of other solvent molecules and other ligands on docking 

simulation. To identify the locations of the binding site in MT, the simulation was performed on the 

entire surface of protein [27]. The simulation was conducted in dimensions of grid box points (x = 

100 Å, y = 94 Å, z = 126 Å), with 1 Å grid distance, and the grid box center dimensions were set to x 

= −4.282 Å, y = 5.227 Å, z = −66.717 Å. The other parameters were maintained and were 

considered as the default.Docking required instructions were presented, and the search space volume 

greater than 27000 Å
3
 began. Finally the output file (log. txt) was analyzed, and the best docking 

results regarding binding energy were selected and investigated with other software programs. 

2.5.2. Docking analysis by MVD 

Molegro Virtual Docker (MVD) program [28] was used to show the cavities of MT and 

identified the best pose whose ligands were docked in surface of enzyme. Function of MolDock 
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scoring, which is According to the piecewise linear potential (PLP), was used for the process of 

molecular docking with ligands [29]. In this simulation, extra ligands and water molecules were 

removed from the crystal structure of protein. After removing unnecessary parts, protein was 

prepared, fixing, the residues missing and side chains. Minimization energy was performed using 

protein preparation wizard. Start docking for ten runs, and the resulting output file were analyzed, 

and the best pose ones were selected in terms of energy and considered for molecular simulation 

studies. Figure 3 shows the five cavities (sites)selected on the surface of enzyme and the positions of 

docked ligands. 

 

Figure 3. Cavities of MT and the positions of ligand I in tunnel No.4 (site C) and ligand 

II in tunnel No.3 (site B). 

3. Results and discussion 

3.1. Thermal denaturation and thermodynamic stability of MT 

 

Figure 4. Thermal denaturation profiles, monitored by fluorescence emission (at 330 nm) 

in concentration of 0.2 mg/ml MT solution in absence and presence of 0.06 mM ligands 

at pH 6.8. 

Temperature is one of the most important factors changing the spatial structures of proteins and 
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causing unfolding of them. Fluorescence intensity decreases when the temperature increases. 

Fluorescence intensities curves against the temperature are usually sigmoidal-shaped for two-state (native 

and unfolded protein) of MT structure, these curves. Thermal denaturation was carried out in 330 nm, 

and the graphs were obtained from fluorescence intensities differences increasing temperature 

gradually from 20 to 100 ℃ in the absence and presence of ligand I and II in the given concentration 

of MT and ligands represented in Figure 4. Samples were prepared according to section 2.3, and all 

thermal denaturation spectra were obtained from 0.2 mg/ml MT solution in PBS, and pH = 6.8. By 

increasing the temperature, the fluorescence intensity decreased indicating MT unfolding.  

The denaturation cure can be divided into three regions on the bases of changes on the physical 

parameters (such as fluorescence intensities). These three domains are as follows: [30]. 

Pre-transition region in which in which the Florence intensities at 20 to 38 ℃ 
in which the 

protein structure changes slowly. In other word the protein is mostly in its native state ( YN = 1122 

for MT + ligand I, YN = 1314 for MT + ligand II and YN = 1418 for pure MT). The denaturation of 

data for unfolding curves obtained from Florence intensities differences ploted in Figure 4. Y is the 

observed Florence intencities in different temperatures as shown in Figure 4. The denatured fractions 

of MT,  , during the temperature changes could be defined as follows: 

ND

N

YY

YY






          

(1) 

Where N is the native state and D is the unfolded or denatured state at 97 to 102.50 C, where the 

whole MT have been denatured (Figure 4). The equilibrium between native (pre-transition, YN) and 

denatured states (post-transition, YD ) from each given temperature of plots in Figure 4. The values 

of YN and YD were obtained by linear extrapolation of pre- and post- transition regions (YD values 

are 420, 533 and 570 respectively). It is easy to calculate the equilibrium constant, DK , between 

these two states ( DN  ) as follows: 








1
DK

         

(2) 

The standard Gibbs free energies in every certain temperature, using, the obtained values of 

DK cab be calculated: 

DKRTG ln         (3) 

Where R (8.314 Jmol
-1 

K
-1

) and T are the universal gas constant and absolute temperature, 

respectively. Figure 5 shows the standard Gibbs free energy changes values for the thermal 

denaturation of pure MT, MT+ligand I and MT+ligand II. A least-squire fit of DG  values gave the 

following equation: 

TmOHGG D  )( 2        (4) 

The free energy of stabilization, )( 2OHGD , which define as the energy required to transform 

the MT in water ( or dilute buffer) from its native structure to completely unfolded structure less of 
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MT. )( 2OHGD values for Pure MT, MT+ligand I and MT+ligand II have been determined by 

extrapolating DG  values to y-axess (Figure 5). The higher the )( 2OHGD , the greater the MT 

stability. As it is clear from )( 2OHGD values in Figure 5, ligand I creates more stability in MT 

structure than ligand II. 

 

Figure 5. The standard Gibbs free energy changes ( o

dG ) for thermal denaturation of pure 

MT, MT+ligand I and MT+ligand II.  

mT values have been calculated where the plots of Figure 5 crossed the X-axess. The values 

of )( 2OHGD , mT  and equilibrium constant between native and denaturation states of MT at 298 K, 








1
DK  , have been listed in Table 1.  

Table 1.Thermodynamic parameters of thermal denaturation processes of MT at 298 K. 

Compounds 
)( 2OHGD /kJmol

-1 
mT /K 

DK  

Pure MT 15.10 322.8 10
-3

×2.25 

MT +ligand II 16.41 324.3 10
-3

×1.33 

MT +ligand I 18.99 325. 8 10
-4

×4.69 

Tm value for MT+ligand I is greater than that of for MT+ligand II, so it can be conclouded that 

ligand I creates greater stability in MT structure. In the other word, Tm values for pure MT, MT + 

ligand I and MT+ligand II are closed together, indicating that there are a little changes in MT 

structure. Microstructural changes are characteristic of specific interactions, so it is possible to say 

that these interactions are specific. Consequently, as the specific interactions are reversible, so it can 

be said that ligand I and ligand II inhibit MT competitively. 
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3.2. Kinetic study of ligand I and II with MT  

 

Figure 6. Lineweaver–Burk plots for competitive inhibition of MT with L-DOPA as 

substrate and 40 unit of the MT. The reaction was performed in 10 mM PBS, pH = 6.8, at 

298 K, in absence and presence of different concentrations of ligand I (0, 0.02, 0.06 and 

0.1 mM). 

 

Figure 7. Lineweaver–Burk plots for inhibition of MT with L-DOPA as substrate and 40 

unit of the enzyme. The reaction was performed in 10 mM PBS, pH = 6.8, at 298 K, in 

absence and presence of different concentrations of ligand II (0, 0.02, 0.06 and 0.1 mM) 

The kinetics inhibition of ligands at different concentrations on the diphenolase activity of 

tyrosinase was examined at 298 K. The Inhibitory effects of ligands in the process of oxidation of 

L-dopa catalyzed by tyrosinase were also examined. The kinetic parameters such as Vmax , app

mK , and 

Ki were obtained from Lineweaver–Burk plots [31,32]. As shown in Figure 6–7 ligands significantly 

exhibited diphenolase activity in selected concentrations and inhibited the enzyme activity in a 

competitive manner, because increasing the ligands concentration resulted in a family of lines with a 

common intercept on the 1/V axis but with different slopes. 

The competitive inhibition mode for both quercetin-fatty esters as inhibitors can be illustrated 

by the structural similarity observed between ligands. In constant concentration of enzyme and 
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substrate, the enzyme activity dependent on the inhibitors concentrations.As the concentrations of 

ligands increased, the residual enzyme activity was rapidly decreased, but it was not completely 

suppressed.The slope of the lines desended at increasing concentrations of ligands, indicating that the 

inhibitory action of ligands on the diphenolase activity of tyrosinase was a reversible mechanism and 

the presence of ligands did not bring down the efficiency of the enzyme but only inhibited the 

enzyme activity.The interaction between ligands and L-dopa may lead to consumption of substrate to 

decrease the formation of dopaquinone and melanin, which was also an important mechanism to 

explain the inhibition of tyrosinase activity.The values of Ki and the half maximal inhibitory 

concentration (IC50) were obtained via secondary plots of Lineweaver–Burk (shown in the insets of 

Figure 2) and Equation 5, respectively [20]. 

i

m

K
K

S
IC 










][
150

         

(5) 

The results of kinetic constants, inhibition constants, inhibition type and inhibition mechanism 

are collected in Table 2. 

Table 2. Kinetic parameters and microscopic inhibition rate constants of the mushroom 

tyrosinase for L-DOPA activity in the presence of different concentration of ligands. 

Inhibitors Ligand I Ligand Ⅱ 

Ki (mM) 0.31 0.43 

IC50 (mM) 0.58 0.71 

Vmax (mMmin
-1

) 4.98 4.98 

(mM) 
 

app

mK
 

1.17 1.11 

Inhibition type Competitive Competitive 

Inhibition 

mechanism 

Reversible Reversible 

The inhibition constant of ligand I and ligand II were calculated as 0.31 mM and 0.43 mM 

respectively, by slope of the secondary plots of Lineweaver–Burk versus the concentration of 

ligands.The result indicated that ligands has potent inhibitory ability on tyrosinase. Conjugation of 

quercetin with n-6 and n-9 fatty acids resulted in stronger inhibitors of MT with a synergic inhibitory 

effect on its activity. In compared to quercetin (Ki = 0.064 mM), represent that, quercetin exhibition 

more effective inhibitory ability on diphenolase activity [33]. This may be ascribed to large ligands 

and their reduce movement to access to enzyme binding sites.The compared Ki values,it was found 

that unsaturated fatty acids-quercetin derivatives exhibited stronger inhibition than separated 

unsaturated fatty acids [8]. In addition the catechol moiety with 3′,4′-dihydroxy groups on the ring B 

in quercetin play important role the tyrosinase inhibitory activity.The quercetin inhibit the enzyme 

competitively manner , and we also resulted that our quercetin fatty esters inhibit the enzyme in the 

same way. Also the data show that ligand I is more potent tyrosinase inhibitor than ligand II. It appears 

that probably the inhibitory effects enhance with the number of double bonds and extendability of the 

carbon chain [34]. However it is worth noting that antityrosinase activity of unsaturated fatty acids 

increased when these compound were esterified with quercetin.  
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3.3. Docking simulations 

3.3.1. AutoDock Vina  

AutoDock Vina results reveal the interaction modes and binding parameters such as binding 

energy (Docking score), H-binding, hydrophobic forces and electrostatic interactions with 

corresponding scores and functions for the best configuration of ligands. The docking analysis were 

accomplished and docking score of the ligand–enzyme complexes and other proper interactions with 

the amino acid residues of MT during docking were calculated .Table 3 represent the results of docking. 

The best values binding affinities of enzyme– ligand complexes are −9 and −7.9 kcal/mol with lowest 

RMSD belonging to the binding pose of ligand I and ligand II in MT cavities, respectively. The lower 

value suggested that ligands could interact with the residues of MT and inhibit it and stabilize the 

complexes formed between the ligands and target protein. The ligand I showed the lowest binding 

energy calculated during docking studies and proved that this ligand formed the most stable complex 

with enzyme. Moreover the values of negative binding free energy and large association constants (Ka) 

indicate that the binding of ligands to MT are spontaneous process. The Ka values (KaI = 3.98×10
6
 and 

KaII = 6.21×10
5
 M

-1
 ) were calculated by Eq.6 at temperature of 298 K for complexes. According to 

our results, the ligand I exhibited most potent tyrosinase inhibitory activity and highest binding 

affinity with tyrosinase enzyme.The docking results are in good agreement of the experimental 

calculated. 

a

o KRTG ln
          

(6) 

Table 3. Docking score values and the obtained binding energies with the best 

configuration of ligands through AutoDock Vina. 

Complexes Docking 

score 

(kcal/mol) 

H-binding-res

idues 

Hydrophobic forces 

–non-ligand residues 

Electrostatic 

interaction-res

idues 

Ka(M
-

1
) 

 

MT –ligand 

I 

 

−9 

[Glu(377),As

p(348) ,2Asn(

57)] 

[Lys(376),Sre(375),Pro(349),P

ro(338)Tys(311),Leu(59), 

Tys(62), Glu(340), Ile(328), 

Glu(97),Tyr(98),Ile(96),His(76

),Leu(327),Phe 

(105),Glu(326),Tyr(78), 

Leu(75)] 

 

− 

 

3.98×

10
6
 

MT –ligand 

II 

−7.9 

 

[Gln(307),Gl

u(356), 

2Asp(312),A

sp(357)] 

[Thr(308),Tys(311),Trp(358),G

lu(359),Lys(379),Thr(360), 

Thr(344) Trp(350)] 

π-sigma 

(Pi-Cation )  

[Lys(376),Lys(

379)] 

6.21×

10
5
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(a)                              (b) 

 

Figure 8. 2D –interactions of the best pose of molecular docking studies of MT with 

ligand I (a) and ligand II (b) as predicted by ligplot
+
 analysis . 

 

Figure 9. The ligand–protein 3D-interactions ligand I (a) and ligand II (b) with the 

mushroom tyrosinase (2y9x) in the binding pocket that generated by using Discovery 

Studio 4.0. The electrostatics interaction (π-sigma) for ligandII represented as brown 

dashed lines.  

The possible enzyme–ligands interactions with the cavities of mushroom tyrosinase and the 

binding modes visualized are shown in Figures 8 to 9. The potential interactions were analyzed by 

Ligplot
+ 

[35] and Discovery Studio Visualizer software programs [26]. Thus, the ligand bounds 

protein were used as the input file for Ligplot
+
 to generate the 2D-dimensional plots of the hydrogen 
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bond interaction as well as the hydrophobic interactions. Figure 8 shows the residues of the MT 

involved in H-bonds and length of them with green dashed line. Non-ligands residues involved in 

hydrophobic forces are shown with brown strings. Figure 9 represents the profiles 3-Dimensional 

ligands-protein interaction maps were prepared by Discovery Studio in order to determine the 

electrostatic interactions. The π-sigma interaction for ligand II and residues of MT [Lys(376), 

Lys(379)] and also H-bonds were observed. Interactions are mainly hydrophobic forces. Therefore, the 

non–polar groups of the hydrophobic residues of MT determine the main effect of the binding of 

MT–ligands complexes. It was concluded that the binding of ligands along with polarity, increased in 

binding sites; therefore, increase of hydrophobicity surface leads to loss of the hydrophobicity inside 

ligands [36,37].  

It is found that the 3′,4′-dihydroxy groups of the catechol moiety in quercetin was the important 

for tyrosianse inhibition [38]. These results further confirmed that hydroxyl groups in the quercetin 

moiety play a significant role in the formation of stable ligand–enzyme complex as well as in 

mushroom tyrosinase inhibitory activity.  

3.3.1.1. Binding mode of ligand I with MT 

The docking results revealed that MT–ligand I complex was stabilized by four hydrogen bonds 

between the hydroxyl (OH) phenol groups of quercetin in ligand I and residues of Glu(377), Asp(348), 

Asn(57) and Asn(57)with the bond distance of 2.82 Å, 2.73 Å, 3.32 Å and 3.00 Å respectively. 

Furthermore, ligand I interacted with various amino acid residues, including Lys(376), Sre(375), 

Pro(349), Pro(338),Tys(311), Leu(59), Tys(62), Glu(340), Ile(328),Glu(97), Tyr(98), Ile(96), His(76), 

Leu(327), Phe(105), Glu(326), Tyr(78), and Leu(75). Therefore, hydrophobic forces and H-bonding 

play a key role in the formation of ligand I–enzyme complex.  

3.3.1.2. Binding mode of ligand II with MT 

The AutoDock Vina results showed that the MT– ligand II complex was stabilized by four 

hydrogen bonds between the hydroxyl (OH) phenol groups of quercetin and residues of Gln(307), 

Glu(356), Asp(312) with the bond distance of 3.04 Å, 2.92 Å, 3.24 Å and 2.98 Å respectively. 

Moreover this ligand formed one hydrogen bond between the carbonyl(C=O) group of n-9-fatty 

acid and residue of Asp(357) with bond length 3.14 Å. The hydrophobic interactions between 

Thr(308), Tys(311), Trp(358),Glu(359), Lys(379), Thr(360), Thr(344) and Trp(350)amino acid 

residues with ligand II were observed. Also this compound has two π-sigma interactions between 

the π electrons of the rings of A and B phenolic group of quercetin and the negative heads residues 

of Lys(376)(4.99 Å) and Lys(379)(3.80 Å) repectively. Therefore hydrogen bonds, hydrophobic 

and electrostatic force play a crucial role in the formation of the ligand II –MT complex. 
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3.3.2. Molegro Virtual Docker  

Table 4. Results of docking for the best pose between ligands and MT by MVD. 

Complexes Cavity 

volume (Å
3
) 

and 

positions of 

ligands 

MolDoc

k Score 

Rerank 

score 

(MolDo

ck) 

No. 

Hb-Acceptor

- 

residues 

No.Hb-Donor 

residues 

H-bond 

(MolDo

ck) 

Hy-int 

(MolD

ock) 

 

MT –ligand 

I 

913.92: Site 

(C) 

 

−172.70 

 

-107.65 

1 

Glu(377) 

3 

[2Asn(57),As

p(248)] 

 

−8.09 

 

−75.16 

 

MT–ligand 

II 

1094.14 : 

Site (B) 

 

−165.75 

 

-85.44 

 

3 

Asp(357), 

2Asp(312) 

2 

Glu(356), 

Gln(307) 

 

−9.83 

 

 

−62.62 

 

Note: MolDock (kcal/mol) , No.Hb = Number of hydrogen bond, Hy-int= Hydrophobic interaction, H-bond= Hydrogen 

bond 

 

Figure 10. Graphical of the MolDock score for the best pose of MT-liagndI (a) and 

MT-ligandII (b). 

The cavities and their volume on the surface of the enzyme and some other information such as 

type and number of H-bands were determined by Molegro Virtual Docker (MVD). Molecular docking 

was performed in the selected pockets and examination of the docking of ligands with MT yielded 

results similar as AutoDock Vina. Table 4 represents some results of these studies for the best 

pose (Run1). Binding energies and type of interactions were investigated by MVD, and the negative 

binding energies show that the reactions are spontaneous and ligands have inhibited the enzyme. After 

scanning, Figure 10 shows the graphical best pose of the MolDock score [39,40] in the process of 

docking for complexes. The amount of binding energies are gradually reduced to give the best pose 

and then stabilized the complexes in lowest MolDock score values of −172.70 and −165.75 kcal/mol 
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with the lowest RMSD, belonged to the binding pose of ligand I (a cavity volume of 913.92 Å3; Site C) 

and ligand II (a cavity volume of 1094.15 Å3; Site B) respectively. The rerank scores as −107.65 and 

−85.44 kcal/mol were calculated from the stable conformation of the complexes, and this can also 

clearly explain that why ligand I has a lower value of docking score. The smaller cavity volume size 

for ligand I may be due to the high affinity of this ligand to enzyme, and occupancy of different tunnels 

for ligands suggests that the ligands can have different inhibitory effects on the enzyme activity. 

Nevertheless, structural difference between ligands leads to better understanding of the way enzyme 

responds to the effectors. 

One acceptor and three donors H-bond were calculated for ligand I and also three acceptor 

and two donors H-bond were identified for ligand II. Figure 11 represents more clearly H-bonds 

generated by MVD. The hydrogen bonds and their energies (MolDock) between ligand I and 

residues of MT are Glu(377)(−2.28) for acceptor and Asp(348)(−2.66), 2Asn(57)(−1.61, −1.54) for 

donor bonds as well as for MT–ligand II are Asp(357)(−1.23),2Asp(312) (−1.8, −2.5) for acceptor 

and Glu(356)(−2.5) and Gln(307)(−1.8) for donor bonds. As we observed in AutoDock Vina results, 

the same residues and bonds length were involved in the formation of hydrogen bonds. In addition, 

Figure 11 shows that the poly phenolic rings of quercetin play an important role in the H-bonds. In 

fact, the spatial orientation of the phenolic rings of ligands is toward the polar (Asn and Gln) and 

charged (Asp and Glu) non-ligands residues. However, the carbon chains of fatty acids are oriented 

toward non-ligand residues involved in hydrophobic forces. The tyrosinase inhibitory activity 

might depend on the hydroxyl groups on the phenolic compounds of the ligands, which form 

hydrogen bonds with enzyme sites,inducing a competitive manner by forming reversible 

enzyme-inhibitor (E-I) complexes[41]. Quercetin moiety was the important for tyrosianse 

inhibition and it may occupy the most enzymatic activity center to hinder access of the substrate, 

consequently resulting in inhibit the activity of tyrosinase. Also, the antioxidant activity of ligands 

may be an important reason for tyrosinase inhibitory activity, thereby playing a significant role in 

the inhibition of melanogenesis [42,43].  

 

(a)                                 (b) 

Figure 11. Clear display H-bonds between MT residues and [ligand I (a) , ligand II(b)]. 
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4. Conclusion 

The results obtained in the present study, with the purpose to kinetics and Thermodynamic 

stability studies reported of two novel quercetin- unsaturated fatty acids derivatives as inhibitors that 

significant inhibitory potency on diphenolase activity of tyrosinase with considering the magnitudes of 

the Gibbs free energy change of thermal denaturation experiments indicated the increase of the MT 

stability and inhibitory in the presence of the given ligands and also lower binding free energy and Ki 

values, as evidence the ligands could be favorable tyrosinase inhibitor. Moreover, it is concluded that 

the inhibitors should compete with L‐dopa for approach to the cavity of enzyme and induce a 

competitive type of inhibition, meaning that inhibitors could bind to only the free enzyme and formed 

reversible enzyme-inhibitor (E-I) complexs. Ligand I could act as a good tyrosinase inhibitor, when 

compared to Ligand II. Molecular docking confirmed that the selected ligands with significant 

docking scores were successfully docked and orientated toward MT. In docking studies, ligands were 

able to interact with the residues of enzyme located in the catalytic cavity of the MT, and the best 

possible interaction condition was achieved for ligand I. Docking simulation suggested that the 

quercetin may have a high affinity with tyrosinase and the phenolic rings of quercetin were oriented 

toward polar and charged residues and played a major role in hydrogen bonds and electrostatics forces. 

Computational analysis also demonstrated that each of the inhibitors occupied different binding sites 

other than the active site of the enzyme. In other words, in addition to the active site of enzyme, there 

were other tunnels that ligands could dock and act as enzyme inhibitory activity.Binding of ligands 

was accompanied by the increase of polarity within the binding sites, and the tertiary structure of the 

enzyme might be disrupted by these ligands through hydrogen bonds. It may by that esters of 

phenolic–fatty acids with the same carbon chains, when increase in the number of double bonds, the 

inhibitory effects of them become more potent. Structural formulas and concentration of the inhibitors 

were two factors affecting the modulator impact on stability and inhibitory activity of mushroom 

tyrosinase.  
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