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Abstract

Tyrosinase is a tetrameric enzyme that plays an important role in pigment production. Overproduction of melanin,
which may lead to several skin disorders, is a result of tyrosinase activity. Hence, tyrosinase inhibitors are of key
importance in the treatment of these disorders. In the present study, four flavonoid inhibitors, namely chrysin,
naringin, quercetin, and kaempferol, were evaluated physiochemically, and the inhibitory effects of these com-
pounds on tyrosinase activity were evaluated using the molecular dynamics (MD) simulation method. To create
the best conformation of the enzyme-substrate/inhibitor, the docking process for enzyme-substrate, i.e., enzyme-
chrysin, enzyme-quercetin, enzyme-naringin, and enzyme-kaempferol, was performed. The complexes with the
best binding energies were selected as the models for the MD simulation process. Furthermore, the structural
(RMSD, Rg, RMSF, and Distance) and the thermodynamics properties of the complexes were evaluated. Addi-
tionally, the PMF was conducted to calculate the binding free energies. The results showed that chrysin, quercetin
and the substrate were at similar distances to the amino acids of the active site, but naringin and kaempferol were
closer to the active site of the enzyme than the substrate. Moreover, the analysis of the binding energy revealed
that the substrates, chrysin, kaempferol, quercetin, and naringin bound to the enzyme with binding energies of
!7.8, !3.1, !7.1, !3.9, and !8.4 kcal/mol, respectively, which confirms that naringin has the highest inhibitory
effect on tyrosinase among other inhibitors, which makes it an appropriate candidate as a whitening agent in skin
disorders.
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Abbreviations
COM – center of mass RMSF – root mean square fluctuation
L-DOPA – L-3,4-dihydroxyphenylalanine RMSD – root mean square deviation
MD – molecular dynamics Rg – radius of gyration
PDB – protein data bank TIP3P – transferable intermolecular potential with 3 points
PMF – potential of mean force WHAM – weighted histogram analysis method

Introduction

Tyrosinase is a tetrameric (H2L2) copper-containing
enzyme with significant catalytic functions in pigment pro-
duction. The enzyme has molecular weight of 120 kDa
with two heavy (H) and two light (L) subunits of 43 and
14 kDa, respectively. Subunit H, contrary to subunit L,

consists of an active site for copper ions (Hassani et al.,
2018; Taherkhani and Gheibi, 2014). The enzyme has
multiple catalytic functions, including mono-oxygenase
(cresolase) activity (hydroxylation of monophenols to
o-diphenols) and catechol oxidase activity (oxidation of
o-diphenols to o-quinone) (Yin et al., 2011). Three con-
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figurations of the enzyme have been established during
the melanin pigment production: oxy-tyrosinase, met-
tyrosinase, and deoxy-tyrosinase. The oxy form contains
two copper atoms and one oxygen atom as a bridge be-
tween them. The met form is a resting enzymatic form,
in which two cupric ions are bridged with one or two
small ligands such as water molecules or hydroxide ions.
The deoxy type is similar to the met form but lacks the
hydroxide bridges (Abdelrasool and Said, 2017; Chang,
2009; Choi et al., 2017). Importantly, this enzyme cata-
lyzes the hydroxylation reactions, leading to the forma-
tion of melanin through 3,4-dihydroxyphenylalanine
(L-DOPA) and L-DOPA-quinone (Gheibi et al., 2016).
Quinines can react with proteins and amino acids to
form black or brown products (Sugumaran and Barek,
2016) or evolve chemically to form polyphenolic com-
pounds or melanin (Gheibi et al., 2016; Ullah et al.,
2016). Moreover, tyrosinase plays a key role in different
processes such as melanin production in the skin, wound
healing, agriculture, and cosmetic industry (Choi and
Shin, 2016; Popoola et al., 2015; Taherkhani and Gheibi,
2014). The overactivity of the enzyme in the skin may
lead to melanin overproduction and multiple skin dis-
orders, including hyperpigmentation, depigmentation,
and even melanoma (Choi and Shin, 2016; Popoola et al.,
2015; Taherkhani and Gheibi, 2014). Among the various
sources of tyrosinase, mushroom tyrosinase from Agari-
cus bisporus is a major and commercial source with high
homology compared to human tyrosinase (Zolghadri
et al., 2019). Because of these benefits, the structural,
functional, and biochemical characteristics of mushroom
tyrosinase have been studied extensively for screening
tyrosinase inhibitors and melanogenic studies (Da Hae
et al., 2019; Deri et al., 2016; Zolghadri et al., 2019).
The melanin formation process can be influenced by
multiple mechanisms, including direct inhibition of the
enzyme or the inhibition of melanin movement from one
cell to another (Taherkhani and Gheibi, 2014). Several
studies have indicated that tyrosinase inhibitors are
classified in four groups on the basis of their mechanism
of action: 1) competitive inhibitors, 2) uncompetitive
inhibitors, 3) competitive-uncompetitive inhibitors, and
4) noncompetitive inhibitors (Chang, 2009; Lin et al.,
2017). Flavonoids are a major group of phenolic com-
pounds with certain clinical characteristics such as anti-
allergic, anti-inflammatory, antifungal, antiviral, and anti-
tumor properties, and they have recently gained more

attention in cancer treatment (Harris et al., 2016; Horá-
ková, 2011; Qiu et al., 2018). Four important flavonoid
compounds, namely chrysin, quercetin, naringin, and
kaempferol, have been proved to play a significant role in
tyrosinase inhibition. Chrysin (5,7-dihydroxyflavone) is
a natural flavonoid derived from many plants (Passiflora
caerulea, Passiflora incarnata, and Oroxylum indicum)
(Morissette et al., 2018) and possesses anti-melanogene-
sis effects (Zhu et al., 2016). Naringin (5,7,4-trihydroxyfla-
vone) is another type of flavonoid with tyrosinase inhibi-
tion activity (Liu Smith and Meyskens, 2016). Quercetin
(5,7,3,4-tetrahydroxyflavonol) also shows tyrosinase inhi-
bitory effects through the inhibition of diphenolase acti-
vity (Harris et al., 2016). Kaempferol (5,7,4-trihydroxy-
flavonol) is another type of flavonoid inhibitor who anti-
tyrosinase effects have been proved frequently (da Silva
et al., 2017; Promden et al., 2018; Solimine et al., 2016). 

Today, studying the three-dimensional structures of
proteins and protein-protein interactions is an important
part of research on biology and drug design. Molecular
dynamics (MD) simulation is an advanced method in eva-
luating macromolecular complexes such as proteins, ribo-
somes, and nucleosomes, and it could be applied in va-
rious reactions such as determination of drug molecule
binding sites and their mechanisms, the mechanism of
functional proteins, protein folding evaluation, and identi-
fication of different molecular processes (Aminpour et al.,
2019; Geng et al., 2019; Hospital et al., 2015). The MD
simulation process has a major role in the recognition of
protein-ligand interactions and the protein conformatio-
nal modifications at the atomic level. Hence, in the pre-
sent study, the MD simulation method was used to eva-
luate the physicochemical characteristics of the four fla-
vonoid inhibitors of tyrosinase, namely chrysin, querce-
tin, naringin, and kaempferol, in comparison with the en-
zyme-substrate complex. 

Methods 

MD simulation

The tyrosinase crystal structure (entry code: 2Y9X)
(Bagherzadeh et al., 2015; Ismaya et al., 2011) was ob-
tained from the PDB (http://www.rcsb.org). The chara-
cteristics of chrysin (CID: 5281607), kaempferol (CID:
5280863), quercetin (CID: 5280343), naringin (CID:
442428), and the substrate (L-DOPA, CID: 6047) were
taken from PubChem (https://pubchem.ncbi.nlm.nih.
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gov/). The graphical AutoDock tool was applied to assess
the permissible torsions of the ligand, characterize
search space coordinates, and add polar hydrogen atoms
to the protein (Morris et al., 1998). The docking process
was then performed through a grid size of 20 × 20 × 14
along the X, Y, and Z axes with 1 Å spacing. The lowest
binding energies of the enzyme-inhibitor and enzyme-
substrate complexes were obtained using AutoDock Vina
(Trott and Olson, 2010). To perform the MD simulation
for the complexes, the GROMOS 53a6 (Gromacs 5.1
package) was applied (Van der Spoel et al., 2005). The
enzyme-inhibitor and enzyme-substrate complexes with 
the lowest binding free energies were obtained by Auto-
Dock Vina (Trott and Olson, 2010), and they were con-
sidered as the primary structures for the MD simulation
process. The ProDrug program was used to provide the
topological characteristics of chrysin, kaempferol, quer-
cetin, naringin, and the substrate (Schüttelkopf and Van
Aalten, 2004). In this study, complexes were solvated by
the transferable intermolecular potential with 3 points
(TIP3P) water model in a cubic box with a distance of
10 Å from the furthest atom of the protein (Jorgensen
et  al., 1983). After solvation, Na+ and Cl! ions were in-
serted to neutralize the system. Then, NaCl at the con-
centration of 150 mM was introduced in the system
(Batoulis et al., 2016; Reis et al., 2014), and energy mini-
mization was performed using the steepest descent me-
thod. Each system was equilibrated by 1 ns MD simula-
tion in the canonical (NVT) ensemble and 1 ns MD simu-
lation in the isothermal–isobaric (NPT) ensemble using
position restraints on the heavy atoms of the protein to
allow for the equilibration of the solvent. The Nose-Hoo-
ver thermostat constant was used to fix the temperature
of the system at 300 K. To maintain the pressure of the
system at a fixed 1 bar pressure, the Parrinello-Rahman
pressure coupling method was used (Akya et al., 2019).
The electrostatic interactions were calculated using the
Particle Mesh Ewald (PME) method with 1.0 nm short-
range electrostatic and van der Waals cutoffs (Farasat
et al., 2017; Ochoa et al., 2018). Consequently, the pro-
cess of 50 ns MD simulation for each complex of the en-
zyme-substrate/inhibitor was performed with time steps
of 2 fs on the equilibrated systems. 

PMF analysis of the enzyme-substrate 
and enzyme-inhibitor complexes

Umbrella sampling (US) is a method applied to ob-
tain the binding free energy pattern, which is often re-

ferred to as PMF (Potential of Mean Force) along a spe-
cial reaction coordinate including the protein-protein
separation distance (You et al., 2019). The application of
a physical reaction coordinate can give further structural
insights (Naughton et al., 2018). In this study, the bin-
ding energies of the enzyme-substrate and enzyme-in-
hibitor complexes were calculated from PMF using the
US method. In the first step, the MD simulation was
performed to drive the substrate/inhibitor far away from
the enzyme which was stable during the simulation pro-
cess. In the next step, 50 configurations were created
along the z-axis coordinate. The z coordinates of the
COM (center of mass) interval among the substrate/inhi-
bitor and enzyme differed by 0.5 Å in each configuration
with the force constant of 10 kcal/mol/Å). The equili-
bration process for each window was performed in a pe-
riod of 10 ns. Moreover, a 10 ns production run was con-
tinued for sampling (Gheibi et al., 2019; Lemkul and
Bevan, 2010). Finally, the PMF pattern was provided by
the Weighted Histogram Analysis (WHAM) method, which
was carried out by GROMACS as “g_wham” command
(Zeng et al., 2016). Moreover, for a better recognition of
the MD process, the RMSF (root mean square fluctua-
tion) (Chen et al., 2016; Mahapatra et al., 2018), RMSD
(root mean square deviation) (Kaur et al., 2019; Shen et
al., 2012), Rg (Radius of gyration) (Anantram et al., 2018;
Farasat et al., 2017; Lobanov et al., 2008), the inhibitor
and substrate distance from the amino acids of the enzy-
me active site (Corvo et al., 2013; Kato et al., 2017), and
the van der Waals and the electrostatic energy of each
system were analyzed using GROMACS tools in the
period of simulation (Fried and Boxer, 2017; Schutt
et al., 2015). Eventually, the final PDB file of MD simula-
tion was plotted using Pymol software (Stourac et al.,
2019). The LigPlot software (Laskowski and Swindells,
2011) was then used to analyze the H-bond and hydro-
phobic reactions of the complexes under investigation.

Results and discussion

Molecular docking and the MD simulation analysis

To observe the binding mode of flavonoid compounds
on tyrosinase, the molecular docking process was per-
formed. The docking results indicated that the substra-
tes, chrysin, kaempferol, quercetin, and naringin bind to
the enzyme active site with the lowest binding energies
of !6.1, !5.3, !5.9, !5.6, and !6.2 kcal/mol, respecti-
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Table 1. Amino acids of tyrosinase involved in H-bond and hydrophobic interactions

No. Complexes
Amino acids

in H-bond
interaction

Amino acids in hydrophobic interaction

1 tyrosinase-substrate Met280 Val248, Asn260, His259, Phe264, Gly281, Val283, Ala286, His61, Ser282,
His263, His244

2 tyrosinase-chrysin His85 Glu322, Thr324, His244, Asn260, Val283, Asn81

3 tyrosinase-kaempferol His85 Thr324, Glu322, Asn81, Val283, His244, Val248, Asn260

4 tyrosinase-quercetin His85 Asn81, Val283, Asn260, Val248, Glu322, Thr324

5 tyrosinase-naringin Val283 Arg268, Gly281, Pro277, Phe264, Asn260, Pro284, Asn81, His85, Glu322, Thr324

vely. It should be noted that the conformation of the
enzyme-inhibitor and the enzyme-substrate complexes
were applied as models for MD simulation based on the
lowest binding free energy. The 2D and 3D images of
the enzyme-substrate/inhibitor complexes after 50 ns of
MD simulation are shown in Figure 1 and Table 1. As
illustrated in 2D images, in the enzyme-substrate com-
plex, the substrate (L-DOPA) had hydrophobic interac-
tions with His61, His244, Val248, His259, Asn260,
His263, Phe264, Gly281, Ser282, Val283, and Ala286 and
a hydrogen interaction with Met280 residue (Fig. 1A). In
the enzyme-inhibitor (chrysin) complex, chrysin had
hydrophobic interactions with Asn81, His244, Asn260,
Val283, Glu322, and Thr324 and a hydrogen interaction
with His85 (Fig. 1B). Kaempferol had hydrophobic inter-
actions with Asn81, His244, Val248, Asn260, Val283,
Glu322, and Thr324 and a hydrogen interaction with
His85 (Fig. 1C). Quercetin had hydrophobic interactions
with Asn81, Val248, Asn260, Glu322, and Thr324 and
a hydrogen interaction with His85 (Fig. 1D). Naringin
had hydrophobic interactions with Asn81, His85,
His244, Asn260, Phe264, Arg268, Pro277, Pro284,
Glu322, and Thre324 and a hydrogen interaction with
Val283 (Fig. 1E). His244, Glu256, Phe264, Val283, and
Asn260 residues play a significant role in the active site
of tyrosinase (Ismaya et al., 2011). As shown in Figure 1,
all the above mentioned residues except Glu256 parti-
cipated in the binding of the enzyme to the substrate or
the inhibitors. Furthermore, the positions of the sub-
strate and the inhibitors in relation to the above mentio-
ned residues in the enzyme active site are shown in 3D
images (Fig. 1). 

RMSD is an essential parameter applied to predict
the system equilibration during the simulation (Kaur
et al. 2019; Shen et al. 2012). After the simulation pro-

cess, to ensure that the system was equilibrated pro-
perly, the RMSD profiles of the enzyme-substrate/inhibi-
tors complexes were analyzed during a 50 ns simulation
process. The RMSD profiles of the aforementioned com-
plexes are illustrated in Figure 2, which shows that the
systems were equilibrated approximately after 5 ns. The
RMSD average values of the enzyme-substrate complex,
enzyme-chrysin, enzyme-kaempferol, enzyme-quercetin,
and enzyme-naringin in the last 5 ns of the simulation
were 0.35, 0.31, 0.27, 0.27, and 0.27 nm, respectively.
It should be noted that all the complexes (substrate-
enzyme, chrysin-enzyme, quercetin-enzyme, kaempferol-
enzyme, and naringin-enzyme) were stabilized after 5 ns.
The RMSD differences between the substrate-enzyme
and inhibitor-enzyme complexes were below 0.2 nm,
which indicates that the values are adequate (Chen et al.,
2018). 

To study the substrate/inhibitor effects on the system
during the simulation process, other structural para-
meters, including gyration and RMSF, were also cal-
culated. 

The Rg (radius of gyration) demonstrates the protein
contraction during the simulation (Anantram et al., 2018;
Farasat et al., 2017; Lobanov et al., 2008). To evaluate
the effects of inhibitors on enzyme contraction during
the simulation, the gyration of each system was mea-
sured (Fig. 3). The Rg average values of the last 10 ns
for the  tyrosinase-substrate complex, tyrosinase-chrysin,
tyrosinase-kaempferol, tyrosinase-quercetin, and tyrosi-
nase-naringin were 2.09, 2.07, 2.07, 2.07, and 2.06 nm,
respectively. Our results showed no significant diffe-
rence between the Rg values of the enzyme-substrate/in-
hibitor complexes. Thus, this study revealed no diffe-
rence in tyrosinase enzyme contraction in the enzyme-
substrate and enzyme-inhibitor complexes during the
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Fig. 1. The interactions of enzyme-substrate/inhibitor created
by Lig-plot and Pymol software. A) the 3D and 2D images of
tyrosinase-substrate complex, B) tyrosinase-chrysin, C) tyro-
sinase-kaempferol, D) tyrosinase-quercetin, and E) tyrosinase-
naringin; the 3D images indicate that the substrate and the
inhibitor bind to the active site of the enzyme; the 2D images
demonstrate the amino acids involved in the substrate/inhi-

bitor interactions

simulation. In 2018, Hassan M. et al. evaluated several
anticarcinoma compounds by targeting SFRP4 through
molecular modeling, docking, and dynamic simulation
studies. The Rg time graph showed that residual back-
bone and the folding of the receptor protein were stea-
dily stable after the binding of inhibitors, which confir-
med our results (Hassan et al., 2018).

The RMSF value provides a better understanding of
the protein flexibility and structural fluctuations (Chen
et al., 2016; Mahapatra et al., 2018). To define the
flexible regions of the enzyme in the enzyme-substra-
te/inhibitor complexes, the RMSF values of Cα atoms of
the protein were evaluated. The RMSF values of the five
complexes of the enzyme-substrate and enzyme-inhibi-
tors are shown in Figure 4A. As shown in the figure, all
the regions except for amino acid residues 203–221 had
almost similar RMSF values. The fluctuation of the en-
zyme-substrate complex in the abovementioned residues
differed from that in the enzyme-inhibitor complexes
(Fig. 4 A/B). As demonstrated in Figure 4C, in Glu256
and Val283 residues, the fluctuations of the enzyme-in-
hibitor complex were smaller than those of the enzyme-
substrate complex. These results confirmed that the
inhibitors  interact with the above residues, which leads
to a decrease in fluctuation. This implies that in the pre-
sence of inhibitors (chrysin, naringin, quercetin, and
kaempferol), the enzyme was less flexible in the vicinity
of Glu256 and Val283 residues than in the presence of
the substrate, which caused lesser flexibility and fluctua-
tion of the enzyme. The RMSF values of the enzyme
active site in the enzyme-substrate/inhibitor complexes
are shown in Figure 4C. Similar findings of a lesser flexi-
bility of protein when bound to various molecules de-
monstrated by molecular docking and molecular simula-
tion approaches confirmed our observations (Gheibi
et al., 2020).

Distance monitoring of key amino acids of the enzyme
active site from the substrate and inhibitors

An approach to study the interaction of a substrate or
an inhibitor with an enzyme is to evaluate the interval
changes between the major amino acids of the active site
and the defined compounds (Corvo et al., 2013; Kato
et al., 2017). Thus, the distance between the key amino
acids in the active site of the enzyme and the compounds
was analyzed during the simulation. His244 is one of the
major amino acids necessary for tyrosinase activity. Stu-
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Fig. 2. The root mean square deviation (RMSD) values of Cα of the enzyme-substrate/inhibitor complexes

Fig. 3. The radius of gyration values of the enzyme-substrate/inhibitor complexes; the Rg average values
of the enzyme-substrate complex, enzyme-chrysin, enzyme-kaempferol, enzyme-quercetin, and enzyme-naringin are shown

Fig. 4. The RMS fluctuation values of the enzyme-substrate/inhibitor complexes. A) the RMS fluctuations of the enzyme-
substrate/inhibitor complexes for all tyrosinase amino acid residues; B) The RMSF values of the enzyme-substrate/inhibitor

complexes for 203–221 residues; C) the RMSF values of the enzyme-substrate/inhibitor complexes in 243–283 residues 
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Fig. 5. The distance plot of the active sites of tyrosinase A) His244, B) Glu256, C) Asn260, D) Phe264,
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dying the interval changes of His244 and the evaluated
compounds demonstrated that the substrate, chrysin,
quercetin, and kaempferol possessed a similar interval
average (2 nm), while this distance for naringin was
nearly 1.2 nm (Fig. 5A). Hence, among the four inhibi-
tors tested, naringin had a stronger interaction with
tyrosinase; thus, it may also have a higher inhibitory ef-
fect than other inhibitors (chrysin, quercetin, and
kaempferol). 

Furthermore, the distance between Glu256, Asn260,
Phe264, and Val283 residues of tyrosinase and the
inhibitors was evaluated. The distances obtained for the
complexes of Glu256, Asp260, Phe264, and Val283 of
the enzyme with chrysin and quercetin were similar to
those observed in the enzyme-substrate complex. For
kaempferol and naringin inhibitors, the distance was
shorter, and the inhibitors were closer than the sub-
strate to the enzyme active site. The distance between
Glu256 and the substrate and quercetin was almost
similar (1.5 nm), while this distance was shorter (nearly
1.3 nm) for chrysin and below 1 nm for naringin and
kaempferol (Fig. 5B). The distance between Asn260 and
the substrate, chrysin, and quercetin was nearly the
same (1.5 nm), while the distance for kaempferol and
naringin was approximately 1 nm (Fig. 5C). In evaluating
the distance between Phe264 and the substrate/inhi-
bitors, the results showed that the distance between
Phe264 and the substrate, quercetin, and chrysin was
2 nm  and was stable during the simulation. For naringin
and kaempferol, the distance was 1 nm (Fig. 5D).
Furthermore, the distances between Val283 and chrysin
and between Val283 and quercetin were similar (1.5 nm)
during the simulation. Moreover, the distance between
Val283 and the substrate was unstable, and some fluctua-
tions were observed (from 1.5 to 1.1 nm). The distances
between this residue and kaempferol or naringin  were

shorter, approximately 0.5 nm (Fig. 5E). Because of the
presence of phenolic compounds in the structure of in-
hibitors, the inhibitors strongly bound to the active site
of tyrosinase (hydrophobic region), which leads to a bet-
ter inhibitory effect (Panzella and Napolitano, 2019).
These results show a stronger binding of the inhibitors
to the enzyme than with the substrate. To verify these
findings, the binding energies of the enzyme-substra-
te/inhibitor complexes were calculated using the US
method. Several studies have proved that the interaction
between the active site of the enzyme (amino acids of
the active site) and inhibitors plays a major role in main-
taining the stability of the enzyme-inhibitor complex.
This reveals that when the distance between the in-
hibitor and the amino acids of the active site decreases,
the inhibitory effects of inhibitors increase and the
enzyme-inhibitor complex becomes more stable (Amin
et al., 2013; Kato et al., 2017; Maria-Solano et al., 2018).

Binding energy calculation

The binding energy calculation showed the following
binding energy values for the complex of substrate,
chrysin, kaempferol, quercetin, and naringin with the en-
zyme: !7.8, !3.1, !7.1, !3.9, and !8.4 kcal/mol, res-
pectively (Fig. 6). For these complexes (substrate-en-
zyme and inhibitor-enzyme), the results of the binding
energy analysis indicated that among all inhibitors, narin-
gin bound to the enzyme more strongly than the sub-
strate. In recent studies, Farasat A (2017) and Gheibi N.
et al. (2019b) demonstrated that when the binding
energy decreases, the stability of the complex increases.

Analysis of the electrostatic and van der Waals energies
of substrate-enzyme and inhibitor-enzyme complexes

To study the characteristics of noncovalent energies
between tyrosinase-substrate and tyrosinase-inhibitors, 
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Fig. 7. The van der Waals and electrostatic energies between
the enzyme and the substrate/inhibitor; the van der Waals and
electrostatic energies of A) enzyme-substrate; B) enzyme-chry-

sin; C) enzyme-kaempferol; D) enzyme-quercetin;
and E) enzyme-naringin complexes

the electrostatic and van der Waals interactions were
evaluated during the simulation. The van der Waals and
electrostatic energies play a major role in the binding of
the substrate and the inhibitors to the active site of the
enzyme (Fried and Boxer, 2017; Schutt et al., 2015).
Our results revealed that in an enzyme-substrate com-
plex, the electrostatic energy had a greater role than van
der Waals energy. In the enzyme-substrate complex, the
van der Waals and electrostatic energies were calculated
as !65 and !129 kJ/mol, respectively, for the last 10 ns of
simulation. These findings verified that the electrostatic
energy was almost two times greater than the van der
Waals energy. Previous studies have confirmed that the
electrostatic interactions play the main role in the binding
of the substrate to the enzyme (Baudry et al., 2003; Ellis
et al., 1995; Modi et al., 1996). On the other hand, the eva-
luation of the electrostatic and van der Waals interactions
in the enzyme-inhibitor complexes indicated that the van
der Waals interactions were 3–4 times higher than the
electrostatic interactions (Fig. 7). These results showed
that the van der Waals forces play the main role in the
enzyme-inhibitor complexes. Bonnet and Bryce (2004)
showed that the van der Waals interactions play the
major role in the binding of the enzyme to the inhibitor,
which confirms our results. Additionally, because of the
hydrophobic content, the flavonoid inhibitors tend to
interact with enzymes through hydrophobic and van der
Waals interactions (Li et al., 2009). The enzyme-naringin
complex possessed the highest van der Waals energy,
which was 4 times higher than the electrostatic energy.
In enzyme-chrysin, enzyme-kaempferol, and enzyme-quer-
cetin complexes, the van der Waals and electrostatic ener-
gies were !150 and !50 kJ/mol, respectively (Fig. 7). 

According to previous studies, the inhibition con-
stants (Ki) of naringin, quercetin, and chrysin were esti-
mated to be 3.04, 7.44, and 7.90 mM, respectively
(Gheibi et al., 2016; Taherkhani and Gheibi, 2014).
These findings confirm our observations that naringin
would be the best flavonoid inhibitor of the tyrosinase
enzyme (Gheibi et al., 2016). Because of broad utiliza-
tion and high therapeutic potential of naringin as an in-
hibitor in biological and clinical fields, it is suggested
that naringin can be tested and possibly used as a thera-
peutic agent in various human disorders (Bharti et al.,
2014). In another study (Taherkhani and Gheibi, 2014),
kaempferol and quercetin were used as tyrosinase inhibi-
tors, and it was found that kaempferol exerts a stronger
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inhibitory effect on tyrosinase than quercetin, which was
also confirmed by our results. 

Conclusion

Our findings revealed that among the four flavonoid
inhibitors studied, namely chrysin, kaempferol, naringin,
and quercetin, naringin exerts the best inhibitory effects
on tyrosinase, which makes it an appropriate candidate
as a whitening agent in skin disorders. In fact, the flavo-
noid derivatives restricted the enzyme activity. Never-
theless, compared to the other three flavonoid com-
pounds, naringin might particularly be considered as
a potential therapeutic inhibitor for the treatment and
prevention of melanoma and skin hyperpigmentation dis-
orders, which are caused by overactivity of tyrosinase.
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