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Abstract
The estreification of chrysin with α‐Linolenic acid (complex I) and linoleic acid (com‐
plex II) poly unsaturated fatty acids resulted to design of new mushroom tyrosinase 
(MT) inhibitors. Thermodynamic parameters of enzymes, including the melting point 
(Tm)	and	∆G values, were obtained from thermal and chemical denaturation curves. 
Complexes I and II showed a competitive inhibitory effect on MT with Ki values of 
0.45	and	0.29	mM,	respectively.	The	Tm	values	were	calculated	as	328.6,	322.4,	and	
318	K	and	the	∆G	values	as	62.8,	52.9,	and	47.1	KJ	mol−1	for the enzyme alone and its 
interaction with complexes I and II, respectively. Intrinsic and extrinsic fluorescence 
techniques showed structural instability of the enzyme in concomitance with a de‐
crease in the regular secondary structure acquired using CD spectrometry. This data 
clearly prove that the new derivatives show a stronger inhibitory effect than the 
separate compounds. Molecular docking analysis showed that the best possible in‐
teraction	condition	was	achieved	for	chrysin	with	n‐6.

Practical applications
MT is a suitable model in medicine for the investigation of melanogenesis, skin disor‐
ders, and hyperpigmentation because of its accessibility and close structural similar‐
ity to mammalian tyrosinase. In recent years, the designing of tyrosinase inhibitors 
from natural substances for prevention of hyperpigmentation in medicine, skin cos‐
metics, and undesired browning in agriculture and food industry has risen sharply. 
Many of the pharmaceutical products based on the use of flavonoids and poly un‐
saturated acids as natural compounds or on their semi‐synthetic derivatives have 
been interested for investigations because of their usefulness in many pathological 
conditions such as inflammation, cancer, and skin disorders. The limitation of the 
flavonoids applications are low bioavailability, permeability, and solubility for the 
cells.	In	this	study,	conjugation	of	chrysin	with	n‐3	and	n‐6	fatty	acids	resulted	in	a	
stronger inhibitors of MT with a synergic inhibitory effect on its activity.
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1  | INTRODUC TION

Despite	the	extensive	research	on	tyrosinase	(E.C.1.14.18.1),	a	wide‐
spread enzyme with high functional capabilities, important issues re‐
main	to	be	addressed	(Eisnhofe	et	al.,	2003;	Strack	and	Schliemann,	
2001). The first stage of melanogenesis is L‐tyrosine hydroxylated 
to	 L‐DOPA.	 This	 primary	 step	 in	melanin	 synthesis	 is	 followed	 by	
oxidation	 of	 the	 catecholamine	 to	 O‐quinine	 (Cooksey,	 Garratt,	
Land, & Ramsden, 1998). Irregular tyrosinase activity results in med‐
ical disorders such as melanoma, skin hyperpigmentation, albinism, 
piebaldism, and unwanted browning of fruit, vegetables, beverages, 
and seafood products along with several other important biological 
phenomena	(Lozano,	2006).

Melanoma is a prevalent and lethal cancer. Reduction of tyrosi‐
nase activity has been linked to the development of skin abnormali‐
ties and targeting this enzyme could be beneficial for the prevention 
and	treatment	of	melanoma	(Funayama	et	al.,	1995).	Mushroom	ty‐
rosinase (MT) from Agaricus bisporus is a good model for the design 
of inhibitors, structural analysis and other physicochemical studies 
on	 this	 key	enzyme	 (Gheibi	 et	 al.,	2005;	Ha	et	 al.,	2011).	Because	
of its accessibility and close structural similarity to mammalian ty‐
rosinase, it is a suitable model for these investigations (Gheibi, 
Taherkhani,	Ahmadi,	Haghbeen,	&	Ilghari,	2015).	It	has	broad	appli‐
cations in cosmetics, medicine, agriculture, and the food industry, 
which makes tyrosinase inhibition useful for better understanding 
of its mechanism of action (Cabanes, Chazarra, & Garic‐Carmona, 
1994).	Tyrosinase	 inhibitors	such	as	kojic	acid,	hydroquinone,	elec‐
tron‐rich phenols, arbutin, and azelaic acid have been evaluated for 
their capacity to prevent overproduction of melanin (Chang et al., 
2007;	Ha	et	al.,	2007).

Unsaturated fatty acids have anti‐cancer effects in the human 
body	 through	 their	 anti‐oxidant	 activity	 (Arendse,	 2014;	 Asghari,	
Chegini,	Amini,	&	Gheibi,	2016;	Zajdel,	Wilczok,	&	Tarkowski,	2015).	
They are divided into two groups according to the number of double 
bonds as polyunsaturated fatty acids (PUFAs) and monounsaturated 
fatty	 acids	 (Das,	 2006;	 Hussain,	 Schmitt,	 Loeffler,	 &	Gonzalez	 de	
Aguilar,	2013).	Both	groups	have	crucial	features	that	prevent	malig‐
nancy	(Girao,	Ruck,	Cantrill,	&	Davidson,	1985;	Ljungblad,	Johnsen,	
Wickström,	Kogner,	&	Gleissman,	2015).

PUFAs	comprise	the	n‐3	and	n‐6	families	and	can	convey	anti‐
cancer	activity	in	vitro	and	in	vivo	(Arendse,	2014;	Das,	1991;	Zajdel	
et	al.,	2015).	Research	has	revealed	that	natural	flavonoids	such	as	
5,	7‐dihydroxy	 flavone	 (chrysin),	a	copper‐chelating	 inhibitor,	can	
inhibit tyrosinase much more effectively in a reversible manner 
(Rho	 et	 al.,	 2010).	 Other	 flavonoids	 (cupferron,	 hexylresorcinol,	
dodecylresorcinol, and alkylbenzaldehydes) have been reported to 
competitively	inhibit	L‐DOPA	oxidation	by	MT	(Qiu,	Chen,	Wang,	
Huang,	&	Song,	2005).	Studies	on	these	two	important	biological	
compounds have suggested the conjugation of both compounds in 
new design complexes and their assessment on MT. In the present 
study,	 the	 inhibitory	effects	of	 complexes	 I	 (chrysin	+	n‐3)	 and	 II	
(chrysin	+	n‐6)	on	 the	kinetics,	 structure	and	stability	of	MT	was	
evaluated to obtain a better understanding of the enzymatic mech‐
anism of action. The results clearly demonstrate that the tested 
complexes can inhibit the diphenolase activity of MT.

2  | MATERIAL  S AND METHODS

2.1 | Materials

A. bisporus tyrosinase	(specific	activity	3,600	units/mg),	L‐DOPA,	chry‐
sin, isopropanol, PUFAs (α‐linolenic acid (ALA) and linoleic acid (LA)) 

and 1‐anilino‐8‐naphthalene sulfonate (ANS) were purchased from 
Sigma‐Aldrich (USA). Isopropanol was used to make all stock solutions 
for the substrates and inhibitors. Biological complexes I and II were 
synthetized using the Fisher method with esterification of chrysin as 
the flavonoid and LA and ALA as the PUFAs, respectively (Figure 1). 
Phosphate‐buffered saline (PBS; Na2HPO4	and	NaH2PO4;	10	mM;	pH	

6.8)	was	used	throughout	and	the	corresponding	salts	were	obtained	
from	Merck	(Germany).	All	experiments	were	carried	out	at	25°C.

2.2 | Experimental analysis of MT

Kinetic analysis of MT inhibition | 2.2.1

 The diphenolase activity of MT was measured by the oxidation
‐ureaction	of	L‐DOPA	to	DOPA‐quinone	at	475	nm	(dopachrome	acc
	mulation	wavelength)	at	25°C	using	the	molar	absorption	coefficient

F I G U R E  1   The structure of Chrysin—Linoleic acid (complex I) (A); Chrysin—Alpha Linoleic acid (complex II) (B)
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of	 3,700	M–1 cm–1	 (Gheibi	 et	 al.,	 2016;	 Haghbeen	 et	 al.,	 2010).	
Absorption measurements were accomplished utilizing a UV‐2100 
spectrophotometer (Rayleigh).

The diphenolase reaction of MT was carried out in 10 mM phos‐
phate	buffer	(pH	6.8)	at	25°C	with	40	units	of	MT	and	different	con‐
centrations	of	L‐DOPA	(0.1,	0.5,	1,	1.5,	2,	and	2.5	mM)	as	substrates	
with and without the presence of inhibitors I and II (0, 0.01, 0.02, 
and	0.04	mM).	The	incubation	time	of	the	inhibitors	and	enzyme	was	
3	min	and	all	experiments	were	repeated	at	least	three	times.	The	di‐
phenolase activity of MT was analyzed using the Michaelis–Menten 
equation, followed by the double reciprocal plots of Lineweaver–
Burk to obtain the Km, Vmax, and Ki values. The IC50 values of inhibi‐
tors were calculated by Equation (1).

2.2.2 | Secondary structure measurements with CD

A	 spectropolarimeter	 (Aviv;	Model	 215;	USA)	was	 applied	 for	CD	
measurement	 in	 a	 0.1	cm	 length	 and	 0.3	ml	 quartz	 cell.	 The	 CD	
spectra	of	the	40	unit	MT	alone	was	 incubated	(3	min)	with	various	

concentrations	of	complex	I	(20,	40,	and	60	µM)	and	complex	II	(20,	
40,	and	60	µM)	and	the	results	were	recorded	in	the	far	UV	region	
(190–260	nm).	The	α‐helix, β‐sheet, turn, and random coils were ana‐
lyzed in the far UV‐CD spectra using CD deconvolution software.

2.2.3 | Internal fluorescence and thermal 
analysis of MT

The fluorescence intensity of MT and complexes I and II was meas‐
ured using a Cary Eclipse model 100‐Bio spectrofluorimeter. For in‐
ternal fluorescence, an excitation wavelength of 280 nm was used 
and	 the	emission	 spectra	were	 collected	 at	300–420	nm.	The	MT	
concentration	was	 fixed	at	0.2	mg/ml	 for	 interaction	with	50,100,	
200,	 300,	 or	 400	µM	of	 complex	 I	 and	 100,	 200,	 300,	 400,	 500,	
or	 600	µM	 of	 complex	 II.	 The	 thermal	 denaturation	 curves	 were	
developed by measuring the fluorescence intensity at an excitation 
wavelength	of	280	nm	and	emission	wavelength	of	350	nm	as	 the	
temperature	increased	from	278	to	368	K.

2.2.4 | External ANS fluorescence spectroscopy

A	stock	 solution	of	40	mM	ANS	was	prepared	 in	 the	distilled	 and	
deionized	water	which	was	excited	at	350	nm	and	the	emission	spec‐
tra	 of	 the	 solutions	 are	 produced	 at	 400–600	nm	 in	 50	µM	ANS.	
The emission spectra were recorded in the presence of ANS alone 
(50	µM),	ANS	and	MT,	ANS,	MT,	and	200	µM	of	complexes	I	and	II.	
The	MT	concentration	was	0.2	mg/ml	in	10	mM	PBS	buffer	at	a	pH	
of	6.8	and	25°C	as	obtained	using	a	spectrofluorimeter	(Cary	Eclipse	
model 100‐Bio).

2.3 | Theoretical analysis

2.3.1 | Protein preparation

The	crystal	structure	of	tyrosinase	at	3.25	Å	was	downloaded	from	
the	Protein	Data	Bank	(PDB	ID:	5M6B).	Residues	missing	from	the	
crystallographic	 structure	 file	were	 nos.	 462‐469,	which	were	 re‐
stored	 using	 MODELLER	 software	 and	 the	 multiple‐template	 ap‐
proach (Fiser, Do, & Sali, 2000). Autodock Tools (Sanner, 1999) was 
used to add the tyrosinase after determination of the Gasteiger 
charges of the polar hydrogen atoms (Gasteiger & Marsili, 1978).

2.3.2 | Optimization of protein homology by 
molecular dynamics simulation

In order to optimize the side chain orientation for protein balanc‐
ing and determining the correct configuration of the atoms, molec‐
ular	dynamics	 simulation	with	a	CHARMM27	force	 field	was	used	
(Bjelkmar,	Larsson,	Cuendet,	Hess,	&	Lindahl,	2010).	After	applying	
periodic	boundary	conditions,	 the	TIP3P	water‐solvated	 format	of	
the protein was placed in a cubic box with a box edge of 1 nm on 
the surface atoms. By replacing Na+, the total charge of the system 
was neutralized and the type of PME electrostatic interaction was 
determined. Minimization of the potential energy was performed for 
50	ps	to	reach	an	energy	level	of	1,000	kJ/mol	and	free	the	system	
from high‐energy interactions and steric clashes. In the next step, 
the	system	was	balanced	at	a	constant	temperature	of	310	K	and	a	
constant	 pressure	 of	 1	bar	 for	 50	ps.	Molecular	 dynamics	 calcula‐
tions	were	performed	for	5	ns	using	GROMACS	software	(Van	Dijk,	
Wassenaar,	&	Bonvin,	2012).

2.3.3 | Ligand preparation

The	molecular	structure	of	chrysin,	chrysin	+	n‐3,	and	chrysin	+	n‐6	
were drawn using Gaussian View. Their potential energy minimiza‐
tion	was	calculated	using	the	PM3	method	in	Gauss	09w	software	
and	transformed	to	3D	structures	(Almodarresiyeh	et	al.,	2014).

2.3.4 | Molecular docking

The process of molecular docking of the ligands to tyrosinase was 
performed	using	Autodock	Vina	software	(Trott	&	Olson,	2010).	All	
docking calculations were carried out using the optimization algo‐
rithm for repetitive local search assuming that the protein is inflex‐
ible	and	the	ligand	flexible.	A	grid	box	of	14	×	18	×	16	Å	points	was	
defined and placed in an active site region of the enzyme. The grid 
distance	was	set	at	1,000	Å	and	other	parameters	were	considered	
as the default. After docking, the best conformation with the low‐
est binding energy was selected. The hydrogen and hydrophobic 
interactions of the tyrosinase‐ligand complex and the length of the 
hydrogen	 bonds	 were	 analyzed	 using	 Lig‐Plot	 software	 (Wallace,	
Laskowski,	&	Thornton,	1995).

(1)IC50=Ki

(
[

S
]

Km

+1

)
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2.4 | Results and Discussion

2.4.1 | Esterification analysis by FTIR

Esterification was performed using the Fischer method in which 
carboxylic acid reacts with alcohols or phenol groups to form es‐
ters	(Ahkong,	Fisher,	Tampion,	&	Lucy,	1973).	This	is	an	endergonic	
(endothermic) reversible reaction with a high activation energy bar‐
rier	in	the	absence	of	a	catalyst	(HCl).	In	the	forward	direction,	it	is	
called an esterification reaction because it produces an ester. In this 
study, an ester bound formed between ortho state of the chrysin 
and each PUFA (LA and ALA) (Figure 1A,B). The FTIR data showed 
the	shifting	of	 the	C=O	absorption	bond	 from	1,709	 to	1,739	cm−1 
(Figure	2A).	These	results	indicated	that		–COOH	functional	group	of	
PUFAs has been converted	to	–COOC–	and	confirmed	the	formation	

of	complexes	I and II (Figure 2B).

2.4.2 | Complexes I and II competitive inhibition of 
diphenolase activity of MT

The inhibition kinetics of complexes I and II on the diphenolase ac‐
tivity of MT were evaluated and the kinetic characteristics were ac‐
quired from Lineweaver–Burk plots. This is demonstrated by the fact 
that an increase in the concentration of inhibitor resulted in a set of 
lines	having	different	slopes	crossing	at	the	Y‐intercept	(Figure	3A,B).

The magnitudes of Ki and IC50 were obtained from secondary 

plots	of	Lineweaver–Burk	(insets	of	Figure	3A,B)	and	Equation	(1),	re‐
spectively. The enzyme competitive type of inhibition was obtained 

	

at Ki	=	0.45,	IC50	=	0.83	mM,	and	Ki = 0.29, IC50	=	0.53	mM,	for	com‐

plexes I and II, respectively. The type of inhibition proposed the co‐
ordination of these compounds with the copper clusters of enzyme 
active sites. The lower Ki of complexes I and II in comparison with 
chrysin (Ki = 0.79 and IC50 =	1.45	mM)	 and	 LA	 and	 ALA	 (Ki =	0.53;	
IC50 =	0.97	mM	 and	 Ki	=	0.34;	 IC50 = 0.63 mM, respectively; data 

not published) confirm that their esterification produced stronger 
inhibitors	of	MT	(Gheibi	et	al.,	2016,	2014).

A variety of flavonoids with inhibitory effects on tyrosinase have 
been recently isolated from different natural sources. Flavonoid 
derivatives are reported to be able to reversibly hinder the binding 
of	 L‐DOPA	 to	 tyrosinase	 active	 sites	 (Xie,	 Chen,	Huang,	Wang,	&	
Zhang,	2003).	Kinetics	data	from	previous	studies	clearly	show	that	
flavonoid derivatives reversibly block the catecholase activity of MT 
with inhibitory potencies in the following order: chrysin < querce‐
tin < naringin < Gallic acid. Nonetheless, these structurally similar 
substances inhibit enzyme activity through different mechanisms 
(Gheibi	et	al.,	2016).

Studies have shown that saturated and unsaturated fatty acids 
have inhibitory effects on tyrosinase activity. Changes in activity 
with an increase in unsaturated fatty acids may increase degradation 
of tyrosinase by a proteasome complex, whereas an increase in satu‐
rated	fatty	acids	has	the	opposite	effect	(Gheibi,	Saboury,	Haghbeen,	
Rajaei,	&	Pahlevan,	 2009;	 	 2015;	Gheibi	 et	 al., 2015;	Ibiebele,	Nagle,	

Bain,	&	Webb,	2012).	Thus,	by	changing	the	composition of the fatty 
acids in the cell, it may be possible to con‐trol abnormalities occurring 
during melanin production, including its 

F I G U R E  2   FTIR spectra comparison before (A) and after (B) esterification
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overproduction (Jiménez, Chazarra, Escribano, Cabanes, & García‐
Carmona, 2001).

In	the	present	study,	chrysin	with	either	n‐3	or	n‐6	was	applied	
to MT to characterize the inhibitory effects of complexes I (chry‐
sin	+	n‐3)	 and	 II	 (chrysin	+	n‐6)	 on	 catecholase	 activity	 of	 this	 en‐
zyme. In a previous study on carboxylic acids, we emphasized the 
chelating effects of the carboxylic groups on copper clusters in the 
MT active sites (Gheibi et al., 2009). The competitive inhibitory ef‐
fects exhibited by these complexes suggest that they probably bind 
to the active sites of the enzyme.

2.4.3 | Thermodynamic parameters of MT in the 
presence of complexes

Figure	4	 shows	 the	sigmoidal	denaturation	curves	of	 the	MT	with	
and without complexes I and II in which the internal fluorescence 
of MT decreased with a gradual increase in temperature. According 
to the theory developed by Pace et al., the Gibbs free energy of de‐
naturation (ΔG°)	was	measured	as	a	benchmark	of	 conformational	
stability of globular protein (Pace, 1992). Denaturation was charac‐
terized	in	line	with	alterations	in	the	emission	intensity	at	350	nm	and	
a change was measured in the Gibbs free energy of the denatured 
protein (ΔG°).	The	protein	melting	point	 (Tm) is the temperature at 
which a protein reaches half of its two‐state transition during ther‐
mal	denaturation	(Figure	4;	inset).	Analysis	of	MT	thermal	denatura‐
tion curves revealed that, the Tm	 values	were	calculated	as	328.6,	
322.4,	and	318	K	and	the	ΔG°	values	as	62.8,	52.9,	and	47.1	KJ	mol−1

for the enzyme alone and its interaction with complexes I and II, re‐
spectively. The values of ΔG°	and	Tm, as the most important thermo‐
dynamic parameters, decreased after incubation of enzyme with the 
two complexes.

2.4.4 | Change of regular secondary of MT by CD

The	MT	 far‐UV	region	 (190–260	nm)	 revealed	 that	 the	addition	of	
the two complexes caused significant changes in the secondary 
structure	 of	 the	 MT.	 Figure	 5A,B	 shows	 changes	 in	 the	 second‐
ary structure contents of the enzyme through the CD profiles of 
the complexes at different concentrations. Table 1 shows that the 
amount	of	alpha‐helix	and	beta‐sheets	of	MT	alone	was	63.1%	and	
9.1%,	 respectively.	 The	 enzyme	with	 two	 complexes	 shows	 a	 de‐
crease in the sum of the α‐helix and β‐sheet structures with a coin‐
cident increase in the random coil values after MT incubation with 
complexes I and II.

2.4.5 | Internal and external fluorescence 
changes of MT

The effect of complexes I and II on the tyrosinase structure was 
examined by the measurement of fluctuations in the intrinsic pro‐
tein	fluorescence	(Figure	6A,B).	Besides,	these	structural	changes	
were achieved through extrinsic fluorescence with ANS as a tag of 
the hydrophobic patches (Figure 7). The fluorescence data dem‐
onstrates the effect of the complexes on the tertiary structure 
of MT. The internal fluorescence spectra showed movement of 
tryptophan residues to hydrophobic regions of the protein. An in‐
crease in ANS fluorescence intensity after incubation of MT with 
the complexes in comparison with ANS alone emphasizes the ef‐
fect of the complexes on the exposing of hydrophobic patches to 
the enzyme surface (Figure 7). The binding of ANS to the hydro‐
phobic surface of the protein in an aqueous solution enhanced 
the fluorescence emission intensity (Sponton, Perez, Carrara, & 
Santiago,	2014).

F  I  G U R  E  3  Lineweaver–Burk	plots	of	mushroom	tyrosinase	kinetic	assay	for	monophenolase	reactions.	L‐DOPA	was	a	substrate.	The	
reaction	was	performed	in	10	mM	PBS,	pH	6.8,	at	25°C	and	40	μL enzyme, in the presence of different concentrations of (A) Complex I: 0 
μM (♦), 10 μM (■), 20 μM (▲),	30	μM	(×);	(B)	Complex	II:	0	μM (♦), 10 μM (■), 20 μM (▲),	30	μM	(×),	40 μM	(Ж).	Inset:	secondary	plots,	the	
slope	against	different	concentrations	of	inhibitor,	which	gives	the	inhibition	constant	(−Ki) from the abscissa‐intercepts
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2.4.6 | Molecular docking

After	docking,	the	interaction	of	L‐DOPA	as	a	substrate	with	com‐
plexes I and II was examined using LigPlot software. The best pos‐
sible	condition	achieved	was	for	chrysin	+	n‐6.	The	energy	binding	
of	 the	 interactions	 of	 complexes	 I	 and	 II	 and	MT	was	 −113.1	 and	
−116.9	kcal/mol,	 respectively.	 For	 chrysin	+	n‐6,	 Glu474	 was	 in‐
volved	in	a	hydrogen	bond	with	a	length	of	3.06Å	and	15	residues	
(Asn254,	Asp253,	Gly256,	Gly259,	Val250,	His296,	His	57,	Phe279,	
Ala273,	His283,	Ala274,	Phe87,	Glu	248,	His	82,	and	His236)	were	
involved	 in	 the	 hydrophobic	 interaction.	 For	 chrysin	+	n‐3,	 Ser83	
was	involved	in	a	hydrogen	bond	with	a	length	of	2.81Å	and	while	
20	 residues	 (Phe	 87,	 Asp252,	 Thr216,	 Ala273,	 Thr134,	 His283,	
His282,	His	255,	Gly259,	Val258,	H7q0,	Trp132,	Phe	257,	Leu209,	
Leu138,	Cys90,	His57,	His91,	Phe454,	and	His251)	were	included	in	
hydrophobic interaction (Figure 8A,B). Through comparison of these 
residues and the hydrophobic nature of their interactions, it appears 
that the four‐helix bundle sheet structure around the active site is 
the interaction site of these two complexes (Ismaya et al., 2011; 
Pretzler, Bijelic, & Rompel, 2017).

TA B L E  1   Far‐UV CD analysis of MT structure with and without the complexes

Sample
Inhibitor concentration 
(µM) α-helix (%) β-sheet(%) β-turn (%) Random.coil (%)

MT 0 63.1 9.1 15.9 11.9

Complex I 20 47.3 15.9 18.3 18.5

40 41.9 18.3 18.7 21.1

60 38.5 20.1 18.8 22.6

Complex II 20 56.1 11.4 16.8 15.7

40 50.9 13.5 17.4 18.2

60 41.7 17.8 18.8 22.6

 F  I  G U R  E  4   (A) Thermal denaturation in the presence of sole
	mushroom	tyrosinase	0.2	mg/ml	and	with	the	concentrations	of
complex I and Complex II. (B) Free energy changes for the thermal 
denaturation of sole enzyme and with concentrations of complex I 
and Complex II

	F  I  G U R  E  5  UV‐CD	spectra	registered	for	mushroom	tyrosinase	40 unit (a)	and	MT	in	the	presence	of	different	concentration	of	(A):
Complex	I	and	(B):	Complex	II.	Enzyme	sole,	20,	40,	and	60	μM

8



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

|  7 of 9JAMALI et al.

F I G U R E  7   Interaction	between	mushroom	tyrosinase	and	ANS	Fluorescence	emission	spectra	of	ANS	50	µM	in	10	mM	PBS,	pH	6.8,	
temperature	25°C	and	the	excitation	wavelength	of	380	nm	in	the	presence	of	sole	ANS	50	µM	(a),	ANS	with	mushroom	tyrosinase	(b),	with	
concentrations	of	complex	II,	10	µM	(c),	and	12	µM	(d),	and	Complex	I:	10	µM	(e),	and	12	µM	(f)

F I G U R E  8   Best docked conformations of complex I‐ mushroom tyrosinase (A) and Complex II‐ mushroom tyrosinase (B)

F I G U R E  6   Intrinsic fluorescence emission spectra of mushroom tyrosinase and the enzyme in the presence of different concentration of 
(A) Complex	I:	0	(a),	50	µM	(b),	100	µM	(c),	200	µM	(d),	300	µM	(e),	and	400	µM	(f);	(B)	Complex	II:	0	(a),	100	µM	(b),	200	µM	(c),	300	µM	(d),
400	µM	(e),	500	µM	(f),	and	600	µM	(g).	The	concentration	of	the	enzyme	was	0.2	mg/ml
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2.5 | Conclusion

Complexes I and II showed competitive inhibition of MT with in‐
duced partial unfolding and in‐stability. Moreover, it can conclude 
that	they	should	compete	with	L‐DOPA	for	accessibility	to	the	MT	
active sites and induce a competitive type of inhibition. These com‐
plexes induced enzyme inhibition having more strength than chrysin, 
ALA, and LA separately. In line with the kinetic changes, the com‐
plexes induced thermodynamic instability and structural changes in 
MT. The enzyme secondary regular structures switched to a random 
coil in a concentration‐dependent manner. The molecular docking 
and experimental results indicate that complex II has better binding 
potency than complex I.
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