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Objective(s): Tyrosinase is a key enzyme in pigment synthesis. Overproduction of melanin in parts
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of the skin results in hyperpigmentation diseases. This enzyme is also responsible for the

enzymatic browning in fruits and vegetables. Thus, its inhibitors are of great importance in the
medical, cosmetic and agricultural fields.
Materials and Methods: A series of twelve kojic acid derivatives were designed to be evaluated as

Article history:
Received: Jul 7, 2015
Accepted: Oct 8, 2015

tyrosinase activity inhibitors. The potential inhibitory activity of these compounds was
investigated in silico using molecular docking simulation method. Four compounds with a range of
predicted tyrosinase inhibitory activities were prepared and their inhibitory effect on tyrosinase
activity was evaluated. The antioxidant properties of these compounds were also investigated by
in vitro DPPH (2,2-diphenyl-1-picrylhydrazyl) and hydrogen peroxide scavenging assays.

Results: Compound IIId exhibited the highest tyrosinase inhibitory activity with an ICso value of
0.216 + 0.009 mM which was in accordance with the in silico AGvina results (-13.24 Kcal/mol).
Conclusion: Based on the docking studies, from the twelve compounds studied, one (IIId)
appeared to have the highest inhibition on tyrosinase activity. This was confirmed by enzyme
activity measurements. Compound IIId has an NOz group which binds to both of Cu?* ions located
inside the active site of the enzyme. This compound appeared to be even stronger than kojic acid
in inhibiting tyrosinase activity. The DPPH free radical scavenging ability of all the studied
compounds was more than that of BHT. However, they were not as strong as BHT or gallic acid in
scavenging hydrogen peroxide.
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industry as well. Furthermore, tyrosinase inhibito-

Melanin is produced by a combination of two rshave been used as insecticides and insect control

enzymatic and chemical reactions and protects the skin
from the effects of UV sunlight (1, 2). Although melanin
plays a crucial protective role against the photo damage
of skin, overproduction of this pigment in parts of the
skin results in hyper-pigmentation diseases. Tyrosinase
catalyzes two key reactions in mammalian melan-
ogenesis. This enzyme is also responsible for the
enzymatic browning in fruits and vegetables. Browning
in crops is unfavorable and decreases the commercial
value of the products (1-3). Tyrosinase is also
associated with the host defense, wound healing,
molting and sclerotisation of insects (4, 5). Inhibition of
this enzyme has become increasingly important for the
scientists in clinical, medicinal and cosmetic research.
Tyrosinase has always been an important target in food

agents for years (4).

Although plenty of tyrosinase inhibitors derived
from both natural and synthetic sources have been
investigated to date, due to off-flavors, food safety, and
economic feasibility most have shown insufficient
activity and only very few inhibitors are used in the
industry (6).

Tyrosinase is a member of a group of metallo-
proteins with two copper atoms in the active site. Its
functions include monooxygenase (cresolase) and
diphenolase (catecholase) activities (7). In the
monooxygenase reaction, this enzyme catalyzes the
ortho-hydroxylation of tyrosine, while in the diph-
enolase reaction, the ortho-dihydroxy compound
produced in the monooxygenase reaction is oxidized
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to an ortho-quinone. Both reactions require mole-
cular oxygen (7-8).

The most intensively studied inhibitor of
tyrosinase, kojic acid (5-hydroxy-2-hydroxymethyl-
4H-pyran-4-one, KA), was discovered by Saito in
1907 and is produced by various fungi (9). KA
chelates transition metal ions such as Cu?* and Fe3+
and is an effective free radical scavenger (10). This
inhibitor is currently applied as a food additive to
prevent enzymatic browning of fruits. KA is also
added to cosmeceuticals such as skin-lightening
agents. It inhibits both the cresolase and catecholase
activity of mushroom tyrosinase. However, its use
has been limited because of its cytotoxicity, the skin
irritation caused by its use in cosmetics and its
instability during storage (9-12). Therefore, the
development of novel, potent, non-toxic and stable
tyrosinase inhibitors is of great importance in the
medical, cosmetic and agricultural fields.

Many semi-synthetic kojic acid derivatives have
been synthesized by modifying the structure to
improve its pharmacokinetic properties and chel-
ating abilities. Kojyl thioether derivatives have been
shown to strongly inhibit the tyrosinase activity (13).

According to Noh et al kojic acid-tripeptide
amide derivatives exhibited higher storage stability
than that of kojic acid (14). In addition, kojic acid
derivatives with two pyrone rings have shown eight
times more tyrosinase inhibitory potency than kojic
acid (15). Of the same scaffold as kojic acid, maltol
(3-hydroxy-4H-pyran-4-one) and its derivatives have
many common biological effects. Inhibitory activity
and antioxidant effects of ester derivatives of
allomaltol (5-hydroxy-2-methyl-4H-pyran-4-one)
have been described by Wempe and others (16).
Kojic acid has been reported to have antioxidant
activity as well. It was reported that the local
application of kojic acid accelerates wound healing in
rats. This is attributed to the antioxidant activity of
KA (17). Some novel 3-hydroxypyridine-4-one
derivatives with high antioxidant and iron chelating
activity have been synthesized by Mohammadpour
and others (18). According to Ahn et al the kojic acid
derivative containing a trolox moiety, exhibited
potent tyrosinase inhibitory and radical scavenging
activity (19). KA esters derived from esterification of
kojic acid and palm oil based fatty acid also show
antioxidant activity (20). Chemical structure of some
kojic acid and maltol derivatives as tyrosinase
inhibitors are shown in Figure 1. Docking technique
is the search over many possible interactions
between a ligand and a receptor molecule in order to
identify a set of ligand poses that represent local
minimum-energy positions of the ligand. This
method accurately predicts the structure of a ligand-
receptor complex with respect to experiment and
calculates a binding energy that can be used to

accurately rank-order different ligands relative to
experimentally measured binding affinities. Thus,
this method is very informative to clarify key
structural characteristics and interactions to provide
helpful data for proposing effective receptor
inhibitors (21, 22).

In this study, a series of twelve kojic acid
derivatives were designed to be evaluated as
tyrosinase activity inhibitors. The structural features
of some tyrosinase inhibitors reported previously by
this group were considered in the design of these
compounds (23). To decrease the complications
related to wet-lab procedures, the potential
inhibitory activity of these compounds was
investigated in silico using molecular docking
simulation method. The most potent predicted
compound and also three other compounds which
were expected to be moderate to weak inhibitors
were prepared and their inhibitory effect on
tyrosinase enzyme activity was evaluated. The
antioxidant properties of these compounds were also
investigated by in vitro DPPH (2, 2-diphenyl-1-picry-
lhydrazyl) and hydrogen peroxide scavenging assays.

In silico studies

For the in silico protein-ligand docking simul-
ation, AutoDock4.2 software package was used (24).
Lamarckian Genetic Algorithm of the AutoDock 4.2
program was used to perform the flexible-ligand
docking studies (25). An Intel-based core i5 personal
computer with Linux (redhat 6) operating system
was employed for docking procedure. The crystal
structure of tyrosinase from Agaricus bisporus
(APTYR; PDB code, 2Y9X) was chosen as the protein
model for the present study.

Ligand structure preparation

General structure and the structural details of the
compounds subjected to molecular docking
simulations are provided in Table 1. All 2D
structures of compounds were built using Chem-
Draw program (ChemDraw Ultra 10.0, Cambridge
soft.), then were transferred into Hyperchem 8.0
software (HyperChem, Release 8.0 for Windows,
Molecular Modeling System: HyperCube, 2007) and
energy minimized with MM+ force field using Polak-
Ribiere conjugate gradient algorithm until the root
mean square gradient of 0.01 Kcal/A.mol. These
optimized structures were used as inputs of
the AutoDock tools. Then the partial charges
of atoms were calculated using the Gasteiger-Marsili
procedure implemented in the AutoDock tools
package (26). Non-polar hydrogens of compounds
were merged and then rotatable bonds were
assigned.
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Figure 1. Chemical structure of some synthetic Kojic acid derivatives as tyrosinase inhibitors
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Table 1. General structures and structural details of the studied compounds

OH
) |
/NH
Ar
Compound Ar R Mol. Formula Mol. Weight
1 p-CH3CeHa CHs C14H16N20: 244.29
2 p-CH30C6H4 CHs C14H16N203 260.29
p-HOCeH4 CHs C13H14N203 246.26
4 0-BrCsHa CHs C13H13BrNz0: 309.16
5 p-BrCesHa CHs C13H13BrNz0: 309.16
6 p-CH3CeH4 C13H14N202 230.26
7 p-CH30CeH4 C13H14N203 246.26
0-ClCeH4 C12H11CIN202 250.68
9 m-ClC¢Ha C12H11CIN202 250.68
10 p-CH3CONHCe¢H4 C14H15N303 273.29
1 m-NOzCeHs C12H11N304 261.23
12 4-CsHaN C11H11N30: 217.22

Protein structure preparation

A tyrosinase from the mushroom A. bisporus has
been successfully crystallized by Wangsa Ismaya and its
structure has been elucidated by means of X-ray
crystallography. The enzyme is commonly found as a
H;L, tetramer. The H subunit is the tyrosinase domain
with a molecular mass of 43 kDa. This subunit contains
two copper atoms coordinated by six histidine residues,
His85, His61, His94, His259, His263 and His296. The L
subunit is 14 kDa with a lectin-like fold and the function
of this subunit is unknown. This tetramer is stabilized
by two holmium ions in the H-H interface (27).

Co-crystallized ligands (tropolone), all chains except
chain A, two holmium ions and water molecules of
crystallization were removed from the complex using
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Discovery StudioVisualizer (28). All missing hydrogens
were added and after determining the Kolman united

atom charges, non-polar hydrogens were merged to
their corresponding carbons using Autodock tools (29).

Docking procedure

The AutoGrid program performs pre-calculations
for the docking of a ligand to a set of grids that describe
the effect that the protein has on point charges. The
effect of these forces on the ligand is then analyzed by
the AutoDock program. Using Autogrid as a part of the
Auto dock package, desolvation parameters and
electrostatic interactions were assigned to each protein
atom. In all dockings, a grid map of 40 x 40 x 40 points
and a grid point spacing of 0.375 A (a quarter of the C-C
bond) were applied using Autogrid software. The grid
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center was placed between the two metal ions located
in the active site. The Lamarckian Genetic Algorithm
(LGA) approach was selected as the search algorithm
for the global optimum binding position search among
the three different search algorithms offered by
AutoDock 4.2. This algorithm has been determined
superior compared with simulated annealing and
genetic algorithm. 100 independent docking runs were
carried out for each ligand. For the LGA method, an
initial population of random individuals with a
population size of 150 individuals, a maximum number
of energy evaluations: 2.5 x 106 per run, a maximum
number of generations of 27000, an elitism value of 1, a
mutation rate of 0.02, and a crossover rate of 0.8 were
used. All other run parameters were maintained at
their default settings. At the end of docking, the
structures were ranked by energy, as were the clusters
and binding free energy of each run was provided in the
docking log (dlg) file. The resulting docking poses were
analyzed in AutoDockTools and DS Visualizer 3.5 and
Ligplot softwares (30).

Hydrogen bonding and Pi interactions were
established through the docking procedure. The
possibility of metal ions coordination within the active
site of protein was investigated using the "Bump
Monitor" option in DS visualizer 3.5. Bump identifies a
close contact between two atoms. The ligand bound
protein was used as the input file for LigPlot to generate
the two dimensional (2D) plot of the hydrogen bond
interaction and also the hydrophobic interactions.

Chemistry

Chemicals supplied by Merck or Sigma-Aldrich
Chemical Co. were used without further purification.
Analytical thin-layer chromatography (TLC) was
performed using Merck silica gel (60F;s4) plates.
Melting points were determined employing a Mettler
capillary melting point apparatus and were
uncorrected. The infrared (IR) spectra were recorded
with a WQF-510 Ratio Recording FT-IR spectrometer
as a KBr disc (y, cm1). The 'H-NMR and 3C-NMR
spectra (DMSO-ds) were recorded using a Bruker 400
MHz spectrometer. Chemical shifts (3) are reported in
ppm downfield from the internal standard
tetramethylsilane (TMS). Elemental analyses were
carried out with a Perkin Elmer Model 240-C
apparatus. Elemental microanalyses were within+ 0.4%
of the theoretical values for C, H and N. The purity of the
compounds was checked by TLC on silica gel plate
using chloroform and methanol as solvent.

Compounds selected to be prepared were
synthesized starting from one of the two aldehydes: 5-
(benzyloxy)-1-methyl-4-ox0-1,  4-dihydropyridine-2-
carbaldehyde (Ia) and 5-(benzyloxy)-4-oxo-1,4-
dihydropyridine-2-carbaldehyde (Ib). The methods for
the preparation of these aldehydes are reported
previously (18). The chemical procedure applied for the

synthesis of compounds Illa-d (Illa: 3, IlIb: 2, Illc: 7
and IIId: 11) is outlined in Scheme 1 and details are
given below.

General procedure for the preparation of Kojic acid
derivatives (Illa-d)

A mixture of 1.0 mmol of 5-(benzyloxy)-1-methyl-4-
ox0-1,4-dihydropyridine-2-carbaldehyde (Ia) or 5-(be-
nzyloxy) -4 - oxo - 1,4 - dihydropyridine - 2-carb-
aldehyde (Ib) and 1.0 mmol of the appropriately
substituted aniline in 5 mL of CHCls:EtOH (8:2), as
solvent, was reacted under reflux condition. The
progress of the reaction was monitored by TLC using n-
hexane:ethylacetate (3:1) as solvent. After the
completion of the reaction, solvent was removed by
rotary evaporation and the final product was purified
by recrystallization in absolute ethanol or ethylacetate.
1.0 mmol of the obtained product was dissolved in 5
mL of absolute ethanol. Hydrogenation process was
performed under constant pressure of Hz over 10 wt%
of Pd/C as catalyst at room temperature. The progress
of the reaction was followed by TLC using n-
hexane:ethylacetate (3:1) as solvent. After the
completion of the reaction, the reaction mixture was
heated up to the boiling point and filtered through a
sintered glass while hot. The filtrate was then
evaporated to dryness to obtain the deprotected
hydroxyl derivatives (IIla-d) which were further
purified by recrystallization in hot ethanol. The spectral
details of the prepared compounds are provided in the
results section.

Biological assay
Tyrosinase inhibition assay

Tyrosinase activity inhibition was determined as
described by lida and coworkers (31), with the following
modifications. L-dopa and mushroom tyrosinase (EC
1.14.18.1) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The UV/VIS spectra were recorded with a
Perkin Elmer U/Vis spectr- ophotometer. Briefly, 450 pl of
phosphate buffer (50 mM, pH 6.5), 20 ul of mushroom
tyrosinase (2800 U/mL) in phosphate buffer and 340 pL of
the inhibitor solution were placed in a cuvette. After pre-
incubation for 8 min at 25 °C, 200 pl of L-DOPA (4.25 mM)
was added and the cuvette was further incubated at 25 °C
for 10 min. Subsequently the absorbance of dopa- chrome
formed was measured at 475 nm. Kojic acid and
phosphate buffer were used instead of the inhibitor
solution as positive and negative tyrosinase inhibitor
control, respectively. The extent of the inhibition by the
test compound was expressed as the percentage of
concentration necessary to achieve 50% inhibition (ICsp).
The percentage of tyrosinase inhibition was calculated as
follows:
Inhibitory activity (%) = [(Ac-Ad)/ A] x 100
where, A. is the absorbance of the negative control and
At is the absorbance of the test compound.
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Antioxidant evaluation
DPPH free radical scavenging assay

The antioxidant activity of the studied compounds
was evaluated by DPPH radical scavenging assay,

originally described by Blois and coworkers (32). In
brief, a stock solution of DPPH (60 uM) was prepared in
methanol and 1 ml of this stock solution was added
to 1 ml of the standard and test solution at different

(@) @] @]
(@) ©] OH
| | ArNH, | | Hy | |
H _— H —_— H
N Reflux in | g Pd/C E
o R C2H;OH N _NH
Ar Ar
lla, llla: R=CHj;, Ar=para-CgH,OH
la R=CH, b, lllb: R=CHj;, Ar=para-CgH,OCH,
Ib R=H lle, llle: R=H, Ar=para-C¢gH,OCHj
lid, llld: R=H, Ar=meta-CgH,NO,

Scheme 1. General procedures applied for the synthesis of the studied compounds

Table 2. Docking results of Kojic acid derivatives docked into tyrosinase active site. The values are expressed in kcal/mol

Compound AGbinda Intermolecular Energy Electrostatic Energy
1 -239 -349 -142
2a -2.33 -3.70 -1.04
3a -2.47 -3.84 -0.78
4 -2.79 -3.89 -1.54
5 -2.3 -34 -1.39
6 -2.63 -3.73 -1.97
74 -2.25 -3.62 -0.71
8 -3.08 -4.18 -2.05
9 -3.11 -4.21 -1.96
10 -3.51 -4.88 -1.74
114 -13.24 -14.61 -13.31
12 -2.69 -3.52 -1.66
Tropolone -3.11 -3.38 -1.51
a3:11la, 2: I1Ib, 7: Illc and 11: I1Id
Table 3. Interactions between the studied compounds and the active site residues of tyrosinase
Compound Interaction with Cu*2 Interaction with amino acid residues
H-bonding Pi interactions Hydrophobic
1 C=0... Cu?* (2.523) Hisz63 Glyass, Asnaeo,Hisss, Valzss,Serzsz, Hise1,Hiszso,
His 263 (sigma- ) Hisz63,Pheass Alazss
2¢a C=0...Cu? (2.430) Hisz63 Hisgs, His244, Valags, Hise1,Hiszso, Hisze3, Phezoz Alazse, Gluszz
Asnzeo (sigma- )
3a C=0...Cu?* (2.521) » Hiszes Hiszes Gly2s1,Metzs0,Asnzeo,Hisss, Hisz44,Phezes, Valzss,Serzsz,
(sigma- ) Hise1,Hiszso, Hisze3 Alazss
4 C=0...Cu? (2.367) Hisz63 Gly2s1Valzgs,Serasz, Hise1,Hiszso, Hisze3, Phezes Alazss Metaso
His 263 (sigma- )
5 C=0...Cu?* (2.523) - Glyzs1, Asnzeo,Hisss, Hiszas, Valzss,Serzsz, Hise,Hiszso,
His 263, His 259 Hisz63,Phezss Alazss
6 C=0...Cu?* (2.348) - Gly2s1, Hisss, Valzss, Hiszso, Hisze3,Phezes,Alazss, Phezoz
C=0...Cu? (2.324) Asnazeo
74 C=0...Cu?* (2.213) - Glyzs1, Hisss, ValzssSerzsz, Hisei, Hiszes, PhezesAlazss,
Asnzeo Phezo2
8 C=0...Cu? (2.130) His 61, Hiszo6 - Gly2s1,Metzso, Hisss, Valzss,Serasz, Hiszso,
Hisz63,Pheass Alazss, Phezoz, Pheoo
9 C=0... Cu?* (2.450) - Glyzs1, Hisss, Valass,Serzs;, Hisei, Hiszes,PhezesAlazss,
C=0...Cu? (2.333) Asnzeo, Hiszso, Hisz96 Phezo2
10 - Hise1,Hisss,Valzss, Gly2s1 - Gly2s1, Asnzeo, Serzsz,Hiszso, Hisze3, Alazss, Phezoz
114 N=0... Cu?* (2.255) Hiszse, Asnzeo - Gly2s1, Hisos, Valags,Serzsz, Hise1, Hiszes, Asnaeo,Hiszso,
N=0... Cu?* (2.279) Hiszg6, Hise1 Pheze4,Pheso, Phezoz, Alazss
Hisza4, Gluzss
12 C=0...Cu? (2.344) - Gly2s1,Metago,Asnzeo, Valzgs,Serasz, Hiser,Hiszso, Hiszes,
137
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His 263, His 61 Phezes, Phezoz
Tropolone  C=0...Cu?*(2.519) Hiszes Glyzs1, Hiszso, Valzgs,Serzsz, Hise1, Hisze3, Alazse, Metaso

Asnzeo

(cation-r) (m -m)

a3:1lla, 2: I1Ib, 7: Illc and 11: I1Id

bThe value in parenthesis is the distance between donor atom and Cu?* ion expressed in A

concentrations (0.0125, 0.025, 0.05, 0.1 and 0.2
mg/ml). The mixture was shaken vigorously and
allowed to stand for 30 min, and then the absorbance of
the resulting solution was measured at 517 nm using a
UV/Vis spectrophotometer. The DPPH scavenging
activity was calculated as follows:

DPPH scavenging activity (%) = [(Ac - Ai)/ Ac] x 100
where, A. is the absorbance of the control tube
(containing all reagents except the test compound), and
At is the absorbance of the test tube. Butylated hydroxyl
toluene (BHT) was used as a standard antioxidant.

Hydrogen peroxide scavenging assay

H,0, scavenging power of the studied compounds
was determined as described by Ruch and coworkers
(33). This method is based on the ability of a compound
to convert hydrogen peroxide to water. A solution of
hydrogen peroxide (40 mM) was prepared in saline
phosphate buffer (pH 7.4) and concentrations were
determined spectrophotometrically at 230 nm. 100 pl
of a methanolic solution of the test compounds or
standards (0.312 mg/ml) was added to 2 ml of
hydrogen peroxide solution and the absorbance was
determined at 230 nm after 20 min against a blank
solution containing 100 ul of a methanolic solution of
test compounds or standards and 2 mL of saline
phosphate buffer. The percentage of hydrogen peroxide
scavenging by compounds and standards was
calculated using the following equation:
H,0; scavenging activity (%) = [(Ac-Ad)/Ac] x 100
where, Ac is the absorbance of the control (containing
all reagents except the test compound) and At is the
absorbance in the presence of the test compounds or
standards. BHT and gallic acid were used as standards.

Statistical analysis

The ICso values for the tyrosinase assay and DPPH
scavenging ability were calculated from the logarithmic
non-linear regression curve derived from the plotted
data using GraphPad Prism Software Version 5.0
(GraphPad Prism Software, San Diego, CA, USA). The
data were expressed as mean * standard deviation of
three replicates. The mean values, standard deviation
and the inhibition curves were prepared using the
EXCEL program from Microsoft Office 2010 package.

In silico studies

The results of this part of study including the
estimated free binding energy values (AGyind) of the
docked positions, expressed in kcal/mol, and the
favorable interactions with key amino acid residues at
the active site of enzyme are presented in Tables 2 and
3, respectively.

Chemistry

The structures of the title compounds were
confirmed by FTIR, tHNMR and 3CNMR spectroscopy
as well as elemental analysis. Some of the
characterization data of the prepared compounds are
summarized in Table 4.

The detailed FTIR, tHNMR and 13CNMR spectroscopy
results are described below. The carbon atoms of the
pyridinone ring are assigned with plain numbers and
those of the aromatic substituent at the C-2 position of the
main scaffold are given prime (') suffixes.

5-Hydroxy-2-[(4-hydroxyphenylamino)methyl]-1-
methylpyridin-4(1H)-one (Illa)

Dark brown powder; FT-IR (KB) cm: 2500-3500
(O-H, str.), 3228 (N-H, str.), 3072 (C-H, aromatic, str.),
2954 (C-H, aliphatic, str.), 1630 (C=0O, str.), 1556
(shouldered, C=C aromatic, C=C alkene), 1516 (C=C,
aromatic, bend); THNMR (DMSO0-de): 6 8.61 (s, 1H, OH),
7.54 (s, 1H, C-6-H), 6.56 (d, ]= 8.80 Hz, 2H, C-3'-H, C-5'-
H), 6.48 (d, ]= 8.80 Hz, 2H, C-2'-H, C-6'-H), 6.21 (s, 1H, C-
3-H), 5.61 (bs, 1H, NH-CH>), 3.95 (s, 2H, NH-CH>), 3.66
(s, 3H, N-CH3); 13CNMR (DMSO-d¢): 6 169.66 (C-4),
157.33 (C-5), 150.09 (C-2), 148.74 (C-4"), 140.58 (C-1"),
123.29 (C-6), 115.71 (C-3', C-5"), 115.61 (C-2', C-6"),
113.67 (C-3),52.79 (CH2-NH), 44.05 (CH3-N).

5-Hydroxy-2-[(4-methoxyphenylamino)methyl]-1-
methylpyridin-4(1H)-one (I11Ib)

Light brown powder; FT-IR (KB) cm™: 2500-3500
(O-H, str.), 3417 (N-H str.), 3282 (C-H, aromatic, str.),
2833 (C-H, aliphatic, str.), 1639 (C=0, str.), 1564
(shouldered, C=C aromatic, C=C alkene), 1456 (C=C,
aromatic, bend); tHNMR (DMSO-de): 6 7.43 (s, 1H, C-6-
H), 6.73 (d, J= 9.20 Hz, 2H, C-3'-H, C-5'-H), 6.58 (d, J=
9.20 Hz, 2H, C-2'-H, C-6'-H), 6.18 (s, 1H, C-3-H), 5.82 (bs,
1H, NH-CH>), 4.17 (s, 2H, NH-CH>), 3.66 (s, 3H, 0-CH3),
3.64 (s, 3H, N-CH3); 13CNMR (DMSO0-d¢): 6 170.28 (C4),
151.06 (C-5), 146.57 (C-2), 146.26 (C-4"), 141.96 (C-1"),
12441 (C-6), 114.58 (C-3', C-5"), 113.31 (C-2', C-6",
111.66 (C-3), 55.25 (CH2-NH, 0-CH3), 43.71(CH3-N).

5-Hydroxy-2-[(4-methoxyphenylamino) methyl] pyri-
din -4(1H)-one (1lic)

Light brown powder; FT-IR (KB) cm®: 2500-
3500(0-H, str.), 3365 (N-H, str.), 3251 (N-H, str.), 3082
(C-H, aromatic, str.), 3030 (C-H, aromatic, str.), 2925 (C-
H, aliphatic, str.), 1628 (C=0, str.), 1514 (shouldered,
C=C aromatic, C=C alkene, str.), 1483 (C=C, aromatic,
bend); tHNMR (DMSO0-ds): 5 11.18 (s, 1H, NH ring), 7.24
(s,1H, C-6-H), 6.71 (d, ]= 8.40 Hz, 2H, C-3'-H, C-5'-H),
6.51 (d, J= 8.40 Hz, 2H, C-2'-H, C-6"-H), 6.12 (s, 1H, C3-

Iran J Basic Med Sci, Vol. 19, No.2, Feb 2016



Tyrosinase inhibitory activity of kojic acid derivatives

1)) MS

Asadzadeh et al

H), 5.83 (bs, 1H, NH-CHy), 4.08 (d, J= 4.00 Hz, 2H, NH-
CHa), 3.62 (s, 3H, 0-CHs); 13CNMR (DMSO0-de): 5 169.37
(C-4), 157.82 (C-5), 151.27 (C-2), 142.23 (C-4'), 134.12
(C-17), 122.49 (C-6), 114.55 (C-3', C-5'), 113.52 (C-2', C-
6),109.79 (C-3), 59.95 (CH,-NH), 55.22 (0-CHs).

5-Hydroxy-2-[(3-nitrophenylamino)methyl]pyridin-
4(1H)-one (11Id)

Pale yellow powder; FT-IR (KB) cm: 2500-3500
(O-H, str.), 3157 (N-H, str.), 3032 (C-H, aromatic, str.),
2922 (C-H, aliphatic, str.), 1620 (C=0, str.), 1541
(shouldered, C=C aromatic, C=C alkene, str.), 1518 (C=C,
aromatic, bend); THNMR (DMSO-dg): 6 11.79 (s, 1H, O-
H), 10.90 (s, 1H, NH ring), 8.36 (s, 1H, C-6-H), 8.13-8.10
(m, 2H, C-2'-H, C-4'-H), 7.71-7.74 (m, 3H, C-5'-H, C-6'-H,
C-3-H), 7.36-7.50 (m, 7H, CH2-CeHs)), 5.93 (bs, 1H, NH-
CHg), 4.30 (d,J= 4.00 Hz, 2H, NH-CH>); 13CNMR (DMSO-
de): 6 169.68 (C-4), 150.78 (C-1"), 150.08 (C-3"), 148.68
(C-5), 109.69 (C-6), 106.93 (C-3), 59.95 (CH,-NH).

Biological assay
Tyrosinase inhibition assay

The effect of the studied compounds on the activity
of mushroom tyrosinase was examined at different
concentrations and compared. To compare the inhi-
bitory potencies, kojic acid was employed as a positive
control. The results are provided as graphs in Figure 2.
The concentrations at which the studied compounds
induced a 50% loss in activity (ICso) were estimated
and are reported in Table 5.

Table 4. Some characterization data of the prepared compounds

Compound M.P. (°C) Yield Analysis (%)
(%)  Found (Calculated)
C H N
Illa 242.5- 89 68.95 6.48 11.54
2432 (68.83)  (6.60)  (11.47)
b 254.5- 94 64.44 6.54 10.95
255.7 (6460)  (620)  (10.76)
IlIc 194.0- 92 63.72 5.66 11.72
195.5 (6340)  (573)  (11.38)
11d 254.8- 90 54.95 4.33 1641
2552 (55.17)  (424)  (16.09)

-~ kojic acid

=&~ compound Ila

% Tyrosinase inhibition gg

compound T
~se compound Mlc
~w— compound " ITId

Concentration (mM )
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Figure 2. Dose-dependent inhibition of mushroom tyrosinase by Kojic
acid derivatives. Tyrosinase activity was measured using L-DOPA as
the substrate. Each value represents mean + S.D (n = 3)

Antioxidant evaluation
DPPH free radical scavenging assay

The ICso values for DPPH free radical scavenging
ability of methanolic solutions of the studied
compounds and positive controls were calculated and
are presented in Table 5.

Hydrogen peroxide scavenging assay

Results of the scavenging ability of the studied
compounds on hydrogen peroxide are presented in
Table 5. These values are measured at the conce-
ntration of 0.312 mg/ml for the studied compounds
and controls. BHT and gallic acid were used as positive
controls.

The binding mode of the studied compounds
against tyrosinase was investigated by performing
molecular docking studies. There is no X-ray crystallo-
graphy data available for the three-dimensional
structure of human tyrosinase (34). Thus, the 3D
structure of A. bisporus mushroom tyrosinase was used
for the docking study. Possible H-bonding, 7t -sigma,
cation- 7 and metal interactions assessed using the
Discovery StudioVisualizer program. Ligplot software
predicted the possible hydrophobic interaction
between the docked ligands and the catalytic site
residues.

Tropolone was redocked into the active site of
tyrosinase for the method validation in the first step of
docking procedure. The binding energy of the best
bound conformation of tropolone was -3.11 kcal/mol. It
interacted with HIS263 through m - 7 and cation-
interaction and its OH group formed a hydrogen-bond
with Asneo (Figure 3).

Following the validation of the docking protocol, the
3D structures of the studied compounds were docked
into the tyrosinase enzyme. The most and the least
active compounds, based on AGyina, were selected for
further laboratory evaluations. 11, with AGping= -13.24
kcal/mol, predicted as the most potent compound in
tyrosinase activity inhibition, and 7 (AGpima= -2.25
kcal/mol) as the least potent one were subjected to
tyrosinase activity inhibition assay. Two other weak
compounds, 2 and 3, were also selected for tyrosinase
inhibition assay as well as for antioxidant evaluations.
The best docked conformations of tropolone;
compounds Illa (3), IIIb (2), IlIc (7) and IIId (11) in
the tyrosinase binding site are shown in Figure 4. This
Figure reveals that all the studied compounds occupied
the same space as tropolone with a similar binding
mode. It can be seen that tropolone and kojic acid
derivatives shared common hydrogen bonds with
Asn260 and His263 residues. The docking results for all
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compounds were in accordance with the docking
results reported by others in terms of the amino

residues involved in interaction with the inhibitor
molecule (34 -38).

Table 5. Tyrosinase inhibitory activity of the studied compounds compared with kojic acid, ICso values for the 2,2-diphenyl-1-
picrylhydrazyl scavenging ability of the studied compounds and Percentage of the H20: scavenging activity of the studied compounds.

Each value represents mean+ SD (n = 3)

Compound Ila 1Ib I11d Kojic acid « BHT Galic acid
ICso values for Tyrosinase

inhibitory activity 0.4037+0.014  0.6172+0.019 0.6569+0.028 0.2169+0.009  0.3194+0.012 NAb NA
(mM)+SD

1Cso values for DPPH 34.38+1.9 44.6242.9 21.38+1.4 25.17+1.8 NA 49.19+1.7 NA
(hg/ml)=SD

H0. 63.70+1.49 6497096  67.20:1.14  61.77+1.16 NA 78.52+1.85 97.39:0.76

Scavenging (%)+SD
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a positive control used in the assay
bNot analyzed

Figure 3. Redocking results of tropolone in the active site of
tyrosinase. Ligands are represented by a stick model and are colored
by elements. The solid ribbon model shows the backbone of tyrosinase
catalytic core domain and key interacting amino acid residues are
shown as stick models. The metal ions are represented as yellow
spheres. Hydrogen bonds are shown by blue dashed line. The possible
interaction between metal ions and ligands are marked by violet line
and Pi (x) interactions represented as orange lines

=2 74 (N6 /
, . Q% » .,
Qp\!

Figure 4. Docked conformations of ligand structures in the binding
site of tyrosinase. Tropolone (yellow), compound IIlla (cyan),
compound IIIb (Magenta), compound Illc (green) and compound IIId
(red) are superimposed in this Figure.

In the case of compound Illa, an H-bonding and a
sigma-r interaction through the carbonyl moiety with
the imidazole ring of His263 were detected (Figure 5A).
The NH moiety of compound IlIIb formed a hydrogen
bond with Asn260 and interacted with the imidazole
ring of His263 by sigma- T interaction through the
carbonyl moiety (Figure 5B). Hydrogen bond formation
with Asn260 in the tyrosinase active site was also
observed in the docked conformation of the compound
IlIc (Figure 5C).

Crystallographic data have revealed that tyrosinase
active site of A. bisporus holds two divalent cupper ions
that are essential for the formation of a catalytic active
complex (27). In this study, docked conformations of
compounds IIla, IIIb and IIIc have shown the
possibility of some interaction with one of the cupper
ions. Due to the appropriate distance (<2.521 A)
between the oxygen atom of the carbonyl moiety and
the metal ion, formation of electrostatic interactions is
acceptable. among the studied compounds, the best
docking result was obtained for compound IIId that
showed a high inhibitory potency. In fact, this
compound had the most negative AGpina (-13.24
Kcal/mol) that indicated favorable interactions and
tight binding with the key amino acid residues at active
site of tyrosinase. The His61, His259, His296, His244,
Asn260 and Glu256 of tyrosinase were the sites for
hydrogen bonding interactions with compound IIId.
The docked conformation revealed that NO, group of
compound IIId, which resided 2.25-2.27 A adjacent to
the di-copper nucleus, could form metal-ligand
interaction (Figure 5D).

Iran J Basic Med Sci, Vol. 19, No.2, Feb 2016
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HIS263

HIS259

Figure 5. Binding model of compounds Illa-d for the best docked pose in the tyrosinase active site. Ligands are represented by a ball and stick
model and are colored by elements. The metal ions are represented as yellow spheres; Hydrogen bonds are shown by green dashed line. The

possible interaction between metal ions and ligands are marked by violet dashed line and Pi interactions represented as blue lines

Kojic acid derivatives Illa-d were prepared in 89-
94% yield by condensing 5-(benzyloxy)-1-methyl-4-
0xo0-1,4-dihydropyridine-2-carbaldehyde (Ia) and 5-
(benzyloxy)-4-oxo0-1,4-dihydropyridine-2-carbaldehyd
(Ib), with appropriately substituted aniline in refluxing
ethanol followed by the catalytic hydrogenation of the
intermediates Ila-d over Pd/C as a catalyst. This

Iran J Basic Med Sci, Vol. 19, No.2, Feb 2016

reaction resulted in the deprotection of the benzylated
5-hydroxy group and at the same time, the reduction of
the C=N to a C-N bond for all compounds.

All compounds clearly showed a concentration-
dependent inhibition against tyrosinase activity.
Moreover, the inhibitory effect of compound Illd, which
has a nitro group substituent at the aromatic ring, on
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tyrosinase activity was better than kojic acid. It appears
that the tyrosinase inhibitory potency of the studied
compounds to be in the order of IIId > KA > I1la > IlIb >
Illc. By comparing the ICsos of compounds IIla and I1Ib
it may be suggested that the free hydroxyl group at the
para position of the phenyl ring in compound Illa
seems to be important for the inhibition of the
tyrosinase activity.

Compound IIIb has been found to be more active
than Illc. We have previously shown that the presence
of a methyl group substituted at N-1 position of the
hydroxypyridinone ring enhances the tyrosinase
inhibitory activity. It was postulated that the inductive
effect of this methyl group probably pushes more
electrons to the oxygen atom of the C-4 carbonyl moiety
making it a better ligand for the metal-ligand
interaction in the tyrosinase active site (23).

The four prepared compounds were subjected to
antioxidant evaluations. DPPH assay was carried out to
evaluate the free radical scavenging activity of
compounds. Methanolic solution of DPPH has a deep
purple color and shows a strong absorption at 517 nm.
If a compound possesses antioxidant activity, this color
generally disappears when it is added to the DPPH
solution. DPPH radical can accept an electron or
hydrogen radical to become a stable bleached product
(39). The inhibitory potency of compounds was in the
order of Illc > I1Id > IIIa > IIIb > BHT.

The results show that compounds with methyl
substituent at N-1 atom of the pyridinone ring (Illa and
IIIb) exhibited less scavenging effects on DPPH radicals
compared with compounds having no substituent on
this atom (compounds Illc and IIId). It can be
postulated that the labile hydrogen attached to the
nitrogen atom can take part in the radical scavenging
reaction and the resulted radical is stabilized by
resonance with the alkene and carbonyl double bonds.
The comparison of Illa and IIlc structures shows that
the NH moiety might be more effective in radical
scavenging than the phenolic OH group. This can be
confirmed by comparing compounds IIla and IIId.

Hydrogen peroxide itself is not very reactive, but it
can cross cellular membranes and may oxidize a
number of compounds such as essential thiol groups of
proteins. H,0; inside the cell reacts with Fe?* and Cu?*
to form OH® which is a highly reactive radical and
exerts several toxic effects on the cell. Therefore, it is
essential to control the amount of hydrogen peroxide to
prevent oxidative stress conditions (40-41).

In this research a combination of molecular docking
approach and experimental evaluation of the tyrosinase
inhibitory activity of some novel Kojic acid derivatives
is reported. The antioxidant ability of these compounds
is also described. Based on the molecular docking
simulation studies, one of the studied compounds;

namely compound IIId, was supposed to have the
highest inhibitory activity amongst the studied
compounds.This was also confirmed by tyrosinase
activity inhibition assay. Compound IIld has an NO;
group which binds to both of Cu?* ions located inside
the active site. This compound seems to be even more
active than kojic acid in tyrosinase activity inhibition
assay. In the docking experiments, all compounds were
able to interact in a manner similar to the known
inhibitors with the metal ions and residues located in
the catalytic pocket of the enzyme. In all derivatives
except IIId, both the experimental inhibitory activity
and the docking AGuing values were lower than KA. The
DPPH free radical scavenging ability of the four studied
compounds was more than that of BHT. However, they
were not as strong as BHT or gallic acid in scavenging
hydrogen peroxide.

Synthesis of more derivatives of the pyridinone
scaffold as antiyrosinase compounds is underway in
our research group. In the design of these compounds,
the positive role of the nitro group in the inhibition of
this enzyme or introducing more chelating moieties to
the molecule for strong interaction with the di-copper
nucleus are considered.

The authors wish to send their gratitude to all

members of Isfahan Pharmaceutical Sciences
Research  Center for their support and
encouragement.
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