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Melanin pigments are abundantly distributed in mammalian skin, hair, eyes, and nervous system.
Under normal physiological conditions, melanin protects the skin against various environmental
stresses and acts as a physiological redox buffer to maintain homeostasis. However, abnormal melanin
accumulation results in various hyperpigmentation conditions, such as chloasma, freckles, senile lenti-
go, and inflammatory pigmentation. Tyrosinase, a copper-containing enzyme, plays an important role
in the regulation of the melanin pigment biosynthetic pathway. Although several whitening agents
based on tyrosinase inhibition have been developed, their side effects, such as allergies, DNA damage,
mutagenesis, and cytotoxicity of melanocytes, limit their applications. In this study, we synthesized
4-chromanone derivatives (MHY compounds) and investigated their ability to inhibit tyrosinase
activity. Of these compounds, (E)-3-(4-hydroxybenzylidene)chroman-4-one (MHY1294) more potently
inhibited the enzymatic activity of tyrosinase (ICsp = 5.1+0.86 M) than kojic acid (14.3£1.43 uM), a
representative tyrosinase inhibitor. In addition, MHY1294 showed competitive inhibitory action at the
catalytic site of tyrosinase and had greater binding affinity at this site than kojic acid. Furthermore,
MHY129% effectively inhibited a-melanocyte stimulating hormone (a-MSH)-induced melanin synthesis
and intracellular tyrosinase activity in B16F10 melanoma cells. The results of the present study in-
dicate that MHY1294 may be considered as a candidate pharmacological agent and cosmetic whiten-

ing ingredient.
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Introduction

Melanin is the main pigment that determines the pheno-
types of human skin and hair color. Studies have reported
melanin has many properties, for example, it protects skin
from UV-induced DNA damage and has antioxidant and an-
ti-inflammatory effects [6, 30]. Because of these activities,
melanin plays a critical role in the maintenance of healthy
skin. On the other hand, under abnormal physiological con-
ditions, melanin biosynthesis is not properly regulated and
this can cause many serious facial esthetic and dermato-

logical conditions such as chloasma, freckles, and senile len-
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tigo, and dermatitis [1, 15].

Melanin is produced by epidermal melanocytes within cy-
toplasmic organelles called melanosomes, which are trans-
ferred to neighboring keratinocytes by melanocyte dendrites
[14, 21]. Melanin biosynthesis is stimulated by biological fac-
tors such as a-melanocyte stimulating hormone (a-MSH), in-
flammatory cytokines, and growth factors, and chemical fac-
tors such as forskolin, 3-isobutyl-1-methylxanthine (IBMX),
glycyrrhizin, and exposure to UV light [3, 9, 11]. During mel-
anogenesis, the rate-limiting enzyme, tyrosinase, catalyzes
two sequential reactions, that is, the hydroxylation of ty-
rosine to 3,4-dihydroxyphenylalanine (DOPA) and the de-
hydrogenation of DOPA to dopaquinone [13, 27]. Because
tyrosinase is essential for melanogenesis, it has been consid-
ered a research target for potential inhibitors of melanin
overproduction and most developed tyrosinase inhibitors
are used to pharmaceuticals and cosmetics. Hydroquinone
occurs naturally in leaves of blueberry, cranberry and bear-
berry plants and it has powerful tyrosinase inhibitory activ-
ity that has been conventionally used since the 1950s in

skin-whitening agent [2, 28]. However, hydroquinone causes
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skin irritation and is cytotoxic to melanocytes, and alter-
native agents are mainly used as skin whitening agents such
as arbutin or kojic acid [10, 26]. These agents still have limi-
tations as skin-whitening agents due to low solubility in oil,
low stability at high temperature for long-term storage, and
poor skin penetration [1, 7, 19]. Therefore, it remains a need
for safe pharmacological and cosmetic agents of greater effi-
cacy but with minimal adverse effects.

We previously synthesized thirteen (E)-benzylidene-1-in-
danone derivatives (BID1-13) and evaluated their activities,
it demonstrated that BID3 have most effective tyrosinase in-
hibitory activity in B16F10 melanoma cells and have catalytic
site of tyrosinase in silico molecular docking simulation, in-
dicating possibility as whitening agent for the treatment of
skin disorders [12]. Other researchers synthesized a series
of homoisoflavonoids ((E)-3-benzylidenechroman-4-ones, 3-
benzyl-4-H-chroman-4-ones, and 3-benzylchroman-4-ones)
and demonstrated that (E)-3-benzylidenechroman-4-one de-
rivatives have monoamine oxidase B inhibition activities in
nano- or micromolar range [8]. Previously, we reported that
(E)-B-phenyl-a,B-unsaturated carbonyl ((E)-PUSC) template
plays an important role in exhibiting tyrosinase inhibitory
activity [16]. Chromanone was considered the material for
construction of the (E)-PUSC template. However, 2-chroma-
none and 3-chromanone were not suitable substances due
to the formation of geometric isomers and the need for harsh
conditions for the synthesis of this template, respectively.
On the other hand, in the case of 4-chromanone, there was
no such disadvantage. Therefore, 4-chromanone derivatives
were designed as novel tyrosinase inhibitors. In the present
study, we systematically designed and synthesized six 4-
chromanone derivatives (MHY 1294-1299) produced by ring
expansion into a 6-membered ring by adding an oxygen
atom to the 5-membered ring fused with benzene and inves-
tigated the tyrosinase inhibitory activities of MHY com-

pounds in B16F10 melanoma cells.

Materials and Methods

Reagents

Mushroom tyrosinase, L-tyrosine, L-DOPA (3,4-dihydrox-
yphenylalanine), kojic acid, a-melanocyte-stimulating hor-
mone (a-MSH), paraformaldehyde (PFA), Triton-X 100, MTT
[3-(4,5-dimethy1-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide], 4-Chromanone, benzaldehydes, and hydrogen
chloride solution in 1M acetic acid were purchased from

Sigma-Aldrich (St Louis, MO) and were used without fur-
ther purification. Solvents including water, dichloromethane,
ethyl acetate, hexane, and ethyl acetate were obtained from

Daejung Chemicals (Seoul, Korea).

General procedure for the syntheses of MHY 1294
-MHY1299

Reactions were monitored by thin-layer chromatography
(TLC) on glass plates coated with silica gel using a fluores-
cent indicator (TLC Silica Gel 60 F254, Merck, Germany) and
column chromatography was conducted on MP Silica 40-63,
60 A. High resolution mass spectroscopy data was obtained
on an Agilent Accurate Mass Q-TOF (quadruple-time of
flight) liquid chromatography mass spectrometer (Agilent,
Santa Clara, CA, USA) in negative ESI mode [8, 22]. Nuclear
magnetic resonance (NMR) spectra were recorded on a
Varian Unity INOVA 400 spectrometer at 400 MHz 'H NMR,
and on a Varian Unity INOVA 400 spectrometer for 100
MHz “C NMR. DMSO-66 (6H 2.50 ppm and §C 39.7 ppm)
was used as solvents for NMR samples. Coupling constants
(J) and chemical shifts (d) were measured in hertz (Hz) and
parts per million (ppm), respectively. The abbreviations used
for 'H NMR data are; s (singlet), d (doublet), t (triplet), dd
(doublet of doublets), and td (triplet of doublets).

To a mixture of 4-chromanone (100 mg, 0.67 mmol) and
an appropriate substituted aldehyde (1.2 equiv.) was added
1IM-HCI in acetic acid (0.4 ml). This mixture was then stirred
at room temperature for 20-72 hr, water (5-10 ml) was added,
and the reaction mixture was placed in a refrigerator over-
night. The precipitate generated was filtered and washed
with water, dichloromethane (DCM), ethyl acetate, hexane
(Hx):dichloromethane (1:1), or hexane:ethyl acetate (EA) (1:1)
(depending on the solubilities of residual raw materials and
by-products) to give MHY1294 - MHY1299 as solids at
yields of 24-60%. Washing solvent: HoO, DCM and EA for
MHY1294; H,O and Hx/EA (1:1) for MHY1295 and MHY
1299; H;O and Hx/DCM (1:1) for MHY1296, MHY1297, and
MHY1298.

The E-/Z-configuration of the compounds was deter-
mined by vicinal 'H, “C-coupling constants in proton- cou-
pled "C spectra [31]. The ] values of the carbonyl carbon
of the compounds showed roughly 6.4 Hz, implying that

the compounds have an (E)-geometry.

(E)-3-(4-Hydroxybenzylidene)chroman-4-one (MHY
1294)
reaction time, 30 hr; yield, 24%; "H NMR (400 MHz,



DMSO-de) d 1010 (s, 1 H, OH), 7.83 (d, 1 H, ] = 8.0 Hg,
5-H), 7.64 (s, 1 H, vinylic H), 754 (t, 1 H, ] = 7.6 Hz, 7-H),
730 (d, 2 H, ] = 84 Hz, 2-H, 6-H), 708 (t, 1 H, ] = 7.6
Hz, 6-H), 700 (d, 1 H, ] = 8.4 Hz, 8-H), 684 (d, 2 H, ] =
8.0 Hz, 3-H, 5-H), 539 (s, 2 H, 2-CHy); "C NMR (100 MHz,
DMSO-ds) d 181.7, 161.1, 160.0, 137.6, 136.6, 133.5, 128.3,
127.8, 1255, 1225, 122.3, 1185, 116.5, 68.2.

(E)-3-(3,4-Dihydroxybenzylidene)chroman-4-one
(MHY1295)

reaction time, 20 hr; yield, 31%; '"H NMR (400 MHz,
DMSO-dg) d 9.65 (s, 1 H, OH), 9.25 (s, 1 H, OH), 7.82 (dd,
1H, ] =20,80Hz 5-H), 756 (s, 1 H, vinylic H), 7.53 (td,
1H,]=20,76Hz 7-H), 707 (t, 1 H, ] = 8.0 Hz, 6-H), 7.00
(d, 1H,]=84Hz 8H), 683 (s, 1 H, 2-H), 681 (d, 1 H,
] =84 Hz, 6-H), 6.77 (d, 1 H, ] = 8.8 Hz, 5-H), 538 (s,
2 H, 2-CH); °C NMR (100 MHz, DMSO-dq) d 181.7, 161.1,
1485, 146.1, 138.0, 136.6, 128.1, 127.8, 1259, 124.2, 122.5, 122.3,
118.5, 1184, 116.5, 68.2.

(E)-3-(4-Hydroxy-3-methoxybenzylidene)chroman-
4-one (MHY1296)

reaction time, 45 hr; yield, 60%; 'H NMR (400 MHz,
DMSO-d) d 9.71 (s, 1 H, OH), 7.83 (dd, 1 H, ] = 1.6, 7.6 Hz,
5-H), 7.66 (s, 1 H, vinylic H), 7.54 (td, 1 H, ] = 1.6, 7.2 Hg,
7-H), 7.08 (t, 1 H, ] = 7.2 Hz, 6-H), 7.02 (s, 1 H, 2'-H), 7.00
(d, 1 H, ] =84 Hz, 8H), 688 (d, 1 H, | = 84 Hz, 6-H),
685 (d, 1 H, | = 8.0 Hz, 5-H), 542 (s, 2 H, 2-CHy), 3.79
(s, 3 H, CHy); °C NMR (100 MHz, DMSO-e) d 181.6, 161.1,
1495, 1483, 1380, 136.6, 1284, 127.9, 125.9, 125.2, 1225,
1223, 1185, 116.4, 1155, 68.3, 56.3.

(E)-3-(3-Hydroxy-4-methoxybenzylidene)chroman-
4-one (MHY1297)

reaction time, 56 hr; yield, 43%; 'H NMR (400 MHz,
DMSO-ds) 4 929 (s, 1 H, OH), 783 (dd, 1 H, ] = 1.6, 7.6 Hz,
5-H), 7.59 (s, 1 H, vinylic H), 754 (td, 1 H, ] = 1.6, 8.4 Hz,
7-H), 7.08 (t, 1 H, | = 7.6 Hz, 6:H), 701 (s, 1 H, | = 8.4 Hz,
6-H), 700 (d, 1 H, ] = 8.0 Hz, 8-H), 688 (d, 1 H, J = 84
Hz, 5-H), 6.87 (s, 1 H, 2-H), 5.39 (s, 2 H, 2-CHy), 3.80 (s,
3 H, CHs); °C NMR (100 MHz, DMSO-de) d 1817, 161.1,
150.1, 147.2, 137.6, 136.7, 129.0, 127.9, 127.3, 123.7, 122.5,
122.3, 118.5, 117.9, 112.7, 68.2, 56.3.

(E)-3-(4-Hydroxy-3,5-dimethoxybenzylidene)chro
man-4-one (MHY1298)

reaction time, 48 hr; yield, 50%; "H NMR (400 MHz,
DMSO-de) d 9.09 (s, 1 H, OH), 783 (d, 1 H, | = 7.6 Hz, 5-H),
7.66 (s, 1 H, vinylic H), 7.54 (t, 1 H, ] = 8.0 Hz, 7-H), 7.08
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(t, 1H, ] = 80 Hz, 6-H), 700 (d, 1 H, | = 84 Hz, 8-H), 671
(s, 2 H, 2-H, 6-H), 547 (s, 2 H, 2-CH,), 378 (s, 6 H, 2xCHj);
C NMR (100 MHz, DMSO-de) d 181.6, 161.1, 1485, 1387,
1383, 136.6, 1287, 127.9, 1247, 1225, 122.3, 1185, 109.3, 683,
56.8.

(E)-3-(3-Bromo-4-hydroxybenzylidene)chroman-4-
one (MHY1299)

reaction time, 3 day; yield, 46%; melting point: 177.3 -
1785 °C; 'H NMR (400 MHz, DMSO-dy) d 1092 (s, 1 H, OH),
782 (dd, 1 H, | = 2.0, 80 Hz, 5-H), 762 (d, 1 H, | = 2.0
Hz, 2-H), 7.60 (s, 1 H, vinylic H), 754 (td, 1 H, | = 2.0,
7.6 Hz, 7-H), 7.27 (dd, 1 H, ] = 2.0, 84 Hz, 6-H), 7.08 (t,
1H,]=80Hz 6-H), 702 (d, 1 H, ] = 84 Hz, 5-H), 7.01
(d, 1 H, ] = 84 Hz, 8-H), 537 (s, 2 H, 2-CHy); °C NMR
(100 MHz, DMSO-ds) d 181.6, 161.2, 1564, 136.8, 136.1, 136.1,
132.0, 129.6, 1279, 127.1, 122.6, 122.2, 1185, 117.1, 1104, 68.1,;
HRMS (ESI-) m/z CieHnBrOs (M-H) caled 328.9819, obsd
328.9819, (M-H+2)" calcd 330.9800, obsd 330.9803.

Mushroom tyrosinase inhibitory activity assay

Purified mushroom tyrosinase was used as the target en-
zyme to evaluate the inhibitory effect of tyrosinase, which
was determined spectrophotometrically by measuring the
conversion of L-tyrosine to DOPAchrome, as previously de-
scribed with some modification [25]. In brief, 20 ul aliquots
of aqueous mushroom tyrosinase solution (500 units/ml)
were placed in the wells of 96-well plates in a total assay
volume of 200 pl. The assay mixture buffer contained 1 mM
L-tyrosine, 50 mM sodium phosphate buffer (pH 6.5, mixing
50 mM monobasic and 50 mM dibasic forms of sodium phos-
phate to give the correct pH), and purified water in a 10:10:9
ratio. The reaction mixture was incubated at 37°C for 20 min
and DOPAchrome concentrations were monitored by meas-
uring absorbance at 450 nm using an ELISA microplate
reader. The tyrosinase activity of MHY series (40 nM) and
kojic acid (40 uM) was screened and kojic acid used as the
reference tyrosinase inhibitor. Tyrosinase inhibitory activ-
ities (%) were calculated using: {1 - (Abssample-Abscontrol)
/ Abscontrol} x100. Dose-dependent inhibition experiments
were performed in triplicate to determine the half-maximal

(50%) inhibitory concentrations (ICsp values).

Kinetic analysis of tyrosinase inhibitory activity
To investigate the kinetic mechanism of tyrosinase in-
hibition, we used Lineweaver-Burk plots. Briefly, various

concentrations of L-tyrosine (0.25, 0.5, 1, 2, or 4 mM), 20 ul
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aqueous solution of tyrosinase (1,000 units/ml) isolated from
mushrooms, 50 mM potassium phosphate buffer (pH 6.5),
and different concentrations of MHY1294 (0, 5, 10, or 20 uM)
were placed in a 96-well plate in a total volume of 200 pl.
Rates of DOPAchrome formation in reaction mixtures were
measured by absorbance at 450 nm per min (AODys0/min)
using a microplate reader. To investigated the inhibitory
mechanism, we used Lineweaver-Burk double reciprocal
plots [a plot of 1/reaction velocity (1/V) vs. 1/substrate con-
centration (1/[S])]. Michalis constants (Kn) and maximum
velocity (Vmax) of tyrosinase were obtained using Linewea-
ver-Burk plots at various concentrations of L-tyrosine. Dixon
plot is plotted the 1/V against the inhibitor (MHY1294) con-
centrations and three concentrations of L-tyrosine, the K; val-
ues was determined at one point in the fourth quadrant of

each slope lines of L-tyrosine concentration.

Docking simulation of tyrosinase inhibition

Energies of MHY1294 or kojic acid to tyrosinase bindings
were determined as previously described with slight mod-
ification [23, 24, 32]. Chem3D Pro 12.0 software was used
to create 3D structures of MHY1294 or kojic acid and the
3D structure of Agaricus bisporus tyrosinase was imported
from Protein Data Bank (PDB) (ID: 2Y9X). Docking scores
between MHY1294 or kojic acid and tyrosinase were calcu-
lated using AutoDock Vina 1.1.2 and Chimera software.
LigandScout 4.3 was used to generating pharmacophore
models of interactions between MHY1294 or kojic acid and
the amino acid residues of tyrosinase.

Cell culture

B16F10 cells (a murine melanoma cell line) were pur-
chased from the American Type Culture Collection (Manas-
sas, VA, USA) and maintained in culture plates in Dulbec-
co’s modified Eagle’s medium (DMEM, Welgene, Daegu,
South Korea) supplemented with 5% (v/v) fetal bovine se-
rum (FBS), 1% (v/v) penicillin-streptomycin in a humidified
5% CO/95%

Cell viability assay

The effect of MHY1294 on B16F10 cell viability was de-
termined using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) assay. Cells were plated in
96-well plate at a density of 3x10° cells/well and incubated
in a humidified 5% CO,/95% air atmosphere at 37°C for 24
hr when culture medium was replaced with fresh medium

containing different concentrations of MHY1294 (0.5, 1, 2,
5, or 10 uM). Cells were then incubated for up to 72 hr,
media were removed, and 200 pl of MTIT solution (0.5
mg/ml in PBS) was added to each well. Cells were then
incubated at 37°C for 4 hr, supernatants were discarded, and
formazan crystals in viable cells were dissolved using solubi-
lization solution (DMSO:ethanol 1:1 v/v). Formazan absor-
bances were determined using an ELISA microplate reader
at 560 nm.

Assessment of melanin contents

Levels of intracellular and secreted melanin were meas-
ured, as previously described with slight modification [5].
B16F10 cells (1x10° cells/ml) were seeded in 60-mm dishes
and left to grow overnight in a humidified CO,/95% air at-
mosphere at 37C. The culture medium was then replaced
with phenol red-free DMEM containing MHY1294 (1 or 10
uM) or kojic acid (50 uM) and stimulated with 2 M a-MSH
for 96 hr. Cultured cells and media were then harvested.
Cell pellets were dissolved in 100 pl of 1 N NaOH containing
5% DMSO by boiling at 60 for 1 hr. Melanin levels were
determined by measuring absorbances using a microplate
reader at 405 nm.

In situ intracellular tyrosinase activity assay

In situ intracellular tyrosinase activity was assessed using
a previously described method with slight modification [18].
BI6F10 cells (10x10* cells/ml) were seeded in 60-mm dishes
and allowed to attach overnight in a humidified 5% CO,/
95% air atmosphere at 37T. Different concentrations of
MHY129%4 (1 or 10 uM) and kojic acid (50 uM) were added
to the cultured cells, which were then stimulated with 2 yM
a-MSH for 48 hr. Cells were then fixed using 4% paraf-
ormaldehyde (PFA) in PBS for 40 min at room temperature,
the fixative was aspirated, cells were washed with PBS, and
permeabilized for 2 min in 0.1% Triton X-100. After thor-
ough washing with PBS, cells were reacted with 2 mM
L-DOPA for 2 hr at 37C and rinsed with PBS. Stained cells
were imaged and observed under a Nikon ECLIPSE TE
2000-U microscope (Nikon, Tokyo, Japan).

Statistical analysis

The significances of intergroup differences were de-
termined by one-way analysis of variance (ANOVA) with
Fisher's protected least significant difference (PLSD) test.
The analysis was performed using Statview software (Ver-
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Table 1. The chemical structures of (E)-3-(substituted benzylidene)chroman-4-one derivatives

(0] R 0
+ — =
R
0 i
3
4-chromanone substituted benzaldehyde
Compounds Ry R Rs

MHY12%4 H OH H
MHY1295 OH OH H
MHY12%6 OMe OH H
MHY1297 OH OMe H
MHY1298 OMe OH OMe
MHY1290 Br OH H

sion 5.0.1., SAS Institute Inc., Cary, NC, USA), and P values

of < 0.05 were considered to indicate significance.

Results and Discussion

Tyrosinase inhibitory activity of synthesized 4-
chromanone derivatives

Tyrosinase is central to the biosynthetic pathway leading
to melanin formation. Accordingly, the investigation of ty-
rosinase inhibition activity has been considered an important
indicator evaluating the efficacy of numerous skin whitening
compounds [4, 17, 20]. In the present study, we synthesized
4-chromanone derivatives according to the general Table 1.
Then, we investigated the tyrosinase inhibitory potential of
4-chromanone derivatives using mushroom tyrosinase in a
cell-free in vitro system and L-tyrosine as substrate. Of these
compounds, 40 uM of MHY1294 and MHY1297 more po-
tently inhibited mushroom tyrosinase activity with 94.7+
0.39% and 98.6+0.34% respectively, compared with the pos-

itive control kojic acid which has the value of 93.0£1.70%
(Table 2). Next, we evaluated concentration-dependent ty-
rosinase inhibitory activity to measure ICs) values, and only
used MHY1294 in detail because MHY1294 was not cyto-
toxic up to 10 uM, whereas MHY1297 significantly decreased
cell viability at >1 uM, indicating cytotoxicity in B16F10
melanoma cells (data not shown). MHY1294 exhibited an
ICsp value of 5.1+0.86 uM which has stronger inhibitory ac-
tivity than kojic acid with ICs value of 14.3£1.43 uM (Table
3). Therefore, MHY1294 was found to be more effective at
inhibiting tyrosinase activity than kojic acid, a well-known
whitening agent.

Enzyme kinetic analysis of MHY1294 on tyrosin-
ase inhibition activity
In order to investigate how MHY1294 affect the enzyme

kinetics of tyrosinase, two complementary kinetic analysis

Table 3. ICs values for the inhibition of mushroom tyrosinase
by MHY12% or kojic acid

Table 2. The inhibitory activities of 4-chromanone derivatives Concentration Inhibition

and kojic acid against mushroom tyrosinase Compounds (M) (%) ICso (M)
Compounds Tyrosinase inhibition activity (%) 25 14.4+2.12

+

MHY1234 94.740.39 Kojic acid > 36'4;2'43 14.3+143
MHY1295 60.7+1.22 10 57.2£1.66
MHY129%6 32.3+0.79 20 79.242.45
MHY1297 98.6+0.34 25 36.5+3.13
MHY1298 16.8+3.41 5 45.2+2.40

i . Kk

MHY1299 57.9+1.31 MHY1294 10 69.5+3.63 51:0.86

Kojic acid 93.0£1.70 20 83.91£2.26

Tyrosinase inhibitory activities of synthesized compounds (40
M) were evaluated using L-tyrosine as a substrate. Results are
expressed as means * standard errors (n=4).

ICsp (half-maximal inhibitory concentration) values were ob-
tained on Lineweaver-Burk plot using L-tyrosine as a substrate.
Results are expressed as means * standard errors (n=3).
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MHY 1294 0 3.0 x 102 0.98
5 3.0 x 102 1.53
10 3.0 x 102 2.70
20 3.0 x 102 7.25

Fig. 1. Lineweaver-Burk plot for the inhibition of mushroom tyrosinase by MHY1294. (A) Lineweaver-Burk plots were constructed
by plotting mean 1/V (the inverse of reaction velocity) vs. 1/[S] (the inverse of substrate concentration). (B) Dixon plots
were constructed by plotting means of 1/V vs 1/[MHY1294]. Results are expressed as means + standard errors (n=3). (C)
Results are presented as mean 1/V values, that is, as the inverse of absorbance increases per minute at 450 nm (AA450/min).
The equation of the Lineweaver-Burk plot is: 1/V =K/ Vi X 1/[S] + 1/ Vye. Where V is reaction velocity, K, is the
Michaelis-Menten constant, Vi, is maximum reaction velocity, and [S] is substrate concentration.

were performed using various concentration of L-tyrosine
and MHY1294. Lineweaver-Burk double-reciprocal plots re-
vealed four distinct slopes, which intersected at one point
on the y-axis, indicating MHY1294 inhibited tyrosinase in
a competitive manner (Fig. 1A). Dixon plot is well known
to determine Ki value that extrapolated lines of different
substrate concentrations intersect at one point in competitive
inhibition [33]. Dixon plot analysis confirmed that MHY1294
competitively inhibit tyrosinase activity and Ki value was
525 uM for L-tyrosine substrate (Fig. 1B). The Km values
of MHY1294 at concentrations of 0, 5, 10, and 20 pM for
tyrosinase were 0.98, 1.53, 2.70, and 7.25 mM, respectively,
and Vmax values remained constant (3.0x10” mM;/min)
(Fig. 1C). Therefore, this result confirmed that MHY1294 has
an inhibitory effect of tyrosinase activity through com-
petitive inhibition, and it was also assumed that MHY1294

binds to the active site of tyrosinase.

Docking simulation of MHY 1294

Based on kinetic results, we examined the molecular

mechanism underlying tyrosinase inhibition by MHY1294
using docking simulation. Interestingly, this results showed
that MHY1294 interacted hydrophobically with three ty-
rosinase residues, namely, VAL283, ALA286, and PHE264
(Fig. 2A, Fig. 2C), and that kojic acid interacted by hydrogen
bonding with HIS259, HIS263, and MET280 (Fig. 2B, Fig.
2D). In addition, the obtained docking scores provide a use-
ful means of evaluating binding affinities between enzymes
and their substrates. The binding energy of tyrosinase and
MHY1294 (-7.4 kcal/mol) was greater than tyrosinase/kojic
acid (-5.7 kcal/mol), suggesting MHY1294 could be superior
to kojic acid in competitive binding with tyrosinase (Fig. 2E).
This finding implied that MHY1294 bound non-covalently
to amino acid residues at the active site of tyrosinase indicat-
ing that MHY1294 is a competitive inhibitor of tyrosinase.

MHY129% attenuated a-MSH-induced melanin synthesis
and intracellular tyrosinase activity in B16F10 melanoma
cells without affecting cell viability

Skin-whitening agents that suppress tyrosinase must pen-

etrate melanocyte cell membranes [29], and thus, we inves-



Journal of Life Science 2021, Vol. 31. No. 8 725

A
\
E
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Fig. 2. Molecular docking simulation between mushroom tyrosinase and MHY1294 or kojic acid. Docking simulation was performed

to predict binding dispositions and binding affinities. Computation provided docking simulation images for (A) MHY1294
and (B) kojic acid with mushroom tyrosinase. The residues of (C) MHY1294 and (D) kojic acid that interact with tyrosinase
were identified using LigandScout. The Protein Data Bank (PDB) code of mushroom tyrosinase is 2Y9X. (E) The docking
scores indicated binding affinities between MHY1294 or kojic acid and the catalytic site of tyrosinase.

tigated the anti-melanogenic effect of MHY1294 on B16F10
murine melanoma cells. As a first step toward determining
the pharmacological effect of MHY1294 on melanin syn-
thesis induced by a-MSH, we investigated the cytotoxic ef-
fect of MHY1294 on B16F10 melanoma cells. MHY1294 at
05,1, 2,5 and 10 uM did not affect cell viability on B16F10
melanoma after 72 hr, indicating that up to 10 uM of
MHY1294 is considered as a safe concentration range for the
evaluation of tyrosinase inhibitory activity in vitro (Fig. 3A).
In order to determine the inhibitory effect of MHY1294 on
melanin production, we quantified melanin contents in a-
MSH-induced B16F10 melanoma cells treated with MHY
1294 or kojic acid for 96 hr. Levels of melanin were measured
at both the extracellular content (released into the medium)
and intracellular content (accumulated in pellets of B16F10
melanoma cells). MHY1294 decreased melanin pigmentation
extra- and intracellularly (Fig. 3B, Fig. 3C). When we meas-
ured the effect of MHY1294 on intracellular tyrosinase activ-
ity, we found that MHY1294 suppressed a-MSH-induced in-
tracellular tyrosinase activation in B16F10 cells (Fig. 3D),
which was in line with our cell-free in vitro data and in-
dicated MHY1294 directly inhibited tyrosinase activity.

These results demonstrate that MHY1294 suppressed a-
MSH-stimulated melanin production and intracellular ty-
rosinase activity in B16F10 melanoma cells without any cyto-
toxic effect. In conclusion, MHY1294 was found to possess
anti-melanogenic effects in B16F10 melanoma cells and these
were attributed to the suppression of tyrosinase activation.
However, MHY1294 did not affect cell viability. Further-
more, our results indicate that the depigmenting effect of
MHY1294 is due to the direct inhibition of tyrosinase activity.
These findings suggest MHY1294 be viewed as a candidate
for treating skin hyperpigmentation disorders and as a cos-

metic whitening agent.
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were treated with different concentrations of MHY1294 (0.5, 1, 2, 5, or 10 uM) for 72 hr. Cell viability was evaluated using
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situ intracellular tyrosinase activities were determined as described in Materials and Methods section. Representative images
were captured under a Nikon ECLIPSE TE 2000-U microscope (Nikon, Tokyo). Scale bar = 100 pm.
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